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ABSTRACT

In this doctoral dissertation, photochemical anad,sbme cases, thermal aging
(natural and accelerated) of materials from cultheaitage (paper, parchment, linseed
oil paints, pigments and dyes) are studied withumlmer of both destructive and non-
destructive experimental techniques such as Eled®aramagnetic Resonance (EPR)
Nuclear Magnetic Resonance-MObile Universal Surfeeglorer (NMR-MOUSH],
High Performance Liquid Chromatography-Photo Diddeay (HPLC-PDAY, Liquid
Chromatography-Mass Spectrometry (LC-MSjiber Optics Reflectance Spectroscopy
(FORS}?, Attenuated Total Reflectance-Infrared spectrogc¢ATR-IR)?, micro-
fading-metet and Xenotest exposure device

My research activity was carried out in collabaratiwith the Chemical Sciences
Department of the University of Padua, the Netmeltalnstitute for Cultural Heritage
(Amsterdam) and the Image Permanence Instituten@aer Institute of Technology,
NY) and thanks to the accessibility to the Van Gdggiseum collection.

In chapters one and two, an introduction to thetohys of colorants and to
colorimetry and a description of the degradatioactiens induced by light and by
common gaseous pollutants are presented.

In chapters three, four and five, the results of negearch activity are analyzed. In
particular, in chapter three of my doctoral dissgon, Writing Materials, the
dependence of chemical-physical properties of paget parchment on aging is
investigated with an NMR device called MOUSE. NMROMSE is an instrument of
great potential in the field of conservation sceefecause it enables the measurement
of nuclear relaxation times of various materialssitu and without sampling. Nuclear
relaxation times are directly related to the chedaphysical nature of materials and
were proved to be markers of the state of condervaif paper. As for parchment,
nuclear relaxation times enabled to distinguistwbeh samples from the XX century
and XVIII century. For both materials, differentvmonments for water (bound or free

molecules) could be recognized.

! Instrument belongings to the EPR group (Prof. KamBrustolon), Departement of Chemical Sciences,
University of Padua.

Z Instrument belongings to the University of PadDaritro di Servizi Interdipartimentale, ex CUGAS).

® Instrument belongings to the Netherlands InstitateCultural Heritage (ICN, Amsterdam).

* Instrument belongings to the group of analyticaémistry (Prof. Franco Magno), Departement of
Chemical Sciences, University of Padua.

® Instrument belongings to Departement of Chemici@r®&es, University of Padua.



In chapter four, Pigments and Dyes, a number of EpBctra of known and
unknown pigments is provided. In addition, the efffef different pigments or dyes on
polymerization of linseed oil paints is revealedndNMR-MOUSE. EPR spectroscopy
was demonstrated to be effective in discriminattfifierent pigments or classes of
pigments with micro-invasive sampling. Relaxatiames of linseed oil paints were
demonstrated to be sensitive to the presence ofgnts and an interpretation of the
results in terms of different rates or degree dymperization was given.

In chapter five, Dyes in Aqueous Solution and opdPaDiscoloration and Fading of
Crystal Violet, which represents the main body of doctoral research activity, an
extensive analysis (HPLC-PDA, LC-MS, FORS, EPR, roifading assessments,
Xenotest exposure device) of the photo-fading &ednbtal aging of an early synthetic
dye (Crystal Violet) in aqueous solution and ongyap presented. The interest on the
subject stems from the discoloration occurred araup of Van Gogh drawings and
letters all produced in 1888 in Arles and all madth a type of purple ink which was
demonstrated to contain crystal violet and otheucsirally related derivatives
(triarylmethane dyes). In particular, a seemingigvin drawing belonging to this group
and entitled Montmajour (Arles, 1888. Van Gogh Musg shows purple shades on the
edges where the ink has been protected from ligtieuthe frame.

Another example, although not belonging to the &deoup, is a menu (Paris, 1886.
Van Gogh Museum) drawn and written by Van Gogh \pitiple ink, as can be inferred
from a reproduction made in 1958. Nevertheless, picture of the menu taken in 2001
it can be seen that the writings and part of thewdrgs had disappeared entirely.
Interestingly, although FORS analysis revealed fitesence of ink containing
triarylmethane dyesn this case no brown discoloration was visible.

With the aim of shedding light on aging mechanisamsl discoloration of inks
containing crystal violet on paper, acceleratech@gxperiments were conducted for
pure crystal violet both in agueous solution and paper. Various experimental
parameters were taken into consideration: the sgaeinge of the light source (UV or
Vis), the paper substrate (pure cellulose papgmiripaper, printing paper), temperature
and the presence or absence of oxygen during atradi

Moreover, a purple ink containing methyl violetniature of crystal violet and some
of its demethylated derivatives) was reconstrudteg Judith Geerts, student of the

University of Amsterdam, according to a recipe hgn@und Lehner, 1909) and its



thermal (100 °C) and photo fading (UV light andurat sun light)was studied on
different paper substrates (cellulose paper, ligmaper and protein-sized paper). The
effect of various ink additives (gum arabic, suera@sd oxalic acid), of Fe(lll) (as an
example of photo-catalyst often present as an iitypum paper) and of common
gaseous pollutants such as N&hd Q, on the color of dyed (or written) samples of
paper was also taken into consideration.

A group of ten historical samples of methyl violeim the ICN dye collection was
also analyzed with HPLC-PDA, with the aim of compgractual dye samples with
both the model samples described in this doctasgkediation and with the purple ink of
the ‘Montmajour’ drawing (Arles, 1888. Van Gogh Musn).

Successively, some dyes and pigments (cochineal imkgo blue ink, indigo
carmine, copper logwood synthesized from CpS® Cu(AcO) and chromium
logwood) used in the XIX centurgs alternative ingredients for purple inks were
deposited on paper and artificially agedh UV light or heat. A colorimetric analysis
of the samples was conducted before and after aging

Finally, a group of letters from the XIX centuryi(@t Reissland, private collection)
was analyzed with FORS and the presence of dyseglgloelated to crystal violet was
detected.

The analysis presented in chapter five of this @@t dissertation has thus
demonstrated that the synthetic dye methyl viola$ widely used after its introduction
to the market in 1866. Moreover, the poor lightiass of crystal violet was explained
to be due to demethylation and oxidation reactignseries of degradation products
was identified with HPLC-PDA and LC-MS both for stgl violet in aqueous solution
and on paper after exposure to UV in the presehogymgen. HPLC-PDA analysis of a
sample of purple ink from the ‘Montmajour’ drawi(@rles, 1888. Van Gogh Museum)
was in good agreement with the results of theseetnsamples. The complete fading
observed on the Menu was reproduced and explaimetia to light exposure (UV or
visible).

According to my experimental results, the firstgetaf the degradation mechanism
consists of a series of demethylation reactionsiteradly leading to pararosaniline, a red
dye corresponding to fully demethylated crystallatio Afterwards, oxidation at the
central carbon atom forms colorless (or slightliloy) ketones responsible both for the

fading of crystal violet and for a sensitizatiorfieet on dye degradation. The presence



of oxidized derivatives of Crystal Violet has alsgen demonstrated. As for the position
of the oxygen attack, it has been hypothesizedfdhmation of N-oxides of crystal
violet or of its demethylated derivatives.

Heat (50 °C, 40% relative humidity) was shown tayph minor role in the fading of
crystal violet on paper whereas visible light alomas enough for the dye to fade
visibly. Interestingly enough, considering the fdbat anoxic protection is in use,
crystal violet did fade on paper following the egpee to UV light in the absence of
oxygen as well.

The substrate (cellulose paper, lignin paper antiog paper), although it was not
responsible for the nature of (colored) degradatmoducts, played a role in
determining the relative amounts products formeditae final color of the dye layer.

Interestingly, both artificial aging (UV light) anthtural aging (sun light) of samples
of paper dyed with an ink containing methyl vioketd other additives led to different
colors than in the presence of pure crystal vidteparticular, the colors obtained were
brownish-grey and bluish-grey, in the presencendhé absence of Fe(lll) respectively.
Moreover, the addition of Fe(lll) or of ink addiéis (such as sucrose and oxalic) alone
to paper, caused the formation of yellow or browscoloration after exposure to
sunlight. ATR-IR analysis of the yellow areas rdedathe formation of carbonyl
groups from cellulose and Fe(lll). On the basigh#& results of the aging tests of the
reconstructed ink, an hypothesis for the brownal@ation of the Montmajour drawing
is provided.

Exposure to such a pollutant as N@ purple ink containing methyl violet applied
on different paper substrates (cellulose papenirdigpaper and protein-sized paper)
produced a strong darkening of ink which turneddbitblack or black on all substrates.
On cellulose paper, pure crystal violet faded gitliblue. LC-MS analysis of the dyes
extracted from this sample revealed the formatioat ¢east one nitrosamine, due to the
attack of the gas at one of the nitrogen atom$efdye molecule. Exposure tg @id
not lead to a significant color change of Crystail®t on paper.

Accelerated aging experiments on pigments and dged as alternative ingredients
for purple inks have brought about significant discation effects. Among others,
copper logwood produced from copper sulphate agddod extract showed a color
shift from blue to reddish-brown after aging (inrgmaular after thermal aging) and

indigo carmine has faded entirely after exposurg\dight.



These experimental results therefore demonstrage ithportance of reliable
reconstructions of museum objects where the coepoesof various components (e.g.
additives, impurities, different paper substra@) tead to peculiar interactions or color
effects. To this regard, cooperation between nht@@entists, art historians,
conservators and restorers should be pursued botlrder to get a complete
characterization of a piece of artwork and so astmanisinterpret partial data coming

from a single research field.






ABSTRACT

La presente tesi di dottorato riguarda lo studio fdaomeni di invecchiamento
naturale e accelerato di tipo foto-chimico (e ioual casi termico), di materiali di
interesse artistico (carta, pergamena, colori a, gigmenti e coloranti) attraverso
numerose tecniche sperimentali, sia distruttive e, quali Electron Paramagnetic
Resonance (EPR)Nuclear Magnetic Resonance-MObile Universal SQigf&xplorer
(NMR-MOUSEY, High Performance Liquid Chromatography-Photo Biodrray
(HPLC-PDAY, Liquid Chromatography-Mass Spectrometry (LC-K|S¥iber Optics
Reflectance Spectroscopy (FORS) Attenuated Total Reflectance-Infrared
spectroscopy (ATR-IR) micro-fading-meter e camera per test di invecchiamento
solare accelerato Xenot@st

La mia attivita di ricerca é stata svolta in colledwione con il Dipartimento di
Scienze Chimiche dell'Universita degli Studi di Bead, il Netherlands Institute for
Cultural Heritage di Amsterdam (ICN) e I'lmage Pamence Institute (Rochester
Institute of Technology, New York) e grazie all’assibilita alla collezione del Museo
Van Gogh di Amsterdam.

Il primo e il secondo capitolo forniscono una imlwaione alla storia dei coloranti e
alla colorimetria e una descrizione delle reazidndegrado indotte dalla luce e da
comuni gas inquinanti.

Nei capitoli numero tre, quattro e cinque, vengonace presentati i risultati della
mia attivita di ricerca. In particolare, nel terzapitolo della mia tesi di dottorato,
intitolato ‘Materiali Scrittori’, viene analizzatéa dipendenza di proprieta chimico-
fisiche della carta e della pergamena dall’inveastento, attraverso I'uso di una sonda
NMR nota come MOUSE. Lo strumento NMR-MOUSE ha ditnato di avere grandi
potenzialita nel campo della scienza della congéowe in quanto permette di misurare
I tempi di rilassamento nucleari di svariati madkriin situ e senza alcun

campionamento. | tempi di rilassamento nuclearedgono dalla natura chimico-fisica

! Strumento di proprieta del gruppo EPR (Prof. MarBrustolon), Dipartimento di Scienze Chimiche,
Universita degli Studi di Padova.

2 Strumento di proprieta dell'Universita degli StutliPadova (Centro di Servizi Interdipartimentade,
CUGAS).

% Strumento di proprieta del Netherlands InstitateGultural Heritage (ICN, Amsterdam).

* Strumento di proprieta del gruppo di chimica aitai (Prof. Franco Magno) , Dipartimento di Scienze
Chimiche, Universita degli Studi di Padova.

® Strumento di proprieta del Dipartimento di Scie@témiche, Universita degli Studi di Padova.



dei materiali ed é stato dimostrato come costituiscanche degli indicatori dello stato
di conservazione della carta. Per quanto riguaadaetgamena, i tempi di rilassamento
nucleari hanno permesso di discriminare fra campt@t XX secolo e del XVIII
secolo. Inoltre, per entrambi i materiali, lo stemto NMR-MOUSE ha permesso di
individuare due intorni chimico-fisici per le motde d’acqua costituenti i materiali
stessi. Si tratta, nel primo caso, di molecolecqle libere (acqua liquida) e, nel
secondo, di molecole legate chimicamente al substedlulosico o proteico.

Nel quarto capitolo, intitolato ‘Pigmenti e ColotBnsono riportati svariati spettri
EPR di pigmenti e coloranti, la cui natura chim@a nota solo in alcuni casi. Inoltre,
con lo strumento NMR-MOUSE e stato osservato lteffelella presenza di diversi
pigmenti o coloranti sulla polimerizzazione deliamdi lino. La spettroscopia EPR si e
dimostrata efficace nel discriminare fra divergrpenti o classi di pigmenti anche con
campionamenti micro-invasivi. Inoltre, i tempi diassamento nucleari di colori a base
di olio di lino si sono dimostrati essere dipendeatdlla presenza dei pigmenti e i
risultati sono stati interpretati in termini di érge velocita o gradi di polimerizzazione.

Il quinto capitolo, intitolato ‘Dyes in Aqueous Sitibn and on Paper: Discoloration
and Fading of Crystal Violet’, rappresenta il cogptncipale di questa tesi di dottorato
e consiste in un’estesa analisi (HPLC-PDA, LC-MORS, EPR, valutazioni anicro-
fading, camera per test di invecchiamento solare acdelétanotest) dei processi di
invecchiamento foto-indotto e termico di uno denprcoloranti organici sintetici, il
crystal violet, in soluzione acquosa e su cartintéfesse per questo argomento ha
origine dall’osservazione dei fenomeni di alteraeiocromatica che interessano un
gruppo di disegni e lettere di Van Gogh, tutti mttidad Arles nel 1888 con un
inchiostro viola che e stato dimostrato contenergstal violet o altri coloranti
strutturalmente correlati (coloranti del triafendtano). In particolare, il ‘Montmajour’
(Arles, 1888. Van Gogh Museum), un disegno appareehte di colore marrone e
appartenente al detto gruppo, mostra delle tractekiostro viola sui bordi del foglio,
dove l'inchiostro e stato protetto dalla luce sd¢dtcornice.

Un altro esempio, anche se non appartenente apgrdpArles, € costituito da un
menu (Parigi, 1886. Museo Van Gogh) scritto e diatg da Van Gogh con un
inchiostro viola, come e stato possibile stabitieeuna riproduzione dell’opera risalente
al 1958. Tuttavia, in una foto del 2001 si puo ¢tatzge come il testo e parte del disegno

fossero completamente sbiaditi. E’ interessantareotome in questo caso, benché da



un’analisi con spettroscopia FORS siano state aievtracce di coloranti del
trifenilmetano, non si €& osservato I'imbrunimentcell'tchchiostro tipico del
‘Montmajour’.

Con [l'obiettivo di far luce sui meccanismi di inodtamento e di alterazione
cromatica degli inchiostri contenenti crystal vioku carta, sono stati condotti degli
esperimenti di invecchiamento accelerato di crydtadet puro, sia in soluzione acquosa
che su carta. Numerosi parametri sperimentali sstabi presi in considerazione:
I'intervallo spettrale della sorgente di luce (UWisibile), il substrato cartaceo (di pura
cellulosa, contenente lignina o da fotocopie)elaperatura e la presenza (o assenza) di
ossigeno durante l'irraggiamento.

Inoltre, e stato riprodotto (da parte di Judith Beestudentessa dell’'Universita di
Amsterdam) un inchiostro viola a base di methylatiga base cioé di una miscela di
crystal violet e alcuni dei suoi prodotti di denfetione) secondo una ricetta di
Sigmund Lehner (1909) e il suo degrado foto-ind@tioe UV e luce solare naturale) e
termico (100 °C) e stato studiato su diversi salbistiartacei (carta di cellulosa, carta di
lignina e carta collata con proteine). Inoltre, s@tati presi in considerazione anche gli
effetti, sul colore di campioni di carta tinta, alcuni additivi utilizzati negli inchiostri
(gomma arabica, saccarosio e acido ossalico), ddllF (come esempio di foto-
catalizzatore spesso presente nella carta comerézya) e di comuni gas inquinanti,
quali NG, e Gs.

E’ stato analizzato via HPLC-PDA anche un gruppadidici campioni storici di
methyl violet provenienti dalla collezione dell'ICA fine di poter confrontare campioni
reali di coloranti sia con i campioni modello degcnella presente tesi di dottorato che
con un campione dell'inchiostro viola del disegiohtmajour’ (Arles, 1888. Museo
Van Gogh).

Successivamente, sono stati depositati su carteeedhiati artificialmente (con luce
UV o per trattamento termico) alcuni pigmenti e ocahti (inchiostro a base di
cocciniglia o indaco, carminio d’indaco, colorarebase di estratto di campeggio e
cromo e colorante a base di estratto di campegmme sintetizzato a partire da CuSO
0 Cu(AcOy)) utilizzati nel XIX secolo come ingredienti perpaoduzione di inchiostri

viola in alternativa al crystal violet.



Infine, & stato analizzato con la spettroscopia SQR gruppo di lettere del XIX
secolo (Birgit Reissland, collezione privata) edtata rivelata la presenza di coloranti
strettamente correlati al crystal violet.

L’analisi presentata nel quinto capitolo della pras tesi di dottorato ha quindi
dimostrato che l'uso del colorante sintetico methglet era molto diffuso dopo la sua
introduzione nel mercato avvenuta nel 1866. Inplaescarsa resistenza alla luce del
crystal violet & stata spiegata come dovuta a oeazii demetilazione e ossidazione.
Una serie di prodotti di degrado e stata identiiceon HPLC-PDA e LC-MS per il
crystal violet esposto a luce UV in presenza diges®, sia in soluzione acquosa che su
carta. L’analisi HPLC-PDA di un campione di inchrasviola prelevato dal disegno
‘Montmajour’ (Arles, 1888. Museo Van Gogh) si é dstrata in accordo con i risultati
dei campioni modello appena descritti. Lo sbiaditnesompleto osservato nel menu é
stato riprodotto e spiegato come il risultato @sijosizione alla luce (UV o visibile).

Sulla base dei miei risultati sperimentali, il parstadio del meccanismo di degrado
consiste di una serie di reazioni di demetilaziche porta come ultimo stadio alla
pararosaniline, un colorante rosso corrispondefiite @mpleta demetilazione del
crystal violet. Successivamente, I'ossidazionearnrispondenza dell’atomo di carbonio
centrale forma chetoni incolore (o debolmente gjaksponsabili sia dello shiadimento
del crystal violet che di un effetto di sensibibzrone del colorante rispetto al degrado
foto-indotto. E’ anche stata rivelata la presenzdedivati ossidati del crystal violet. Per
quanto riguarda la posizione dell'attacco da pde#’ossigeno, € stata ipotizzata la
formazione di N-ossidi del crystal volet o dei spopdotti di demetilazione.

Si é dimostrato anche come il calore (50 °C, 40%ditenrelativa) abbia un ruolo
secondario nel degrado del crystal violet su camntre I'esposizione a sola luce
visibile e stata sufficiente a sbiadire completat@eit colorante. Particolarmente
interessante, considerato che la protezione in emianossico € una delle tecniche di
conservazione adottate nei musei, € il fatto chayistal violet ha mostrato evidenti
segni di shiadimento anche a seguito di esperingéesposizione a luce UV in assenza
di ossigeno.

Il substrato cartaceo (carta di cellulosa, di lignio da fotocopie), benché non
responsabile per la natura dei prodotti di degr@ddorati) rivelati, ha determinato le

quantita relative dei prodotti formati e il colassunto dallo strato di colorante.
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E’ interessante notare come sia l'invecchiamenttiaale (luce UV) che quello
naturale (alla luce del sole) di campioni di camé con I'inchiostro contenente methyl
violet e altri additivi, abbiano dato origine a @@zioni diverse da quella ottenuta in
presenza di crystal violet puro. In particolaregliori ottenuti sono un grigio-bruno o un
grigio-blu, rispettivamente in presenza e assemzg(ll). Inoltre, la sola aggiunta di
Fe(lll) o additivi (tipo saccarosio o acido ossajialla carta ha causato la formazione di
macchie gialle o brune dopo I'esposizione alla Isckare. L’analisi ATR-IR delle aree
ingiallite ha rivelato la formazione di gruppi cartilici a partire da cellulosa e Fe(lll).
Sulla base dei risultati dei test di invecchiamed#al'inchiostro ricostruito, e stato
possibile formulare un’ipotesi per spiegare le eadel colore bruno apparso sul
‘Montmajour’.

L’esposizione ad un inquinante quale il biossidoadoto (NQ) dell'inchiostro a
base di methyl violet applicato su diversi substtattacei (di cellulosa, di lignina o
collati con proteine) ha prodotto un forte scuriteedell'inchiostro, che e diventato
nero-blu o nero, in tutti i substrati cartacei. Beanto riguarda invece il crystal violet
puro, si € ottenuto uno sbiadimento ad azzurrorchgu carta di pura cellulosa.
L’analisi LC-MS di quest'ultimo campione ha rivetatla presenza di almeno una
nitrosoammina dovuta all’attacco del gas su undi @gmi di azoto della molecola di
colorante. L’esposizione ad ozono 3{Onon ha invece prodotto una variazione
significativa del colore del crystal violet puro carta.

Gli esperimenti di invecchiamento accelerato sgnmnti e i coloranti utilizzati
come ingredienti alternativi per la preparazionanghiostri viola, hanno condotto a
importanti alterazioni cromatiche. Fra gli altri, ¢golorante a base di estratto di
campeggio e rame prodotto da solfato di rame haratosuna variazione di colore dal
blu al bruno rossiccio a seguito dell’invecchianeerftermico in particolare) e |l
carminio d’'indaco é sbiadito interamente dopo egpmse alla luce UV.

Questi risultati sperimentali, quindi, hanno dinmmati I'importanza di avere a
disposizione affidabili ricostruzioni degli oggettiuseali, dove la compresenza di varie
componenti (ad esempio additivi, impurezze, diverdistrati cartacei) puo portare a
particolari interazioni chimiche o influenzare iblore percepito. A questo proposito,
sarebbe auspicabile la cooperazione fra scienzsaiici dell’arte, conservatori e
restauratori, al fine di poter ottenere una canattazione completa di un’opera d’arte e

cosi da non malinterpretare i dati parziali proeetiida un singola campo di ricerca.
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CHAPTER ONE
COLORANTSAND COLORIMETRY

A brief history of pigmentsand dyes

Colors represent a fundamental part of our everydieythey are almost ubiquitous
in nature and they are used by people both fortiomal and aesthetic purposes. Colors
are often associated to specific meanings, anduseel not only for their aesthetic
valence but also to convey precise messages. @tdocanstitute the base materials
through which colors have been handled for ages.

In this work the term ‘colorant’ will be used with general meaning of coloring
matter, being this either a dye or a pigment. Tisandttion between dyes and pigments
lies on their application method: dyes are gengrsdlluble in the medium whereas
pigments are insoluble and are applied as a digmerather than a solution.

People started to make use of colors by means wiralacolorants as early as
prehistoric times, when they used to depict figueatscenes or to make fascinating
hand stencils on cave walls using natural inorg@argments such as colored earths. In
prehistoric times natural dyes extracted from [@amnére also used, as it is demonstrated
for instance in some dyed fabrics found in saltesiof Hallstatt in Austria [Joosten et
al.].

The first known synthetic pigment (3100 BC) was @leped by the ancient
Egyptians who made up for the scarcity of naturale bminerals with a copper
compound known as Egyptian Blue [Campanella et &dyptians were probably
responsible also for the invention of ink whichythesed to write on papyrus. The oldest
known book is the so called Prisse d’Avennes papy2600 BC), written in a black ink
made of a dispersion of lampblack in water [Delaredral.].

On the contrary, synthetic dyes were only produseiting from the mid-19
century. Before that date, fabrics were dyed waltural dyes extracted from plants or
animals. Examples are the purple extract of mureansidered by Vitruvius the most
precious and the most pleasant to the eye andingbeé antiquity almost exclusively
for the Roman Emperors’ robes-, indigo bldad{gofera Tinctorig, cochineal red
(extracted from the homologous insect), the redsdyem brazilwood Caesalpinia
echinatg or madder Rubia tinctorig and the woad bludgatis Tinctorig diffused in

the Middle Age. Interestingly, in the Zentury an effective dyeing method with woad
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was discovered and it was therefore possible tofalyecs bright blue. Consequently, a
taste for blue was developed and the traditionsb@ation of the color red with royalty
lessened in favour of blue. Indeed, in that petloel mantle of the Virgin in paintings
and the robes of the King of France became bluéajbDare et al.].

In the 18" century, when the basics of chemistry as a séiemtiscipline had been
finally established, chemists were able to produs& synthetic pigments. The first one
was a deep blue pigment called Prussian blue whiels actually accidentally
synthesized by a paint manufacturer and a pharimiacBerlin in 1704. Thanks to its
coloring strength it has had a widespred diffusorce its introduction onto the market
in 1710. Moreover, in 1781 it was first producee@ trinc white, a substitute for the
poisonous lead white, and in 1797 Vauquelin discewein a red-orange mineral
(crocoite, also known as Siberian lead red) a nlement which he called chromium,
from the Greek for color. The extraordinary capaadt chromium to produce many
different colored salts was soon observed and kyntid-19" century a number of
chromium pigments were available on the marketegrgellow, orange pigments).

It was in the 19 century that the first synthetic dye was synthexbiby William
Henry Perkin. It was a purple aniline derivativeneal Mauve which was patented in
1856 and then successfully introduced onto the etafkor this achievement, which
would have huge effects on colorant industry arsthifan, Perkin was awarded a prize
on the occasion of the Great London Exhibition B8624. At the opening of the
exhibition, Queen Victoria paid tribute to Perkingearing ‘rich mauve (lilac) velvet,
trimmed with three rows of lace’ as E. Sheppardorega in his Memorials of St
James’s Palace.

Since then, many chemists focused their researt¥itamon the production of new
synthetic dyes; at the beginning aniline constdutee privileged starting material and
indeed such a definition as aniline dye was usealsgsmonymous with synthetic dye for
decades. Nevertheless, other classes of dyes weredsscovered, e.g. triarylmethane
dyes, azo dyes and carbonyl dyes [Christie]. Byehe of the 19 century, synthetic
dyes had been permanently introduced into the tealaif artists, notable examples

being Van Gogh and Gauguin.
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Figure 1: examples of A. triarylmethane dyes (Reganiline), B. azo dyes (Aniline Yellow)
and C. carbonyl dyes (Alizarin).

When Perkin accidentally discovered the first sgtith dye, little knowledge of
organic chemistry was available and the relatiomveen color and chemical structure
was still unknown. From that time onward, many ssdwere devoted to color
chemistry. The work published in 1866 by the GerrRaA. Kekule on the structure of
benzene molecule was definitely one of the majamtrdautions to the development of
organic chemistry and it set the basis for the ystdth of new synthetic routes to
colorants and of the relation between color andmeb& structure of organic dyes. In
1867 C. Graebe and C. T. Liebermann suggestediylest were unsatured compounds
on the basis of their observation that the colomainy dyes entirely faded if treated
with reducing agents. Later in 1876, O. Witt depeld the first theory on the relation
between color of molecules and their chemical stinec Witt proposed that a dye
structure consisted of two entities which he caldadomophore and auxochrome,
connected by a conjugated system of double bondsording to Witt, it was the
presence of the auxochrome which allowed the catgthdouble bonds-chromophore
system to become colored. Any specific combinatioh chromophores and
auxochromes was called chromogen. Only later it Weaasd that the system of
conjugated double bonds may be linear or cyclic dhdt chromophores and
auxochromes corresponded to electron-withdrawithgc{@n-acceptor) groups — e.g.
nitro (-NO;), azo (-N=N-), carbonyl (-C=0), ammonium (-8R carboxyl (-CGH)
groups — and electron-donating groups — e.g. aifailB;) or hydroxyl (-OH) groups —
respectively. Moreover, it was observed that ttghér the electron-withdrawing power
of the chromophores (or the higher the electroeasihg power of the auxochrome, or
the longer the conjugated system) the larger tbeshift (also known as bathochromic
shift) of the absorption spectrum of the dye. Aftstaward the opposite direction (blue
shift) is called hypsochromic.
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Although brighter colored and easier available inumber of different hues than
inorganic pigments, most organic synthetic dyesigamed out to be very fugitive and
of poor lightfastness. In particular, many worksaof have shown discoloration and
fading of their coloring matter, being this for exale oil paint, ink, pastel or dyed
fabrics. As a consequence, the works of art aeibswve undergone transformation from
their original appearance and look different frommaivthey were meant to be.

It is therefore of much interest to study the caumed the mechanisms of (synthetic)
dye degradation and the discoloration or fadingat# that degradation brings about.
This is the way to develop the analytical procedui@ assessing the original color
from the degradation products, and for findinghlest conservation practices.

Color spaces and color measurements [Feller 2001], [Zollinger], [Christie],
[Minolta].

Although colors are tightly related to feelings a®ychological perception, the need
for color communication and color comparison ledetdensive scientific studies on
color measurement methods. As a result, a numbeolofr spaces were developed
consisting of reference systems where colors goeesged with some kind of univocal
notation, such as numbers.

Colorimetry systems can be divided into three ngaoups: physical, perceptual and
psychophysical systems. Physical systems descaleescon a purely physical basis,
making use of absorption and reflection spectracolorants (subtractive color
mixtures). The color of subtractive color mixtuiesses from the selective absorption
of some wavelengths of the incident light by théomed object. The rest of the light is
either transmitted or reflected (depending on wdettihe object is transparent or
opague) and can be described with absorption dectahce spectra respectively.
According to physical colorimetry systems, colore described through their spectral
features: the wavelength of the maximum of absarbahmay), the intensity of the
spectrum (molar extinction coefficien} at its maximum of absorbance and the shape
of the absorption band [Zollinger], [Christie]. Ryhly, the hue (red, yellow, green,
blue, purple...) is related to the wavelength of theximum of absorbance of the
colorant (or, generally, the object) at issue, ititensity (or strength) of the color is
related to the molar extinction coefficient and thedth (and steepness) of the
absorption band determines the brilliance or vieg(vivid or dull colors) of the color
of a colorant. For example, absorption bands lacatethe range from 430-380 nm,
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480-550 nm, 550-600 nm or 600-700 nm correspondrémge, red, violet or blue
objects respectively. Interestingly, green objeatse always characterized by two
absorption bands at 400-450 nm and 580-700 nm. dWere very sharp absorption
bands correspond to brilliant colors whereas widaeds correspond to dull colors.
Limiting cases are achromatic colors black, grey white: their common characteristic
is that they don’'t show preferential absorptionaay wavelength (and therefore the
adjective achromatic). In particular, black and tetdbjects absorb respectively all light
of any wavelength or no light altogether whereasy gibjects absorb the same amount
of light at any wavelength (figure 2).
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Figure 2: correspondence between absorption bantpexceived colors.

It should be noted that the physical systems, baseithe absorption spectra alone, do
not provide sufficient information on the color peived, as one should take into
account the sensitivity of the human vision. Tladdr is wavelength dependent, with a
maximum at 555 nm,

Perceptual systems are based on visual appearawc®rathe measurement of
sensations in color vision. In such a system, colare expressed through three
parameters called hue, saturation and brightnesdigbtness) (HSB parameters).
Placing colors on a three-dimension solid havinifedént hue values along its outer
rim, different saturation values along its radiasl @ifferent brightness values along its

vertical axis, the color space illustrated in figdis obtained.
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Figure 3: example of a perceptual system: HSB cspace. In this figure, the brightness
parameter (B) is called lightness.

The vertical axis corresponds to the so-called @ohtic colors, that is colors going
from black (minimum lightness) on the bottom sidettee axis through grey to white
(maximum lightness) on the top side of the axidudion represents the distance of a
color from the achromatic axis. It is worth notitigat the HSB parameters have been
chosen in such a way that equidistant colors indbler space correspond to equal
perceptual differences (uniform color spacing). &éweless, truly uniform color spaces
have not been developed yet. The earliest exanipl&SB system was developed by the
American painter A. H. Munsell between 1905 and(191

Psychophysical systems are based on the stimubrged in the human eye by
visible light of various intensities and wavelersgémd they are suitable for describing
additive color mixtures. The color of additive colmixtures is the result of the
summation of lights of different wavelengths. Mosthe psychophysical systems were
developed by th&Commission International de I'EclairagéCIE) and are based on
visual matching of the light transmitted or refettfrom an object to an observer by
means of an additive mixture of three (primary)ocsl(red, green and blue). Light
reflected or transmitted from an object to an obsedepends both on the illuminant
and on the object itself. The color perceived depeboth on the reflected or
transmitted light reaching the eye of the obsearet on the response of the eye itself
(its sensitivity to each wavelength). The CIE deflra number of standard illuminants;

examples of the principal ones are illuminants ACBand D65.
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Figure 4: spectral radiant power of illuminantsBA,C and D65 as defined by the CIE
commission.

llluminant A represents the color temperature oframandescence light at 2856 K and
illuminants B and C were defined as mean noon ghnl{obtained by filtering a
tungsten lamp, 4874 K) and average daylight (obthihy filtering with blue filters
illuminant A, 6774 K) respectively. None of thedlminants includes as much UV
light as the sunlight does, though, and for thesom they are not efficient for color
measurements of fluorescent materials. Indeedydieent materials owe their color
also to the absorption of UV radiation followed kgmission of visible light
(fluorescence). llluminant D65 (corresponding terage daylight with 6500 K color
temperature) was thus introduced to compensatéhieriack of radiant power in the
UV range of illuminants B and C. At present, illurant D65 is the most widely used,
although no real light source simulates well enotgyspectral distribution. D65 will be
the illuminant used in this work. On the other hantbminant B is nowadays
dismissed. The relative spectral radiant pdwstributions of illuminants A, C and
D65 are shown in figure 4.

The CIE also deduced the spectral sensitivity ef timan eye by measuring the
(average) relative amounts of red, green and bgldsl needed to match the light at
each wavelength of the visible spectrum. Experiaemsults were used to calculate the

so-called standard observer color-matching funsti@r(A), y(A) and z(A)), which

roughly correspond to the sensitivity of the ey¢hia red, green and blue regions.

! The spectral radiant power represents the totihna energy emitted by a source of electromagnetic
radiation per unit time.
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Given the radiant power distributionA3(of the illuminant and the color-matching
functions, a set of three color descriptors X, Y @called tristimulus values can be
obtained as follows:

X =k3 S1) RA)¥A)84

(1)
Y = kY 4) RA) YA )
Z=KY. 94) Ry ZA) 3)

where AN is the wavelength interval used, NR(is the reflectance spectrum of the
colored sample at issue and k is a normalizingofaitt make Y equal to 100 for the
white standard light. In this way, in the XYZ colspace the descriptor Y has the
special meaning of representing the lightness. @htizity coordinates x, y and z are

usually preferred to tristimulus values X, Y andmd are calculated as follows:

= X
X+Y+Z (4)
Y
Y=TTo 5
X+Y+Z (5)
Z
z=——=1-(x+
X+Y+Z () (6)

To describe a color univocally, the lightness Y &nd chromaticity coordinates (x and
y) are needed. Plotting the chromaticity coordiadte each wavelength in the visible
spectrum, a horseshoe-shaped chromaticity plaabt&@ned (figure 5). When the third

dimension Y is added, a so-called color space taioéd.
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Figure 5: xy chromaticity plane, showing the cop@msdence between chromaticity coordinates
and colors.

The outline of the color space (spectrum locusjoisned by the purest and most
saturated colors of the color space, i.e. a cgloglon the outline corresponds to light
of a specific wavelength. Purple colors (lying de bottom part of the outline) cannot
be associated to any monochromatic radiation aspgreeption of a purple color needs
at least the mixing of two monochromatic radiasioone in the red and the other in the
blue-violet region. Purple colors are called "non-spectrabissl The area in the
chromaticity plane surrounding the illuminant pojathromatic point) is constituted by
neutral colors with a very low saturation. It isnbonoting that the xyY color space is

not visually uniform as it was instead the caspdrceptual HSB system

2 Violets roughly correspond to the colors lyingtire regions called purplish blue and bluish puiple
the chromaticity diagram in figure 5.

% Although truly uniform color spaces have not bdemeloped yet, some of them are referred to as
uniform because they are more uniform then thehxgmaticity plane.
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With the aim of creating a more uniform color spate CIE defined in 1976 the
L'ab  color space (or CIELAB color space). In theeb color space (figure 6) the
chromaticity of colors is defined with the paramsta (roughly a measure of the
degree of redness or greenness) anftdughly a measure of the degree of yellowness
or blueness) and the lightness is expressed bjRéd or yellow colors correspond to
positive values of a* or b* respectively whereaseayr and blue colors correspond to
negative values of a* or b* respectively.

L'a’b’ color values are defined as follows:

L' =116( /Y, }° - 1€ (7)
a’ =500[(X / X ¥ - (Y/Y)}"°] (8)
b" =200[(Y /Y, }"* - (Z/ 7)"] (9)

where the subscript n refers to the tristimulusigalof a perfect reflecting diffuser for
the illuminant and observer used.

The concept of uniformity of color spaces is linkedhe need for comparing colors: in
a perfectly uniform color space one can define-aaled color-difference equation that
enables to calculate the color differerdxte between any two points in the color space
as a function of their colorimetric values. In rgaltruly uniform color spaces have not
been developed yet and meaningful comparisons ahe possible between similar
colors. For instance, one unit of color differennethe green region is perceptually
different from one unit of color difference in tined region. Therefore care is needed

when using the recommended 1976 CIE b’ color-different equation (eq. 10).

AE,, =[(AL)* +(Aa) +(ABYT™ (10)
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Figure 6: L*a*b* color space.

At this point, it should be noted that the paramAte does not give any information
about the direction of the color change. To thid,éhe CIE 1976 hue angle,ghand

chroma (C.) were defined as follows (eq. 11 and 12 and figi)re

hab = tan_l (b* /d ) (11)

C;b =[(d)y +(by1"? (12)
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Figure 7: L*C*h color space.

This work is concerned with subtractive color mies; being them transparent

solutions or (approximately) opaque surfaces. Tlidractive color synthesis is mainly
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due to two optical phenomehaabsorption and scattering of incident light. In
transparent colored materials there is only absmrpihereas turbid colored materials
show both absorption and scattering. UV-Vis spedfatransparent materials are
therefore measured in transmittance mode and tiserladnce depends, to a first
approximation, on the concentration of the absa@ylsppecies, according to the Lambert-
Beer law. On the contrary, UV-Vis spectra of opamqmagerials (turbid materials that do
not transmit any light) are to be measured in ctdlece mode and a more complex
dependence of absorbance on concentration holdsltrihis case, absorption spectra
can be calculated from reflectance spectra makaggal the Kubelka-Munk theory. In
fact, reflectance spectra are transformed intostirealled Kubelka-Munk units (K/S)
according to equation (13) and spectra similattsorption ones are obtained.

Kubelka-Munk theory is useful for describing optipaoperties of materials which
both absorb and scatter light. In particular, adecg to the Kubelka-Munk theory, the
absorption coefficient K (at each wavelength) ower scattering coefficient S (at each
wavelength) ratio can be expressed as a functiorthef reflectance R (at each
wavelength), as shown in equation (13).

K(A)/S(A) =[1- RA)*/2 RA) (13)

In this work the Kubelka-Munk theory will be applig¢o the dye-paper system,
where dye and paper will be considered the maint-dpsorbing and light-scattering
agents respectively. In the calculations, the agpration is made that paper is opaque
(i.e. paper does not transmit light). Although @ality paper is translucent and absorbs
light (this is particularly true for lignin paperhich shows an absorption in the blue
region due to its yellow color), the Kubelka-Munfuation (13) can still be used for
gualitative purposes, such as identification of sdymd comparison of the color of
similar samples (dye-paper systems).

4 Other phenomena might be present: among otheegulsy reflection in glossy materials and
interference in pearlescent or iridescent materidiese phenomena will not be taken into accouthig
work since they are not present in the samplesedud
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CHAPTER TWO
DEGRADATION INDUCED BY LIGHT
OR COMMON GASEOUSPOLLUTANTS

M echanisms of photo-induced fading [Braun et al.] [Allen et al.].

For a material to undergo photo-induced fadings itequired that its constituting
chemical species absorb light, i.e. they acquidtarda energy. In alternative, it is also
possible that the radiant energy acquired by othemical species is passed to the
material in question through a sensitization precskich will be taken into account
later in this chapter.

UV-visible light is absorbed by molecules or conxgle in materials when an
electronic transition between the ground stateandxcited state is allowed. Electronic
states are classified depending on their spin,statethe multiplicity of states allowed
by their spin angular moment. The latter is cham@oed by the total spin quantum
number S and the multiplicity is equal to 2S+1. Wiadl electrons are paired S is equal
to zero. Since the multiplicity of such statesgsi@ to one, they are called singlet states
and are denoted,deing the suffix i (=0, 1, 2,...) related to theccessive energy levels
of the states (figure 1, molecule D or A). On thenteary, if an electronic state is
characterized by spin multiplicity equal to thréed unpaired electrons, S=1), then the
state is said to be a triplet and it is denotedsEnerally, the ground state of a molecule
is a singlet &), but important exceptions exist, such as moleawggen with a triplet
ground state (J). All other parameters being the same, the highemultiplicity, the
lower the energy of a state (Hund’s rule of the maxn multiplicity).

According to the usual monoelectronic approximatian electronic transition is
described as a jump of an electron between twdadsbigenerally from a bonding (or
from a non-bonding) orbital to an anti-bonding oRer organic molecules absorbing in
the visible range of the spectrum Conjugated systems) the two orbitals are generall
the highest occupied molecular orbital (HOMO), aé lowest unoccupied one
(LUMO). Each electronic state has an underlyingatilonal structure and a transition
between a given vibrational level of a given elecit state to a vibrational level of a
different electronic state is called vibronic tréiios. Absorption bands are the results of
the superimposition of all possible vibronic trdimsi. The selection rules for an

electronic transition depend on the symmetry oftihe spatial electron wavefunctions
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involved, and on their spin states. In electricotiptransitions, such as the electronic
ones, the spin magnetic moment can not change tterdfore only the transitions
conserving the spin state are allowed (genel@tyS;). ISC (InterSystemCrossing) is
possible when a spin-orbit perturbation is presand in this case an interconversion
between singlet and triplet can happen. Therefelectronic transitions between a
singlet and a triplet state (e.gy S T,) are spin-forbidden and, to a first approximation
are not allowed. Nevertheless, spin-forbidden itams (e.g. $ > T,) are in fact
observed when a spin-orbit perturbation is pres€hese transitions (also known as
intersystem crossing), however, have a low proligkaind are therefore very low in
intensity [Turro].

A
Energy
triplet —triplet
energy transfer s
A 1 vibRel
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D*(Sl)_ :9 LRG, . —
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Figure 1: Jablonski diagram for a molecule D. A triplet-tepenergy transfer with a molecule
A is also shown. A= radiant energy absorption; &efféscence; P=phosphorescence;
vibRel=vibrational relaxation; thermalDec=thermatdy or non radiative transition,

IC=internal conversion; ISC=intersystem crossingidsarrows represent radiative transitions

whereas dash arrows non-radiative ones. The stateiean excited state.

Once an excited vibronic state of a molecule isupated (e.g. absorption of radiant
energy has occurred), there are two main deadtivapathways: photophysical or
photochemical ones. The Jablonski diagram (showiffigure 1) provides a useful
summary of the possible photophysical processessd latter can be further divided
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into radiative and non-radiative processes. Lesugpose that after absorption of a
photon, a given molecule is in itg &cited vibronic state. A fast vibrational relarat
(non radiative transition) occurs after the eleuirotransition, leading to the lowest
vibrational level of the electronic excited statg Senerally, the energy difference
between electronic stateg &d $.1 is such that their vibrational levels partiallyeohap
and a fast deactivation process called internaVexmon (IC) is active. It consists of a
non-radiative transition between electronic stamgth the same spin multiplicity.
Internal conversion is usually very efficient (opeé scale) so that the first excited state
S; can be regarded as the most relevant state froichvghhotochemical and radiative
processes take place, after light absorption (Kagiie). It is noteworthy that internal
conversion between;&nd 3 is less efficient due to the higher separatioeniergy of
these two states. Once in its first excited stateaSmolecule can undergo either a
radiative deactivation process to the ground stated fluorescence (lifetime from 10
210 10° s), or non-radiative processes such as thermatidation to the ground state
or intersystem crossing (ISC) to a triplet statke Tatter is generally slower than IC
and, consequently, a triplet state is generallgéodived (10 to 10° s for S > T, and
107 to 10 s for T > S) than a singlet state. This is the reason why Iyeat
bimolecular photochemical reactions occur from ltweest triplet state (). Finally, a
radiative transition between states of different spultiplicity (e.g. Tt > &) is called
phosphorescence. Photophysical deactivation pathwaey usually very efficient and
this is why colorants do not fade as fast as itldidne expected solely on the basis of
their high absorption coefficients and of the ageratensity of the daylight irradiation
[Neevel].

So far only unimolecular deactivation processesehlagen considered. In fact, a
photophysical non-radiative energy transfer betwiaenmolecules can also occur. The
excited molecule (called donor, D*) transfers e gy to an acceptor molecule (A) in
its ground state so that the former is deactiv@®@dand the latter is excited (A*). This
process might be regarded as a photosensitizatitmacceptor or as a quenching of

the donor depending on perspective. This procesdealescribed as follows:

pDOM- D 1)
D'+4-D+4 )

Triplet-triplet energy transfer (figure 1) is anportant type of photosensitization and it

will be described in more detail later.
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Besides photophysical deactivation pathways thex@lao photochemical processes.
For a photochemical pathway to be significantas ko compete with other deactivation
processes of the excited state. For this reasartpphemical reactions take place from
the lowest excited singlet or triplet states, whidve sufficiently long lifetimes. This
class of reactions can be divided into two subgsoppimary photochemical processes
and secondary (or dark) reactions. Examples of quhamical reactions comprise
radical formation (e.g. homolytic bond scissiondieg to depolymerization of cellulose
or to the breakdown of the conjugated system og)jjymtra- or intermolecular electron
transfer, photoaddition (e.g. intermolecular hy@nmogabstraction), photoionization,
intramolecular decomposition.

The electronic transitions are usually classifiedtérms of the type of orbital
involved. The most energetic transitions occur leetwbonding and antibonding sigma
orbitals @—>0*). They are responsible for far ultraviolet abdap and usually imply
bond cleavage. Another class of transitions camgbian excitation from a bondingy
orbital to an antibondingt orbital. They are typical of unsaturated and aatim
compounds. Thet - 1t* transitions lie in the near ultraviolet or visgbtegion of the
spectrum, depending on the degree of conjugatiod an the presence of
chromophores. Another kind of transition (usualig teast energetic) is between a non-
bonding n orbital and an antibondirgorbital. This transition is typical of ketonesdan
aromatic amines and are responsible for absorpfioear UV and Visible light

Two examples of photochemical reactions involvitecgonically excited carbonyl
groups are the homolytic scissiondrposition with respect to the carbonyl group and
the intramolecular hydrogen abstraction (figurel@)ooth cases reactive radical species

are formed.

o* 0 \/z OH
/U\ (lj % [ /
R R R

“CH,CH, R >C—C—Co

Figure 2: homolytic scission imposition (above) and intramolecular hydrogen alosion
(below) from an excited carbonyl group.
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Photo-induced degradation is a step of primary nmgnce in the process of aging of
materials: suffice it to think of a piece of lowagie paper or of a felt pen drawing left in
the sun. Paper will quickly yellow whereas the cslof the drawing will rapidly fade.

In this work | will be primarily concerned with thdiscoloration and fading of
synthetic organic dyes on paper. In particular,ill eonsider an early synthetic dye
called Crystal Violet, which have been used for making purple inks sitihee last
decades of the XIX century.

For a compound to be used as a dye, it has td fwii basic requirements: it has to
be colored (i.e. absorb visible light) and its maatinction coefficient has to be high
enough for the color to be intense. Therefore, eeaf their strong light absorption
properties, dyes are exposed to photophysical dmatophemical processes (direct
fading). Moreover, as it has already been notedipusly, in some cases it is also
possible that the energy absorbed by a moleculeedcsensitizer) is transferred to dye
molecules. A mechanism of dye fading of this typealled indirect fading or sensitized
fading. When this mechanism is working the sersitcan absorb light of lower energy
than the dye, and transfer energy to the dye, wivimlld not otherwise be activated. A
particularly interesting case of sensitized actorais the triplet-triplet energy transfer.
In this case the donor molecule is in its excitguldt state T whereas the acceptor is in
its singlet state & After the energy transfer, the donor is deactigldb its $ state and
the acceptor is excited to its State as summarized by the following equation:

D*(T 1) +A(S0)>D(So)+A*(T 1) 3)
This mechanism is particularly important becausalldws in some cases to populate
triplet states not reachable by an efficient IS@. this respect, ketones are efficient
sensitizers. As it has already been underlined,tduks longer lifetime a triplet state is
more likely involved in photochemical reactions riha singlet state: hence the
importance of the role of sensitizers in photo-cetlidegradation of materials.

A different and very important example of energgnsfer is represented by the
photosensitized excitation of oxygen from its gipground state to its excited singlet
state:

D*(T 1)+ *0,>D(So)+ 02 4)
Singlet oxygen is a very reactive species whichqisckly involved in further
degradation reactions. Its typical reactivity isrywepecific and involve three main

classes of reactions: 1,4-cycloaddition, 1,2-cydthton and ene reaction (figure 3).
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Figure 3: typical reactivity of singlet oxygen.

Ground state triplet oxygen can also be involvedmother common mechanism,
whereby a radical (produced for example by a pimoiwied hydrogen abstraction or a
photoinduced bond cleavage) reacts with tripletgexyyielding highly reactive peroxy
radicals (see reactions 5, 6 and 7). Peroxy rexliae¢ easily involved in a chain of

radical reactions that end up in an overall ox@abf the starting molecule.

3§+RH > HS. + R. (5)
R- + 302 — > ROO (6)
HS +%0, — 15 + HOO Ko

An oxidation reaction involving sensitized oxyges talled photosensitized

oxidation.
Other efficient degradation catalysts are congttuty transition metal ions such as

iron or copper [Proost et al.]. A well-known exam the Fenton reaction:
Fe* +H,0, - Fe" +HO +HO (8)
through which hydroxyl radicals are formed. In hreesence of reducing agents, the

Fe** ion is reduced back to Feand the Fenton reaction can continue:
Fe* +H,0+hv — F€" +H" +HO or (9)
Fe* + ROOH - Fe* +H* + ROO (20)
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In addition to the Fenton reaction, in the presesfdee* and oxygen, the formation of
superoxide radicals can take place (reaction 11gcé&ssively, superoxide radicals can

be further reduced to peroxide radicals (or peresjicdis shown in reaction 12.

2+ . 3+ .

3+ . ..o
Fe +0O,+ RH —> HOO +R+Fe (12)

Peroxides are powerful degradation agents becdubeipoxidizing power and of their
ability to act as photoinduced (near UV) radicdiiators.

Besides oxygen, other reactive gases involved gradiation reactions are related to
some common pollutants. In this work, the effechN@, and Q on the early synthetic
dye crystal violet will be investigated. Besideygen, some common pollutants act as
reactive gases involved in degradation reactiamghis work | will take into account
the effect of NQ and Q on the early synthetic dye crystal violet.

Moreover, when studying the reactivity of a mateais part of a composite object,
such as for example an ink on paper, one should iraio account the physical and
chemical behaviours of all the components, as thigyt (and often do) play a role in
the degradation on the material at issue. Indeednynstudies suggest that the
photodegradation mechanism of triaryimethane dyag consist of photooxidation of
non-protein substrates such as cellulose, and abpdduction on protein ones, such as
silk and wool. This work will be concerned excludiwwith cellulosic substrates.

Besides pointing out the types of reactions invéliredegradation mechanisms, the
guestion as to how (and for how long) reagentshbaceight into contact is also of
fundamental importance. In this regard, the phystate of materials plays a role. For
instance, amorphous domains of cellulose are Igh#iyt packed than crystalline ones
and therefore they are more easily reached by datiom agents such as water or
oxygen. Indeed, materials that are swollen in ttesgnce of water (e.g. cellulose) are
more exposed to degradation at high values ofivel&umidity (RH). Moreover, high
concentrations of dyes and pigments favour the &ion of aggregates which often
show a higher light fastness than monomolecularkagr small clusters. This increased
fastness of large particles to surface degradatiechanisms such as photo-induced
fading is due to the lower surface to volume rafioe smaller the surface, the lower the

exposure to degradation agents (e.g. light, oxygersture). Large particles would also
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dissipate the energy from (reactive) excited stateser than small particles, resulting
in a shorter lifetime of these states [Gordon &t el

Finally, we must take into account the type of es¢pe to photochemical action,
which is the resultant of three factors: irradignderation of exposure and spectral
power distribution of the light source [Cuttle]. ®binduced degradation depends on
exposure and, according to the reciprocity prirgiphe effects of an exposure of, say,
10 W ni? for 10 hours or of 20 W ihfor 5 hours are the same [Saunders et al.] [Feller
1994]. This means that, all other parameters béhey same, the effects of light
exposure only depend on the total number of phofoha certain frequency) striking
the sample and not on the way they are deliveredadt, some deviations from the
principle are observed, mainly at high light intées; for instance, some
photochemical processes depend on the square frdighbintensity. Also, one must
take into account the radiant heating effect oflidpet on the exposed surface, which is
increasing with the light intensity. This can produor example a progressive decrease
of the moisture content of the sample. Accordinghgaterials exposed to discontinuous
lighting conditions during natural aging (cycleslgfht and dark or variations in the
light intensity) experience variations in temperatand relative humidity which lead to
different behaviours compared to those produced abycontinuous light flux.
Nevertheless, the reciprocity principle has impar&pplications both on the designing
of accelerated aging tests and on the control ofifous flux in museum lighting
through illuminance or exposure limitation or advade of the two procedures.

As far as the spectral power distribution is conedr what matters is the absorbance
of the material, and the probability of a given fgolemical reaction, on varying the
wavelenght. A useful model in this regard is #egon spectrum, which is a plot of the
efficiency of an irradiation in producing a degrada effect (such as the yellowing of
paper) through one or more photochemical reactivassus the wavelength and the
light intensity. Action spectra of many materialsowed that there is no truly safe
region from the UV through the visible to the IRrjpmn on the electromagnetic
spectrum. While the UV and IR regions of the speuntrdo not make any useful
contribution to the visual experience (except fome luminescent materials), and
consequently, in theory, they may well be compjetdiminated, exposure to visible

light can not be avoided, unless an object is nexhibited.

32



Effects of common pollutants. Ozone and nitrogen dioxide

Although photo-induced degradation is the princigabradation agent for many
materials (e.g. triarylmethane dyes among othén®),presence in the atmosphere of
urban areas of pollutants such as ozong @nd nitrogen dioxide (N£) often poses
serious problems of conservation of (museum) objdntleed, in the presence of these
reactive gases, corrosion of metals, yellowing apgr and discoloration or fading of
dyes have indeed already been observed in mamgnoes [Druzik] [Whitmore et al.
1989].

With particular regard to triarylmethane dyes, #i®lity of Os; to act as a strong
oxidant, react with unsaturated carbon-carbon b@mdk give electrophilic attack (for
instance at the nitrogen atom) also in the absefdeght, is of particular interest.
Indeed, other works have already revealed the fibomaof oxidation products of
triaryimethane dyes on exposure tg. Ohe following scheme (figure 4) shows
examples of the reaction pathways reported inditee for triarylmethane dyes and

ozone [Reife et al.] [Grosjean et al. 1989]:
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A. oxidative cleavage of unsatured carbon-carbon bonds

N,
N

or

/O\
O
NMe, Me—N _H Me—N=CH, -OOOH Me—N=CH, -OH
Me—N—CH,OH Me—N-—H
- . -HCoH (demethylation)

Figure 4: Some reaction pathways for triarylmethdyes and ozone.
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A different mechanism (with ionic intermediatesheat than radicals) for oxidative
cleavage of unsatured carbon-carbon bonds (patiAway figure 4) is also reported
[Reife et al.], but reaction products are consistdth what shown in figure 4.
Significantly, leuco bases or reduced form ofrjlimethane dyes (e.g. pararosaniline
base) were demonstrated to be less sensitive toeodmn triarylmethane dyes, since
they lack the highly reactive unsatured C=C bonthatcentral carbon atom [Grosjean
et al. 1989].

NO, is a mild oxidant, particularly for unsatured amgacompounds, and can
account for the formation of yellow colored nitrdNQ,) and nitroso (-ONg) groups.
Moreover, it gives nitrates and acidic species saghitric and nitrous acids on the
surface of materials. Figure 5 provides exampleth@fpossible reactions between NO

and some of the functional groups present in timagyhane dyes [Giamalva et al.].

NO

2
>< N 7
N02 + A — /C' N02 \
o) O—~0O—C—C—NO

2 2
|

—> —>  products

\c/—H \/. NOZ/
+ — -
NO, > < —_— >—< + HONO 02\\ >—2C/oﬁ).

—> —>  products X=NO,, ONO
R
AN R\
2NO, +  N-H ——— N-N=0 + HNO,
R' R

Figure 5: examples of the possible reactions batié® and some of the functional groups
present in triarylmethane dyes.
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The formation of nitric acid from NQOand moisture present on the surface of
materials is particularly dangerous, because ofithéble nature (acidic and oxidant) of
this compound. In particular, it was demonstrateat triarylmethane dyes are very
fugitive to nitric acid vyielding organic nitratesters (at the central carbon atom) or

oxidation products such as derivatives of benzophernGrosjean et al. 1992].
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CHAPTER THREE
WRITING MATERIALS

INTRODUCTION

This chapter will deal with the paper and parchnphdto- and thermal- degradation
processes, studied via NMR-MOUSE relaxometry. ThRIRNMOUSE technique
allows, in principle, to distinguish between agedl ainaged samples by measuring
differences in the nuclear spin relaxation progsrtirhe analysis will be applied here to
cellulose paper, to lignin paper and to some hisabsamples of paper (XV century)
and parchment in different states of conservatibm.order to provide a brief
understanding of the following part, a short dggan of the chemistry of paper and

parchment and their main degradation processagén fere.

1) Paper

Paper is a material of vegetable origin, constitutainly of cellulose and water. To
make a sheet of paper it is necessary to grinadilosk-based materials (i.e. cotton or
linen rags, wood or straw) with water and NaOH @&(@H),: this is the so called
refining process during which cellulose fibers dwgl and separate. Raw materials for
ancient paper production were composed exclusivietptton or linen rags so that pure
and durable cellulose paper was obtained. Fromnartiie middle of the XIX century,
wood was introduced as a cheaper and more easdifable ingredient for paper
making. The pulp obtained during the refining pss®f wood contained cellulose,
hemicelluloses and lignin and gave only paper of dmality and durability. The reason
is that non cellulosic residuals introduced withodgoprevent fibers felting and are
responsible for a series of chemical reactions wisjgeed up paper degradation, as it
will be discussed later in this chapter.

Before the mechanization of paper production toekq the pulp obtained from the
refining process was applied on a loom constitligda rectangular rigid frame on
which a net was mounted: this operation allowedewstt drip away and fibers to come
nearer till inter-fiber bounds create (i.e. hydnogeonds). The tight chemical and
physical interconnection of cellulose fibers isledlfelting: it gives cohesion to the
sheet and it is at the base of paper formatiorerAfte mechanization of the production,
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more efficient procedures were developed for papking. Nevertheless, the basic
stages of paper formation were the same.

Besides the principal operations discussed sarfany others entered the production
process: they all had the final aim of improvingthaetic or mechanical features of
paper. For example, the pulp could be treated withiener chemicals (chlorine and its
derivatives) or enriched with CaG@owder in order to increase whiteness or give
opacity and consistency to the sheet. Moreoversiiméace of the sheet was often
protected by a film of glue (made of gelatine, ctaor colophony) that conferred
impermeability and avoided ink spreading. This @cave film is called sizing.

At a microscopic level, paper is composed of amoush cellulose domains
incorporating a small amount of tightly bound waterd amorphous cellulose domains
where water is absorbed in a looser and more disdeway [Capitani et al. 2002]. A
small amount of volatile water can also be adsotbexkllulose fibers. Other secondary
components that might be found in paper are ligamid hemicelluloses. Moreover,
traces of metallic ions (B& Cif*, Mn®") can be introduced with inks, raw materials or
factory machinery.

In a well-preserved paper the amount of water auaB®% w/w and the amorphous
over crystalline cellulose ratio is about 50%-5@hemical reactions on cellulose start
usually from the amorphous domains, whose disoddanel consequently less densely

packed structure is more permeable and easilykattiathan crystalline domains.

1.1) Cdlulose, hemicelluloses and lignin [Campanella et al.]
Cellulose is a polymer obtained from the condepsatf B-glucose units. The
chemical bond formed, callgi{1->4) glycosidic, forms a linkage between the units, i

which an oxygen atom binds carbon atomsd G of two units of glucose (figure 1).

B glucose cellulose

Figure 1: monomer unit ¢f -glucose an@(1->4) glycosidic bond in cellulose.

The B(1->4) glycosidic bond confers a linear structure tdut@se polymers, thus

maximizing intra-molecular hydrogen bonds. Moregwesach cellulose macromolecule
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interacts through hydrogen bonds with the othersramolecules, thus forming fibrous
structures called microfibrils. In turn, microfilzriarrange themselves into macro-fibrils
together with emicellulose, pectine, and othergirst.

The average length of macro-fibrils varies accaydimthe vegetal species: from few
millimeters in conifers or up to 20 or 60 mm intoot Microfibrils are constituted of
both amorphous and crystalline domains. The forgner elasticity to the fibers.

Hemicelluloses are polysaccharides resulting froendo-polymerization of different
saccharide units (figure 2 shows the most commidejnicellulose chains are shorter
and more branched than cellulose chains and tlaigacteristic is responsible for their
amorphous and highly hydrophilic structure. Consedly, hemicelluloses are more
easily swollen than cellulose in water and morestiee. Finally, hemicelluloses form
hydrogen bonds with cellulose, thus weakening tbevork of inter-fiber interactions

(mainly hydrogen bonds) of cellulose.

H CH,OH
oK H O H H O H
OH H H H
OH OH H H
HOH,C OH OH on§H OH
H  OH H  OH H  OH
L-arabinose D_Xy|opyranose D-glUCOSG
CH,OH CH,OH COOH
H O H OH O H H O H
H H H
O OH H OH H
onQH OH H OH OH OH
H H H OH H OH
D-mannose D-galactose D-glucuronic acid

Figure 2: most common monomer units of hemicellegos

Lignin is a fundamental component of wood and cstesbf a 3-D amorphous
polymer whose monomer units are unsaturated alsohglated to phenylpropene

(shown in figure 3).

HO HO HO

OMe MeO OMe
OH OH OH

Figure 3 monomer units of lignin.
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These monomer units are randomly linked in ligrthmough C-O-C (such as in
ethers, acetals, esters) or C-C bonds to giveid, fitydrophobic structure which does

not allow for a network of hydrogen bonds.

1.2) Degradation of paper

The main chemical reactions responsible for cedleldegradation are oxidation and
hydrolysis. Hydrolysis (acid or base catalyzed)iwes the scission of glycosidic bonds
and leads to the depolymerization of cellulose.d@aperization is in turn associated to
loss of tensile strength and increased brittlenégsper.

Oxidation involves the aldehydic end-group of th@lymer and secondary and
primary hydroxyl groups vyielding ketones, aldehydmsd carboxylic acids. The
oxidized cellulose obtained is called oxycellulo®xidation of cellulose brings about
the following consequences:

- the formation of acidic functional groups whictalyze hydrolysis;

- destabilization of the network of hydrogen bondise to carbonyl group
formation from hydroxyl groups. As a consequencellutose fibers are
destructured;

- onset of light absorption in the blue region lué isible, due to the presence of
a,f-unsaturated carbonyl groups and consequent yeltpwi paper. Moreover,
these groups can easily form radicals, which arelued in further degradation
reactions of cellulose.

Pristine cellulose does not absorb visible light dan absorb radiation in the UV range
below 350nm, leading to the formation of radicabdps and to depolymerization
(photolysis). In the presence of oxidized cellulod®e absorption extends into the
visible range and may therefore induce further plietiction mechanisms (e.g. in the
presence of ketones).

Metallic ions (even in traces) such as Fe(lll) naagelerate oxidation of cellulose by
catalyzing the generation of reactive oxygen s a series of redox reactions such
as the Fenton reaction.

Cellulose is insoluble in the large majority of \gmits but it is swollen by polar
solvents which can destroy inter-fiber hydrogendsrThis process starts preferentially
in the amorphous domains of the polymer. Once ®nmpltellulose is more easily

attacked by degradation agents.
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Hemicelluloses undergo the same reactions as as#lulbut they are more easily
swollen in water and are more reactive.

Due to its numerous different monomers, lignin skosv number of chemical
reactions. Aromatic rings can react via aromatectebphilic substitution. This is the
reaction exploited in industrial processing of wopdlp, which produces soluble
compounds of lignin, easily separated from cellelpsalp. Moreover, light exposure or
bases can transform phenolic groups of lignin ir@dicals or anions, which in turn
yield quinoid structures (figure 4). These lattez aften efficient light absorbers and

can undergo further oxidation.

OMe OMe OMe
O- (@] (@]

Figure 4: examples of radicals (left) and anion&l¢(he) of lignin that are precursors of quinoid
structures such as the one shown to the right.

2) Parchment

Parchment is a material of animal origin constduteainly of collagen. The raw
material for parchment production is animal skiekegp, goat, calf...). After being
washed in cold water, the skin has to be soakedater and lime in order to remove
hair and grease. Subsequently, the skin is firspsa with special curved knives to
complete hair removal and to take epidermis awalythan it is rinsed in water to clear
it from the lime. After these treatments, the sl@rstretched with a frame and left to
dry. To improve smoothness and whiteness, scrappayation can be repeated in
various phases and parchment surface can be rubtiedhalk and pumice.

At a microscopic level, animal skin is mainly canhdged of flexible layers of
randomly interwoven collagen fibers and of watelleunoles. It is assumed that water is
dispersed in the material in three different foffsrian], [Larsen]:

- bound water: this is water chemically bound to collagen ttsairieversibly lost
only when collagen is denatured. It constitutesd@he dry collagen weight .

- associated or multilayer water: this is water weakly bound via hydrogen bonds

to surfaces of the fibrous molecules as water kagad located between fibers in

pores less than 360 um in diameter; it changes with relative humidityHR
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variation and constitutes about 8% of the dry gdla weight at room
temperature at 50% RH.

- free water: this is water not bound to collagen but locate llarge pores or
capillaries over 3650 um in diameter. It takes part to many chemical rieast
is readily available for microorganism growth arasiy evaporates.

In parchment, collagen fibers are more or lessaligdue to skin stretching during

the drying in frame.

2.1) Collagen

The structure of the protein called collagen israbgerized by a high amount of
amino acids such as glycine (1/3 of the total amdmts is glycine), proline and 4-
hydroxyproline and by the presence of 5-hydroxylgsand low amounts of sulphur-
containing amino acids (cysteine and methioningjutfe 5 shows examples of the most

common amino acids of collagen.

(6] o) ﬁ H
JLH HO——C
o g SN
NH, N OH
glycine proline 4-hydroxyproline
(6] (6] o
HO)#CHZCHZCH(OH)CHZNH; HOJKfCHZSCH3 Ho)KfCHchZSCH3
NH, NH, NH,
5-hydroxylysine cysteine methionine

Figure 5: The most abundant amino acids of collagen

The characteristic sequence of amino acid residtiesllagen gives the polypeptide
chains of this protein a left-handed helix shapwimch each glycine residue is located
at the interior of the helix. Left-handed heliceseract with each other to form triple
helices (or coiled coils), called tropocollagenited, which are held together by a
network of intermolecular hydrogen bonds. In tumepocollagen helices form super-
coils that are referred to as collagen microfibrils

Crystalline domains confer to collagen a tight gtktructure which is therefore not

easily accessed by degrading agents.
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2.2) Degradation of collagen

Protein materials undergo degradation through abesunof chemical reactions.
Hydrolysis (acid or alkali catalyzed) of peptidiorils bring about a depolymerization
of collagen associated to a loss of tensile streagd potentially to an increase in the
number of acidic groups. The presence of a hidiem hormal amount of free watén
parchment may also lead to the weakening or bremakdof the hydrogen bonds
network which is responsible for the conformatidncollagen aggregates. This is in
turn associated to collagen denaturation and swveelli

As it was the case for cellulose, photo-inducedradgtion of parchment causes the
formation of organic radicals via homolytic cleagagf chemical bonds of collagen.
Again, this is associated to depolymerization ass$ lof tensile strength. Moreover, the
radicals formed are almost always highly reactipecges that are involved in further
reactions. Some of the possible reaction routes ham@rogen abstraction (with
consequent radical propagation), cross-linking wéticals centered on neighbouring
collagen molecules (associated to increased fragdf parchment), peroxide or
hydroxyl radical formation in the presence of oxygand water. Peroxides are
themselves capable of radical initiation.

Finally, heat is particularly dangerous to protematerials: it causes protein
denaturation, i.e. the loss of their quaternarycstires. As for collagen, heat is able to
disrupt fibril structures and even unravel thel&ipelices. As a consequence, after
denaturation the structure of collagen is less rediemore permeable to degradation

agents and characterized by a lower tensile stnengt

3) NMR-MOUSE analysis of paper and parchment

All degradation mechanisms described so far angoresble for a variation of the
interactions between water molecules and its enment, i.e cellulose in paper or
collagen in parchment. Depolymerization is gengra$sociated to a less densely
packed structure of polymeric materials (and consetly a more water permeable one)
whereas oxidation and hydrolysis lead to a chamgéhe chemical composition. In
particular, in the case of paper and parchmentatixin and hydrolysis are associated
to the formation of polar functional groups (carplorcarboxyl, hydroxyl or amino

groups).

! Although this work is concerned with degradatidcleemical or physical type, among the causes of
degradation of paper and parchment there is alsdtack of biological type.
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Nuclear spin relaxation times depend on the physimmical nature of a given
sample; in particular, nuclear spin relaxation smgepend on the specific local
magnetic interactions and on the molecular motmaracterizing the environment of
each spin-bearing nucleus. Consequently, analydifigrent samples or samples in
different states of conservation, different nuclspin relaxation times are expected
[Blimich et al.2010]. Therefore relaxation timeas,particular of protons, are potential
markers of the state of conservation of a matefiat. sensitivity reasons it is easier to
detect the NMR signal from hydrogen nuclei, whicé particularly abundant in organic
materials. Moreover, it is usually more informatitceanalyze the NMR signals from
water hydrogen nuclei (protons), rather than thérdigen of the solid cellulose, lignin
or collagen matrices. The reason is that the didelrelaxation times (the transverse
relaxation time 3) of hydrogen nuclei are almost independent on iaterial
considered, and therefore are not able to pro\péeiic information. On the other hand
the signal intensity from water protons is usuabyher low and this is normally a
drawback for the sensitivity of the measurements.

Upon degradation of paper, the ratio of crystallioeer amorphous cellulose
decreases and a number of new polar functionalpgrasi formed; consequently the
environment of water molecules changes and so derwallulose interactions. Each
environment experienced by water molecules gives t© specific nuclear relaxation
times of protons. For this reason, the variationnatlear relaxation times can be
associated to a variation of the interactions betwwater molecules and cellulose, i.e.
to a variation in the microstructure of the materia

As for pure cellulose paper, the decay of trangveragnetization is characterized by
a bimodal distribution of relaxation times. Thetégelaxation time (3§ is attributed
to cellulose protons whereas the slower ongg)Tis attributed to water protons
[Capitani et al.1996], [Blumich et al. 2003].

It has been suggested that transverse relaxatme (i) of water in cellulose
decreases in old degraded paper but also afteteaats®l aging (thermal and photo-
induced), whereas, as expected, transverse radaxétne of cellulose (J) is not
affected by aging [Casieri et al.], [Viola et a[Blimich et al. 2003]. The behavior of
T, for water can be explained as follows: thev&lue for water in paper corresponds to
the weighted average of the relaxation times oewtghtly bound to cellulose (with,T
of the order of magnitude of micro seconds) andred water (3 =3+5 s for distilled

water). Therefore, the decrease gfva@lue after accelerated aging can be explaindd wit
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a decrease of the ratio of free water over bounterwd his effect can be due to an
increase of the number of bound water molecule® the transformation of cellulose
into oxycellulose, i.e. a compound with a highdimatfy with water.

As for parchment, no previous studies are repostedar concerning the analysis of

water relaxation times after normal or acceleraigidg.

EXPERIMENTAL

1) Sample preparation

1.1) Lignin paper

Samples of lignin paper were exposed at room teatyer to UV-VIS radiation
from a 300W Xe lamp, with the IR portion filtereditousing a 10cm distilled water
filter. The exposure time was 1,5 h for each pagiée. Thermal aging was obtained
using an atmosphere oven set at 100 °C for 24h.

Nuclear transverse relaxation times)(Were measured for all samples before and

after aging.

1.2) Samplesof historical paper (XV century)

The samples were kindly provided by Prof. C. Fasileand were stored inside an
envelope in a drawer. Nuclear transverse relaxdtmes (%) of two historical samples
of paper (XV century) in different state of conssren (good or bad) were measured.
Inverse Laplace transform (ILT) of the Hahn echoajewas calculated with the UPEN
algorithnr.

1.3) Parchment

The relaxation times ;Tand T, of several parchment samples have been measured.
The parchment listed in table 1 are either modampies of different origin (sheep,
goat) or old samples dated from the XVIII centufpe samples were kindly provided
by Prof. C. Federici (private collection) and weept dry and in the dark, with no
further special protection.

Samples of modern sheep and goat parchment wemsexpgo UV-Vis radiation
from a 300W Xe lamp for 1,5 h/side or thermally @gg 100 °C for 24h. Unaged

2 Software developed by the Magnetic Resonance iaudviedia (MRPM) research group, Departments
of Physics and DICMA, University of Bologna, Italy.
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samples were also analyzed as a reference. Inkepace transform (ILT) of the Hahn
echo decay was calculated with the UPEN algorithm.

Parchment XVIII century
(P2)
Modern sheep parchment, thermallyviodern goat parchment, thermallyParchment XVIII century
aged aged (P3)
Modern sheep parchment, exposgdModern goat parchment, exposed Parchment XVIII century
to UV-Vis to UV-Vis (P4)

Table 1:The nine parchment samples investigated.

Modern sheep parchment Modern goat parchment

2) NMR-MOUSE analysis

NMR-MOUSE analysis was performed with a relaxom&erker Minispec Profiler
connected to a MOUSE probe with a sensitivity degtlabout 1 mm. The operating
radiofrequency of this probe is around 15 MHz. Tistrument was controlled with the
minispec software for windows (Bruker).

Nuclear transverse relaxation time, Wwas measured using the Hahn echo pulse
sequence. CPMG pulse sequence, although fastehd®as discarded because of the
dependence of the measured values on the expeahparameters (i.e. the dephasing
time) for this kind of samples. The Hahn echo psksguence is the following:

-[t-(n/2)x-t(n)-(7)x- echo-}-

where {/2)x and (t)x represent radiofrequency pulses along the x axighé rotating
system) causing a rotation of the magnetizatiorth@ yz plane of 90° and 180°
respectively,t(n) is the dephasing time (a function of the numbesf the repeated
sequences) and t is the time required for the guiim to be restored after each Hahn
echo is measured (recycle delay).

Nuclear longitudinal relaxation time {)l was measured using the Hahn echo-
detected Inversion Recovery sequence:

-[t-(m)x-t(N)-(@/2)x- T-(m)x- echo-}-

where {t)x and @2)x represent radiofrequency pulses along the x axighé rotating
system) causing a rotation of the magnetizatiorth@ yz plane of 180° and 90°
respectively,t(n) is the time during which the longitudinal matpation is left to
recover its equilibrium value; is a dephasing time and t is the time requiredtfie
equilibrium to be restored after each echo is meas(recycle delay).

All the measurements were performed at room tenwperaand the experimental

parameters were the following:
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Hahn echo pulse sequence

Number | Recycle | Gain/ First Last echo Increment
echo :
of scans| delay/s | dB . time/ms factor
time/ms
paper 1024 0.8 109 0.03 1.3
parchment 1024 0.5 105 0.03 15 1.05
Hahn echo-detected Inversion Recovery sequence
Number | Recycle | Gain/ reEg\?(tar retg\s/ér Increment 5;27
of scans| delay/s | dB y Y factor
delay/ms| delay/ms ms
Paper 1024 1 110 0.5 1160 14 0.04
parchmen{ 1024 1 110 0.5 1650 1.4 0.04

RESULTSAND DISCUSSION

1) NMR-M OUSE analysis of lignin paper

The decay of the transverse magnetization of aeRilpaper is characterized by a
bimodal distribution of 7 relaxation times: the faster relaxation time;rTwas
attributed to cellulose protons whereas the sloore¥, T, s, was attributed to water
protons. The analysis was extended here to ligapep Examples of Hahn echo decays
for lignin paper before and after thermal and pkotluced aging are shown in figure 6.

Data were fitted with the following bi-exponentfahction:

t

t

I :Wpe{ TZ'F] +Wse( TZ'S] (1)
where | is the Hahn echo intensity, t is time and &Wd W& are weighting factors
representing the amount of transverse magnetizaliento protons of cellulose and
water respectively. The best-fit parametess, T, s and percent \Wand W are shown
in table 2.

In agreement with what observed for cellulose papee slow component of
transverse relaxation time of lignin paper decréaatter both thermal and photo-
induced aging (see table 2). Moreover, the relatweount of protons of cellulose
slightly increased after accelerated aging (frorfoA8efore aging to 78% after photo-
induced or thermal aging). This is probably duéh®irreversible loss of water that was
proved to be associated to photo-induced and tHexgiag [Confortin].
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before aging

Hahn echo intensity/a.u.

Time (ms)

Figure 6: Experimental Hahn echo decays ( cir@des)fitting curves (solid line) for lignin
paper before and after thermal and photo-inducéadyag

Todus | W | Todus | % Ws
Before aging 3343 73%| 370+50 279
After 3h UV-Vis 2613 77% | 280+40 23%
After 24h at 100°C} 2443 78%| 220+20 22%

Table 2: best-fit parameters d T, s and percent \WWand W of lignin paper.

2) NMR-MOUSE analysis of samples of historical paper (XV century)
Hahn echo decays for two historical samples of papgood and bad conservation
state are shown in figure 7. Data were fitted wfith bi-exponential function (1). The

best-fit parameters;F and L sand percent \Wand W are shown in table 3.
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21+ ® good state of conservation
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N
1

Hahn echo intensity/a.u.

0.0

Time (ms)

Figure 7: Hahn echo decays and fitting curves of samples of paper from the XV century.

State of
. Tgyplp.s % Wr Tzvdus % Ws
conservation
good 444 75% | 23040  25%
bad 44+5 72% | 180+30  28%
Table 3: best-fit parameters d T,,s and percent Wand W; of two samples of paper from the

XV century.

In agreement with previous results, the more degtashmple showed the lower
value of T s whereas 7r did not vary with the state of conservation. Thend of
percent Wand W5 was not the one expected since the degraded saimpieed a lower
%WE.

Since in this case the values ofslof the 2 samples were not as much separated as
for the samples of lignin paper (before and afggn@), a second type of analysis was
performed on experimental data. The decay of Haitho evas analyzed with inverse
Laplace transform (ILT). This mathematical operathows to obtain a distribution of
transverse relaxation times instead of a discrateber of relaxation times as it is the
case of multi-exponential fitting. In this way, aora realistic description of local
chemical-physical environments for different nugteobtained. ILT results are showed
in figure 8. Significantly, the distribution of maverse relaxation times for both samples
consisted of two bands, centered avalues of the order of magnitude of {6ellulose
protons) and 10us (water protons) respectively. This is in agreemeth the best-fit

parameters previously obtained. Moreover, in taseca shift of the band corresponding
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to water protons toward shorter relaxation timeslasrly visible for the sample in bad

conservation state.

+ good conservation state
> bad conservation state
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Figure 8: Plot of the ILTs of the Hahn echo deaafyXV century paper in two different state of
conservation. The inset shows an expanded panegslot, regarding the slows Eomponents.

It is therefore possible to conclude that :
1. The results of NMR-MOUSE analysis of artificiathged paper are valid

also for naturally aged paper. That is, two maipesy of protons were
detected in historical paper: cellulose protonspsenT relaxation time
(=10 us) is poorly affected by aging, and water protavispse T relaxation
time varies from about 35Qs for the sample of well preserved paper to
about 25Qus for the sample in bad state of conservation.

The slow component of the echo decay & confirmed to be a useful

marker of the state of conservation of paper.

3) NMR-MOUSE analysis of parchment
In this section, the NMR-MOUSE analysis of the 9cpanent samples, listed in

table 1, (3 from the XVIII century and 6 from theXXcentury) is presented. As
described in the experimental section, modern shamg goat parchments were

analyzed both before and after accelerated agiagt i& the case for paper, the amount
of water and its distribution among the three siescribed above affect physical

properties of parchment. For instance, variationselative humidity can lead to severe
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parchment deformation due to collagen fibers regeament. NMR-MOUSE analysis

on parchment had thus the aim of verifying if tlineee types of water could be

distinguished and, if so, to reveal any correlati@tween the nuclear spin relaxation
times of protons and the state of conservatioraotipment.

As a first analysis, Hahn echo decays of all thmpas of parchment were fitted
with a tri-exponential function in order to verifyhether the 3 types of water were
distinguishable with NMR-MOUSE. The result was gatisfactory because of the large
errors on the best fit parameters, which did ndbvalto separate three different
contributions to the decay. As a further attemptinprove the results, still using
multiexponential description of the experimentatagiaa logarithmic plot have been
examined as follows:

1. the echo decay intensities have been normalipethe initial value and the
logarithm has been calculatedcadlog[lexs(t)/lexoto)] Where ky(t) is the
experimental Hahn echo intensity at time t;

2. agraphdy versus t has been constructed and the obtainadsdahas been divided
into the following three time intervals: 0.03 t@8.ms, 0.12 to 0.49 ms and 0.5 to
1.18 ms?,

3. data belonging to each group have been fittéld the linear functiongh=-tau*t+c.

An example of the logarithmic plot and the corregfing fit of the data is shown in

figure 9.

Hahn echo decay data for all samples, processeatdneg to the method described,
showed three linear regions characterized by ttiféerent relaxation times (taul, tau2,
tau3). The values of taul, tau2 and tau3 (withekeeption of sample P2), listed in
table 4, can be compatible with the expected réilaxdimes of bound, associated and
free water respectively. However, the free wataction is not detected with good
precision because of the experimental conditiorsd Uer the data acquisition: the
relaxation delay chosen (the time interval betwsatcessive acquisition) is too short
for free water, and the observed decay (about Episritoo short for decay times ®f

several milliseconds.

% These intervals were chosen by visual inspectfdheoplots. They correspond to regions of lingait
the data.

51



{
\
y

Y
:

tau1=0.094

,
i

AN
“\

tau2=0.227

P4

tau3

=1.68

1
1]

time/ms

Figure 9: plot of J, versus t and of the three fitting curves for pareht sample P4.

sample taul/ms | tau2/ms | tau3/ms
Modern sheep parchment 0.09 0.2b 1.52
Modern sheep parchment, thermally aged 0.10 0.88 69 0.
\I\;Iigdern sheep parchment, exposed to U V-O_10 035 0.76
Modern goat parchment 0.09 0.27 1.11
Modern goat parchment, thermally aged 0.10 0.31 6 0.7
\I\;Iigdern goat parchment, exposed to UV 0.10 0.34 0.95
Parchment XVIII cent.(P2) 0.08 0.22 10.5
Parchment XVIII cent. (P3) 0.08 0.22 1.37
Parchment XVIII cent. (P4) 0.09 0.23 1.68

Table 4: Best fit coefficients taul, tau2 and tkardhe Hahn echo decay data of parchment
samples.

Therefore it was decided to use a simplified datalysis, applying the same
biexponential fitting function used in the casepaper samples. This is equivalent to
neglecting the small contribution from free waféhe values of T and T s obtained

for each sample of parchment are shown in figure 10
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Figure 10: T rand T, svalues obtained from the bi-exponential fitting
of Hahn echo decays of parchment samples.

In agreement with what observed for paper samplegry short transverse relaxation
time, typical of solids, and a longer transverdaxation time were obtained.

Let us consider the longer relaxation time, whidms lso far demonstrated to be
dependent on the conservation state of paper. ahes of F s for modern parchment
samples before and after accelerated aging didaflotv the same trend observed for
paper. As for goat parchment, there was no measueftect of either thermal or
photo-induced aging on,Telaxation times. On the contrary, sheep parchrsamiples
showed a slight increase rather than a decrea$gsaipon aging. As for the historical
samples (XVIII century), all samples P2, P3 andsRdwed a slightly shorter value of
T, swith respect to modern samples.

The fact that the dependence afsTon accelerated aging of parchment was not as
marked as for paper is consistent with the wellvkmanformation that parchment is a
more durable material than paper. More ancient tssnpr samples in worse
conservation state would therefore be requireddermto appreciate a significant effect
on nuclear transverse relaxation times of parchment

Inverse Laplace transforms (ILT) of Hahn echo dedaya were calculated and an

example of the result obtained for modern sheephpaent is shown in figure 11. The
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positions of the maxima and the ratio of band JagA) over band 2 area (i are

reported in table 5.

0,6
band 1

0,5+
0,4

0,3
| band 2

Intensity /a.u.

0,2+
0,1+

0,0+

1E-3 0,01 0,1 1
time/ms

Figure 11: ILT of the Hahn echo decay of moderreghgarchment.

Sample T2’1/p,S Tgyg/p.S Al: Ag
Modern sheep parchment 20+20 270+£50 1:4
Modern sheep parchment, thermally aged 10£10 320¢501:7

\I\;Iigdern sheep parchment, exposed to UV- 10+10 310450 1:7

Modern goat parchment 2020 25050 1:5
Modern goat parchment, thermally aged 10£10 270150 1:5
\I\;Ii(;dern goat parchment, exposed to UVt 10410 260+50 15
Parchment XVIII cent.(P2) 2020 200450 1:2
Parchment XVIII cent. (P3) 2020 210450 1:3
Parchment XVIII cent. (P4) 10+10 21020 1:6

Table 5: ILT results for parchment samplegsafid A are integrated band areas.

The distribution of transverse relaxation times d&tirsamples consisted of two bands
centered around values of 16 (Top) and 16 ps (T».9, in agreement with the result of
the bi-exponential fitting just described.

The following attributions for transverse relaxatiimes T rand T sare proposed:

- T2r whose value is indicative of a solid phase, is ttubound water;
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- Tysis due to associated water.

Moreover, the order of magnitude of the experimeAtdA, ratio is consistent with the
associated over bound water ratio reported inditee (about 4 in parchment at room
temperature and 50% RH). The values gf &nd T s obtained for each sample of
parchment via ILT are reported in figure 12. Thentt of data points is consistent with
what obtained with the biexponential fittings ($igere 10), i.e. a slight decrease insT
was associated to the historical samples.

Nevertheless, the uncertainty of the measuremeassstill high, due to the width of
the T, distributions. Consequently, based on these meamsants, it was not possible to
draw definitive conclusions on the ranges of etgxd, for modern parchment and
parchment from the XVIII century. However, as ist@ready been noted, with older or
more degraded parchment thgvariations might be sufficiently large to allonckear

identification of the effects of aging.
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Figure 12: T and T, s values obtained from the ILT of Hahn echo decdysaochment
samples.

Spin-lattice (or longitudinal) relaxation times ©f all parchment samples were
measured using inversion recovery (IR); data wesst-btted with a bi-exponential
function. Fast longitudinal relaxation timg gand slow longitudinal relaxation time
Ty s for all samples have been obtained and are shawigure 13, whereas table 6
summarizes the best fit parameters: &id W are weighting factors representing the

amount of longitudinal magnetization decaying adogg to the time constants #and
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T1s respectively in the fitting function. A tentativassignment of these two; T
components (fast and slow) can be proposed, cansidihe following points:

1) the solid-like protons of the protein matrix asfcthe strongly bound water should
not be contributing to the observed signal bec#élnseecho detection was obtained
using a relatively long interpulse delay10Qus). At this delay, the echo intensity
from solid protons is vanishingly small.

2) The associated water and free water may haveldxation times comparable with
those observed in our measurements.

Consequently, the short €an be assigned to the associated water andrig€eljdo the
free water. The relative amount of these two foaxgiwas strongly different between
samples, and this could be due to different comtemtthe easily exchangeable free
water.
Longitudinal relaxation time showed a dependenc®nugample age: modern
parchments (XX century) gave the highest &nd T s values which were in the range
from 53 to 46 ms and from 7 to 11 ms respectivENIIlI century parchments showed
values of T rand T, s comprised in the range from 14 to 28 ms and froBtd 2.3 ms
respectively.
On the contrary, it seemed that accelerated agiogs dnot sensibly affect
longitudinal relaxation times. Again, this can lederred to the higher durability of
parchment compared to paper, which depends onigiherhresistance to photolysis

and depolymerization.
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Figure 13: Trand T, s values obtained from the biexponential fittingmfersion Recovery
data of parchment samples.

sample Tig/ms | Tigms | WgWg
Modern sheep parchment 9+3 46+3 1:5
Modern sheep parchment, thermally aged 812 5043 3.3:
Modern sheep paij:irslment, exposed to UV- 843 46+4 1:3.7
Modern goat parchment 74 5016 1:37
Modern goat parchment, thermally aged 11+4 5348 19:
Modern goat parci;\i?ent, exposed to UV- g4+2 50+4 1:2.7
Parchment XVIII century (P3) 1.3+0.5 1442 1:1.9
Parchment XVIII century (P2) 2+1 2814 1:24
Parchment XVIII century (P4) 2.320.9 15+3 1:14

Table 6: best fit parameters for the biexponeffitizhgs of Inversion Recovery data of all
parchment samples.

The inverse Laplace transform (ILT) of InversioncBeery data for all samples was

calculated and an example of the obtained resshasvn in figure 14.
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Figure 14: ILT of Inversion Recovery data of modgoat parchment (solid line) and of a
sample of parchmemitom the XVIII century (dotted line)

With the only exception of sheep parchment, invdrgplace transforms of Inversion
Recovery data of all modern parchment samples wleeacterized by the presence of 3
bands located into the following time intervals:16-ms, 40+50 ms and 500+1000 ms.
The positions of the maximum of frequency of eaahdowere called 1T;, T:> and T 3
respectively. On the contrary, parchment samplas ihe XVIII century did not show
the band at higher relaxation times, but were adteharacterized by 2 bands located
into the following time intervals: 0.78+2 ms and=B9 ms. T 1, T1»and T, 3 values and
the relative areas of the bands are reported Ia #lwhereas a plot of i, T1,and T 3
values for each sample is shown in figure 15. Tead of T,; and T, values was
consistent with the result of bi-exponential figgof Inversion Recovery data shown in
figure 13. Nevertheless, the separation betweenemodamples and XVIII century
samples was not as straightforward as before €idG3). The relative areas of the bands
are instead very different from the weight {\\M Ws) of each time constant {F and

T, 9 obtained previously. In particular, the/A; ratio is much larger than the 3Ws

ratio.

“ Errors were not reported for the samples whosebiafids were too superimposed for calculating a
reliable error.

58



1000 — % % %
100 — l

T1/ms

A & A
| 2 3 3
] I X
A
L 5]
] O O
lD
—r—T—— 11— 11— 11
% 5 % % 9% % % % %
S N S
09}9},(2»0
<
o) z
)

Figure 15: T4, T1» and T, 3 values obtained from the ILT of Inversion Recoveaya of
parchment samples.

Sample Ti/ms | Tiogms | Tizims | AiAzA;
Modern sheep parchment 10+£10 50+10 1:18
Modern sheep parchment, thermally aged 516 50150 0+3@0 1:12
Modern sheep parchment, exposed to UV-Vis 516 40+1000+£300, 1:14:0.80
Modern goat parchment 7+5 50+10 900+3p0 1:23(4
Modern goat parchment, thermally aged 8.6 50420 400 1:4:2
Modern goat parchment, exposed to UV-Vig 7+b 4041800+300 | 1:19:13
Parchment XVIII cent. (P3) 1+2 1543 1:14
Parchment XVIII cent. (P2) 242 3010 1:34
Parchment XVIII cent. (P4) 0.78 20£1pD 1:19

Table 7: ILT results for parchment samples. Al,ah? A3 are integrated band areas

59



CONCLUSION

Nuclear Magnetic Resonance spectroscopy (NMR) hased to be potentially
useful in the field of conservation science. The Rllvelaxometry, using the NMR-
MOUSE instrument, is a completely non-destructived goortable technique that
provides information linked to the bulk microstuiet of materials: nuclear relaxation
times of water protons depend on water molecul&@@mment and provides information
on the distribution of water in a given materiahiginformation is linked to the state of
conservation: for instance, degradation of polymeraterials (i.e. paper, parchment) is
often associated to an increase in the (less demselked) amorphous phase or a
change in distribution of water molecules inside mhaterial. The possibility to detect a
change in the chemical or physical microstructureamm object without sampling is
particularly useful when dealing with works of art.
In this work, with NMR-MOUSE it was possible:

- to identify physico-chemical parameters, nambby transverse relaxation times of

water protons in cellulose, correlated to the stdéiteonservation of paper. In more

details, the transverse relaxation timeof water is observed to decrease, compared

to pristine samples, after accelerated aging otdrdegraded papers.

- to distinguish between water in two differentdbons in parchment (bound to

collagen or condensed into micropores less tharb@@m in diameter between

collagen fibers) on the basis of transverse relamdime;

- to distinguish modern parchment from XVIII centygarchment on the base of

longitudinal relaxation time;
Despite the promising results, much work is sbllte done in order to improve the
reliability of the NMR relaxometry for the assessmef degradation status of writing

materials composed of cellulose (paper) or prot@aschment).
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CHAPTER FOUR
PIGMENTSAND DYES

Pigments and dyes have always been used for tleirscand also for their supposed
magic properties. In most cases, pigments and wges difficult to find or to produce
and they had to be imported from distant countoesskilled craftsmen (or even
alchemists) and chemists were to prepare thenrebttagly, the names used to qualify
colorants often reflected their geographical originthe symbolic values attributed to
them, rather than describing their chemical natoe.instance, the semi-precious stone
lapis lazuli was called ultramarine blue becausmihe from “beyond the seas” (it was
mainly imported from Afghanistan) and another hpiggment obtained from a plant was
called Indigo because it originally came from India other cases, the names referred
to the hue of the colorant and different trade remiere sometimes given to the same
colorant in different countries. It is the casetloé term ‘mountain green’ to refer to
malachite green or of one of the first synthetieslyknown with names such as
fuchsine or magenta. Thus the names of dyes andepity are often fantastical or
ambiguous and information on their chemical natwoeild be fundamental both for
identification and conservation purposes.

In this work, a number of known and unknown pignsent dyes deposited on
inorganic substrates (lakes) were analyzed withctEla Paramagnetic Resonance
(EPR) with the aim of comparing their spectral feas. Moreover, some linseed oil
paints (and pure linseed oil, as a reference) wepmsited on glass slides and analyzed
with NMR-MOUSE during drying, in order to study tleéfect of the pigments on oll

polymerization.

1) EPR study of pigments and dyes

EPR analysis was performed with an X-band (9-10 GHRzuker ERZ200
spectrometer for continuous wave EPR spectra an&-bBand (9-10 GHz) Bruker
Elexsys580 spectrometer for both continuous wawk @nsed EPR spectra. The low
temperature spectra have been recorded using egetrflow temperature control
system Bruker BVT2000.

EPR is sensitive to radicals and paramagnetic epece. species with one or more

unpaired electrons. Pigments are themselves vetgnobased on paramagnetic
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transition metal ions and consequently EPR is incple a powerful micro-invasive

technique for pigment identification. Moreover ghechnique can also give information
on the coordination geometry of paramagnetic centeéinally, its sensitivity is very

high and for this reason also impurities or defantghe crystalline lattice can be
detected. For instance, samples of marble comiogn fdifferent quarries have been
distinguished with EPR [Attanasio et al.] on thesibaof the different coordination

geometry of the Mn(Il) impurities.

Consequently, it has been decided to verify if B effective also for identifying

pigments. The objective was to evaluate the pdggibf using EPR as an efficient tool
for qualitative analyses. For this reason, the Ep&tctra of small amounts of pigments
(about 10mg) were recorded without any pre-treatroéthe samples.
Interestingly, all the pigments analyzed showedERR signal, at least due to the
ubiquitous metal cations Fe(lll) and Mn(ll) whichrcbe present in low concentration
as impurities. Moreover, even from a simple visadlysis it is evident that almost all
of them give rise to characteristic spectral fezdur

As an example, it is possible to distinguish veagily between three kinds of blue

pigments, i.e. Ultramarine blue, Cobalt blue andasBian blue (figure 1).

1000 2000 3000 4000 5000
Magnetic field/G

Figure 1: EPR spectra of blue pigments at room &atpre. A. Ultramarine blue (from
Kremer), B. light Cobalt blue (from Kremer) andRussian blue (from Maimeri).

Without analyzing in details the EPR spectral fesgwof the three blue pigments, it
is sufficient to describe the different spectraasing from paramagnetic sulfur clusters
(Ultramarine, see below), from Co(ll) ions (Colalite) and from Fe(lll) ions (Prussian
blue).
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Another interesting case comes from the comparddotinree types of ultramarine
pigments (from Kremer): Ultramarine red, Ultramarisiue and Ultramarine violet. The
Ultramarine pigments are composed of sodium alumirsilicates including sulfur
atoms. The color is due to several paramagnetistarisi of sulfur ($, S and $)
which are present with different amounts in thempegts [Arieli et al.], [Clark et al.
1978], [Clark et al. 1983] . It is clearly seenfigure 2 that all the paramagnetic sulfur
clusters show different spectra. In this case sihextra were recorded at 120 K and the

differences among the three pigments are pronounced

3200 3250 3300 3350 3400
Magnetic Field /G

Figure 2: EPR spectra of three Ultramarine pigméntsn Kremer) at 120K. A. Ultramarine
blue, B. Ultramarine violet, C. Ultramarine red.

The EPR spectra of ultramarine pigments can berpreged as arising from
paramagnetic species (sulfur clusters) with difiéggoperties of local symmetry. They
can be fitted assuming the presence of two maiciepehaving rhombic and almost
isotropic (spherical) symmetries, revealed by thengor components [Arieli et al.]. In
the case of ultramarine red, the rhombic g-tensows three distinct values, whereas in
ultramarine blue the g-tensor is almost isotrogicpwing a single component. The
ultramarine violet results as a superimpositiotheftwo components.

Also cadmium sulphide (CdS) showed an evident EBRal with ag=2.004 (3290
G) (figure 3).This signal is likely attributable to a lattice def. In fact, undoped single
crystals of CdS have been examined and differeR Hies were found, attributable to
lattice vacancies [Brailsford et al.]. The disttiom and nature of these defects are
likely to change in pigment samples from differeources, so that in principle EPR

could be used as a tool to assess the origin afSagigment.
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Figure 3: EPR spectrum of a CdS pigment (from Maiyne

Several red/yellow or brown ochres have been exadniall the ochres exhibited the
typical EPR profile of Fe(lll) (an example is shownfigure 4): a broad signal around
0=2.0 and (sometimes) a sharp signal around g=4¢aigd 1500 G). The broad signal
is related to Fe(lll) in an octahedral coordinatierhereas the sharp signal is due to
Fe(lll) in a distorted site. A signal of Mn(ll), oarring as an impurity, is present
sometimes in the pigments. In this case, the Fgfttfile is similar but not equal in all
the cases, and by an accurate analysis of EPR)Fg(éctra or of the lines associated to

the impurities, it should be possible to distinguise different ochre pigments.

0 1000 2000 3000 4000 5000 6000
Magnetic Field /G

Figure 4: EPR spectra of three yellow-brown ochbesocra francese’ (French ochre, from
Kremer), B. ‘ocra dorata’ (golden ochre, from Krem€ ‘terra di Siena’ (Sienna from Dolci),
D. ‘terra ombra bruciata Cipro’ (Cipro burnt umisiesm Dolci).

As an example of lake (organic dye deposited omsaoluble substrate in order to
make a pigment), the EPR spectrum of Alizarin Camél,2-dihydroxyanthraquinone)
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in shown in figure 5. The signal is dominated bylFepresent as vicariant ion in the
inorganic substrate (broad features), and a shagoetaopic signal around g=2 (3340 G)
which might be due either to a lattice defect oirépped organic radicals (e.g. oxidized

alizarin).

T T T T T T T T T T T 1
0 1000 2000 3000 4000 5000 6000
Magnetic field /G

Figure 5: EPR spectrum of Alizarin Crimson lakefr Kremer).

Also the EPR spectra of several green pigments My different (figure 6).
Chromium-based pigments show broad lines, but ndadiferences can be observed
according to the different coordination of Cr(lif) the lattice (figure 6b and 6d). In
some organic-based green lakes (bought from Refigare 6a and 6c) a typical six-
line pattern due to Mn(ll) overlapping a broad sigmaybe due to Fe(lll) can be
observed, due to metal impurities in the inorgawibstrate. Small signals due to Cu(ll)

and, at g=2.002, a line from organic radicals ése wisible.

0 ' IOIOO ' 20I00 ' 30IOO ' 4OIOO ' SOIOO ' GOIOO

magnetic field/G
Figure 6: EPR spectra of green pigments and lakeserde simil cromo’ (chrome green—like
lake, from Renner), B. ‘verde cromo’ £ (chrome green, from Kremer), C. ‘verde 4 FR 37’

(green lake labeled ‘4 FR 37, from Renner) andvBrge Guignet’ CyO3*H,0 (Guignet green,
from Kremer).

65



As the last example, in figure 7 the EPR spectranof zinc white pigments (Zinc
Oxide) from different brands are shown. The comreature of the spectra is the broad
unresolved band attributed to iron impurities. Bimgle narrow line at the centre of the
spectrum, visible only in one of the samples, i® do surface defects of ZnO
crystalline, which are dependent on the preparatieethod and the microscopic
morphology of the material [Halliburton et al.],s¢henko et al.]. This line could
therefore be used as a marker for the identificatibwhite ZnO pigments of different

provenance or produced by different methods.

from Kremer

from Dolci

0 1000 2000 3000 4000 5000 6000
Magnetic Field /G

Figure 7: EPR spectra of zinc white pigments.

As a general conclusion of the examples of EPRyaisabn several pure pigments, it
can be said that EPR spectroscopy is potentially uaaful technique for the
identification of different pigments and for proeemte studies. Of course the best
results would be obtained in combination with otlaaralytical and spectroscopic
techniques. The small EPR signatures of impuriiesf crystalline defects may allow
also for the analysis of different production methohelping in the historical and

technological analysis of the work of art.

2) NMR-MOUSE analysis of linseed oil and linseed oil paints

2.1) Introduction

Linseed oil is composed mainly of unsatured triglyyerols with mixtures of fatty
acids; triacylglicerols of linseed oil are estefslinolenic acid £€50%), linoleic acid
(=10-20%) and oleic acid=(0-20%) with glycerol (figure 8). It is classifieas drying
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oil since it contains more than 65% of unsaturdt) facids and forms a solid film on

exposure to air and light.

H
H—+—OH o
H——OH +3
H——oH  HO R
H
glycerol fatty acid
HO
linolenic acid
O

linoleic acid

1 X

H——0 R

H——O(CO)R

H—|—O(CO)R
H

triacylglycerols

1
HOWCHZ(CHZ)GCH3

oleic acid

Figure 8: esterification of glycerol with fatty dsiyields triacylglycerols (above). The
characteristic unsatured fatty acids of linseeduallinolenic acid, linoleic acid and oleic acid

(below).

The curing (or drying) of linseed oil consists okeries of radical chain reactions

initiated by light, heat or transition metals sashCu, Co, Mn, Fe. [Campanella et al.],

[van den Berg]. During initiation, organic radicatd unsatured fatty acids and

triacylglycerols are formed. If peroxides are pras¢hey might initiate radical chain

reactions as well. Examples of initiation reactians the following:

RH WV, R4H

or
RH+M" —> R+ H+M™
or

ROOH+M™ — »~ RO" + OH + M"

where M' and M'! are two different oxidation states for the saméairien.

(1)

(2)

®3)
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These radicals react with oxygen during the scedafiropagation of the chain through
the so-called autoxidatidnprocess, which vyields peroxyl radicals and peresid
Finally, during the termination of the chain, peybradicals recombine to give cross-
linking of fatty acids or triacylglycerols. Moreavealkyl and alkoxyl radicals formed
during reactions (1), (2) or (3) during the terntioa of the chain can cross-link
forming ethers or carbon-carbon bonds. Since tiggygerols and fatty acids of linseed
oil have more than one unsatured carbon-carbon ,bandhe end of the chain an
extensive 3D cross-linking and a consequent inerefishe average molecular weight
is obtained. As a result, a dried film is formelthaugh still a flexible one and with an

open structure, permeable to solvents. In figutaeOmain steps of the drying process

are shown.
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Figure 9: schematic representation of the inititjropagation and termination of the drying of

linseed oil.

! Due to the participation of oxygen, the reactimmiore properly defined as an oxidation process.
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The radical species present during the drying m®cmay also undergo other
reactions than cross-linking and form volatile lowolecular weight species, such as
aldehydes, ketones, alcohols, acids and hydrocarbon

After the flexible oil film is formed, the uptakef axygen continues and is
responsible for the formation of acidic oxidationogucts. Moreover, other acidic
species (carboxylic acid groups and free fatty gcichay be produced from the
hydrolysis of the triglyceride ester bonds. In pinesence of metal ions (such as those of
pigments), all these acidic groups are involvethaformation of various coordination
sites, which strengthen the cross-linked networtheffilm (lithification stage). What is
eventually obtained is a mature aged oil paint [dan Berg].

Because of its good quality as a drying oil, liked has been widely used in oil
painting. For this reason it was decided to stuiti» WMR-MOUSE the curing of this
oil in the presence and absence of pigments.

Pure linseed oil and six linseed oil paints (Anmd&en oil color) were spread on
seven microscope slides. Nuclear relaxation timesevimeasured with NMR-MOUSE
for all samples before and during oil drying, owemperiod of 30 weeks. The pulse
sequences used to measure longitudingl &hd transverse §J relaxation times were
Inversion Recovery (IR) and Carr Purcell Meibooni &8PMG) respectively. Contrary
to what observed for paper samples, in this caseas$ults of the CPMG pulse sequence
did not depend on the experimental parameters oharseé therefore this sequence was
preferred to the more time-consuming Hahn echoepaejuence. The CPMG pulse
sequence is the following:

(/2)y-[-T-(T) ax-T-€ChO- -
where a is equal to £1/R)« and {)ax represent radiofrequency pulses along the x (or —
x if a=-1) axis (of the rotating system) causingptation of the magnetization in the yz
plane of 90° and 180° respectivelyjs the dephasing time and n is the number of
repetitions.
All the measurements were performed at room tenyreraand the experimental

parameters are given in table 1.
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CPMG pulse sequence
Number| Recycle | Gain/ First Number
echo
of scans| delay/s | dB . of echoes
time/ms
Liquid oil* | 32 0.5 102 0.8 3000
Dry oil 128 1 110 0.03 1000
Hahn echo-detected Inversion Recovery sequence
Number| Recycle | Gain/ First Last Increment Echo
recovery | recovery time/
of scans| delay/s | dB factor
delay/ms| delay/ms ms
Liquid oil* | 32 3 105 1 1850 1.4 0.04
Dry oil 64 1 105 0.5 1160 1.2 0.04

Table 1: experimental parameters characterizingti®e sequences used for measuring
T, and T, of linseed oil and linseed ol painfsvithin the first ten days.

2.2) Results and discussion

The dependence of longitudinal;fTand transverse Y nuclear relaxation times on
drying time of linseed oil and the influence of pignts on drying time was studied.

As for transverse relaxation time, Hahn echo dewfagrotons in pure linseed oil
appeared to be mono-exponential within about the fl0 days of drying whereas
afterwards it became at least bi-exponential (Bgd©0 and table 2). This can be
rationalized in terms of degree of oil polymeripati When oil is still un-polymerized,
protons of oil in liquid phase show a single reté time, in a low resolution
experiment. On the contrary, with the onset ofgbl/merization, at least two types of
protons can be identified: it is reasonable togas$ine two components to the protons
belonging to polymerized oil, which give rise tdaat relaxation time J and to the
protons belonging to liquid (or not completely paolrized) oil, which give rise to a

slow relaxation time Js

66 L o Tz,s
65 1 O T
64+ 2F
6341 | X )
624 T —only one slow relaxation
61- time is present
60
94
(2]
g 81 Zal
~ 7 -
o6l
i: A from now on, a second fast
34 ? relaxation time is present
24
14 4 0o
ot---- m e &---%- T,~0.4 ms for a stable oil film
_l T T T T T T T T T T T T 1
0 50 100 150 200 250 300

drying time/days

Figure 10. dependence of the transverse relaxttianon drying time for pure linseed oil.
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Drying time/days Tdms T, dms T/ms

0 65.2+0.9 -- 120+4

9 62.7+0.8 -- 12749

22 8.0+0.2 0.87+0.03 483

31 4.2+0.5 0.45+0.04 52+3

60 1.1+0.2 0.2+0.1 59+3

90 0.98+0.08| 0.13+0.05 66+7

221 0.71+0.04| 0.13+0.0%1 56+2

255 0.64+0.04| 0.11+0.0% 674

Table 2: transverse and longitudinal relaxatioresirof pure linseed oil over drying time.

The Inversion Recovery of longitudinal magnetizatiof linseed oil was
satisfactorily fitted with a mono-exponential fuioct regardless of drying time (table
3). In figure 11 a plot of Tversus drying time is shown. Longitudinal rela@attime
was equal to about 120-130 ms during the first agsdf drying, whereas afterwards it
sharply decreased and remained in a range frono4& tms during the rest of the
drying time. The decrease in longitudinal relaxatione is likely due to the progressive
increase in viscosity of the oil during polymeripat The presence of a single
relaxation time rather than two, as it was instdel case of the transverse relaxation
time, is probably due to an efficient exchangehaf thagnetization between protons of
the polymerized domains of oil (solid phase) and tigquid ones. Therefore, the
longitudinal relaxation time can not be used tdindggish between different phases (as
it was instead the case of the transverse relaxétite), but it can still be considered an

indicator of the progress of the polymerizatiomcsi it depends on the viscosity of the
oil.
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Figure 11. dependence of the longitudinal relaxetilme on drying time for linseed oil.

Given the widespread diffusion of linseed oil inmp@g, it was decided to analyze
with NMR-MOUSE six different pigments and lakeslinseed oil (cadmium yellow,
cobalt blue, chromium green, Prussian blue, cadmadrand alizarin crimson) in order
to evaluate the influence of pigments on dryingetiaf oil. The chemical formulas for

the pigments studied are shown in table 3.

Pigment Chemical formula

cadmium yellow

(cadmium sulphide) Cds
cobalt blue
(cobalt(ll) oxide) CoO
chromium green oo
(chromium sesquioxide) 203
Prussian blue
Fe[Fe(CN)]s

(iron (lll) ferrocyanide)
cadmium red

(cadmium sulphoselenide and squhide)Cd(S'Se) and Cd;

alizarin crimson

(1,2-dihydroxyanthraquinone on aluming)

V)

C14HgO4

Table 3: chemical composition of the pigments sddi

In figure 12, T values (reported in table 4) corresponding to dixepaint layers
dried for 4 weeks (circles) and 30 weeks (trianglae compared. All paints but
Prussian blue and alizarin crimson showed a deerieabe value of I after 30 weeks,

as it was also the case for pure linseed oil.
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With respect to the values o, ¥ and T s of pure linseed oil dried for 4 weeks
(0.45t0.04 ms and 4.5 ms respective)y either freshly deposited or four-week-old
Prussian blue and alizarin crimson paints showedeloT, values. A possible
explanation of this finding would be that the pigrteecontained in these paints are able
to accelerate oil polymerization or that they contparamagnetic species that can
accelerate the relaxation process. Indeed, assialmaady been said, iron ions (in this
case coming from Prussian blue) are known for beiffigient initiators of linseed oill
curing.

On the other hand,;F and T s values for four-week-old cadmium red are extremely
high: it is therefore possible to hypothesize ttedmium red pigment slows down oil
polymerization.

As for T, r and T s values of 30-week-old paints, cobalt blue is thé @xception,
with a very high relaxation time with respect torguwil (T,~=0.13t0.01 ms and
T,.5=0.71+0.04 ms for pure ojl Although cobalt can act as a polymerizationlgatait is
possible that it produces a polymer with a smadlegrage molecular weight, which

would cause a higher local mobility of hydrogennagp and hence the longes Values.

16+
14 Q
o 12 O 4 weeks
guz 101 A 30 weeks
|_N 8_
61 °
4 © i 1=Cadmium yellow
2 a a A 2=Cobalt blue
0 ; ; : 3=Chromium green
157 1 2 3 4 5 6 4=Prussian blue
5=Cadmium red
6=alizarin crimson
1,0
g
— 0,5 @ i
1
s & A A 5
! 6

0,0 : : : :
1 2 3 4 5
sample #
Figure 12. T rand T, s values for six paints after drying times of onentfio(circles) and seven
months (triangles).
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4-week drying time 30-week drying time

oil paint T, dms T, /ms Ti/ms T, dms T, /ms Ti/ms
cadmium X
yellow 4.3+0.6 0.45+0.08 50+4 0.89+0.06 0.14+0.03 47#7
cobalt blue 4.7+0.7 0.5+0.1 45+4 3.6+0.4 0.4+0]1 +311
chromium
green 5.61+0.2 0.63+0.06 38+2 1.35+0.09 0.18+0.p3 3542

Prussian blue 1.30+0.02 | 0.21+0.08 4045 1.1+0.1 0.2+0.1 3414
cadmiumred  14.4+0.6 1.0+0.3 45+p 1.4+0.2 0.20+0.084+2
alizarin 1.3+0.2 | 0.18+#0.06| 46+3]  1.0+0.2 0.2¢0.] 394
crimson
Table 4: transverse and longitudinal relaxatioresirof six paint layers dried for 4 weeks and 30
weeks.

In figure 13, T values of six paint layers dried for 4 weeks (esy and 30 weeks
(triangles) are compared. Either after 4 weeksOow8eks, all samples showed a shorter
longitudinal relaxation time compared to that ofrgodinseed oil, except for the
cadmium yellow paint, where the difference with @umseed oil is very small.
Moreover, all samples showed a decrease;iaffer 30 weeks of drying, although the
errors associated to each measure were quite largking it difficult to distinguish

with certainty between samples dried for 4 week$ Zhweeks.

O 4 weeks
A 30 weeks
55 -
501 ¢ 1=Cadmium yellow
A 2=Cobalt blue
' 451 T % 3=Chromium green
4=Prussian blue
404 J 5=Cadmium red
i 1 J 6=alizarin crimson
354 1 A
301
1 2 3 4 5 6
sample

Figure 13. T values corresponding to six paint layers drieddfareeks (circles) and 30 weeks
(triangles).

NMR-MOUSE has thus pointed out a correlation betweeclear relaxation times
and the degree of polymerization of samples ofekaksoil and linseed oil paints. This
correlation could be used to study the interacbetween linseed oil and pigments in
paint layers or to work out an evaluation methodtfe state of conservation of oil
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paintings. Indeed, the effects of different pignsefitadmium yellow, cobalt blue,
chromium green, Prussian blue, cadmium red) and dgézarin crimson) on the
polymerization of linseed oil were studied and NMWROUSE did confirm the role that

pigments play in the polymerization process.
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CHAPTER FIVE
DYES IN AQUEOUS SOLUTION AND ON PAPER:
DISCOLORATION AND FADING

INTRODUCTION

Triarylmethane dyes and crystal violet

Since the discovery of Mauve in 1856 by William lHe®erkin, scientific research
on synthetic dyes developed immensely and greatteffas put on the study of new
synthetic routes to bright colored (and profitabtB)es. Among the first chemical
classes of dyes to be produced and marketed, Itnattyane dyes held a prominent
position because of their wide variety of hues ahdheir very high molar extinction
coefficient €10°Mcm™), i.e. high coloring power. Indeed, triarylmethahes, with
their superior properties and lower price than Mauwere soon preferred and the
production of Mauve ceased after some ten years.

The first triarylmethane dye was synthesized in918% concerned of a fuchsia
colored dye called Magenta (or Fuchsine) obtaingdokidizing crude aniline with
tin(IV)chloride and whose chemical composition detss of two main compounds,

pararosaniline and homorosaniline (figure 1, A Béspectively).

Figure 1: structures of pararosaniline (A) and hayeaniline (B).

Triarylmethane dyes are characterized the presehtteéee aromatic rings attached
to a central carbon atom. The simplest triaryime¢haye is diamond green (DG)
(figure 2 A), with two dimethylamino groups in pgrasition with respect to the central
carbon atom. In the presence of three para-dimethiylo groups, the dye obtained is
called Crystal violet (figure 2 B).
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Figure 2 Structures of Diamond Green (A), Crystall®t or hexamethyl pararosaniline (B) and
Michler’s ketone (C).

Triarylmethane dyes shown so far are charactetizea highly delocalized positive
charge over the aromatic rings, on the centralaragiom and on the nitrogen atoms, as

illustrated by some of the resonance forms of atysgblet in figure 3.
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Figure 3: some of the resonance forms of crystaétji showing the high delocalization of the
positive charge over the molecule.

A highly efficient resonance is only possible iretpresence of three coplanar
aromatic rings (so that p orbitals on each cariomaare parallel and can efficiently
interact); in reality steric factors are also inxad in the final conformation of
triarylmethane dyes. In particular, the presencsixhydrogen atoms in ortho position
with respect to the central carbon atom shapemtilecules of triarylmethane dyes into
a three-blade propeller, with each aromatic rinigtied out of the plane.

Returning to the auxochrome-chromophore theoryt fpoposed by Witt (see
chapter one), the introduction in the ortho anth@rpositions of two aromatic rings of
triphenylmethane (which is colorless) of an elestwdthdrawing group (the
chromophore according to the first theory by Wit)ch as =N(CHs), and of an
electron-donating group (the auxochrome accordirité first theory by Witt) such as -
N(CHs),, is responsible for the green color of diamondegreThe introduction of

another dimethylamino group (ortho” position) tetgrystal violet produces a higher
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delocalization of the positive charge (with resptcidiamond green) and a different
color is obtained (purple). Moreover, always acecuydio the theory, the higher the
electron-releasing power of the auxochrome, thgelathe red shift (bathochromic
shift) of the absorption spectrum of the dye. Imfjda going from pararosaniline (no
methyl groups attached to the nitrogen atoms)ystal violet (six methyl groups) a red
shift of the maximum of absorbance is observed.

Triarylmethane dyes are commonly synthesized throetgectrophilic aromatic
substitutions of the & type. That is, en electrophile reacts with a eoghilic aromatic
compounds carrying an activating group such as afiMH,, -NHR, -NR,, -NHAr) or
hydroxy (-OH) ones. Possible electrophiles are ghans (COG), formaldehyde
(CH,0), chloroform (CHG), carbon tetrachloride (C&) benzaldehyde (PhCHO) and
benzophenone (PBO). Nevertheless, when electrophiles in an oxithasitate different
from IV are used (i.e. CHg CHO), triphenylmethane derivatives with one or two
hydrogen atoms at the central carbon atoms ardegellt is thus necessary to include
an oxidation step in the synthetic route to triamgthane dyes. The following scheme
(figure 4) summarizes some of the possible syrthetiutes to crystal violet,
pararosaniline and diamond green. It is worth rptime presence of Michler’s ketone
among the possible reaction intermediates: thisrinétion is of particular interest
because it demonstrates that Michler's ketone mhghkt been present as an impurity of
inks from the beginning. Since Michler's ketone cact as a sensitizer for the
degradation of crystal violet, pieces of information historical synthetic routes to
crystal violets are of great importance for conagon scientists. Moreover, Michler’s
ketone is reported in literature as one of the iptesslegradation products of crystal

violet [Duxbury].
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Figure 4: some of the possible synthetic routesysetal violet, pararosaniline and diamond
green.

Whether the counter ion is chlorine or a large pwyic anion (i.e. phosphomolybdates
and phosphotungstates), water-soluble dyes orubkopigments are obtained.

Due to their high coloring power and relatively xpensive production methods,
synthetic dyes (initially known as aniline dyes)osogained great popularity. In
particular, Crystal violet (CV) or hexamethyl parsaniline (figure 2B) with its deep
purple hue has had (and in some cases still hagidespread diffusion for dyeing
fabrics and paper, as an ingredient of writing anawing inks and, as a pigment,
consisting of the copper ferrocyanide lake, in oo inks [Havlinova et al.]. Methyl
Violet (MV), which consists of a mixture of tetrapenta- and hexa- methylated
pararosaniline (i.e. bi-demethylated crystal violebno-demethylated crystal violet and
crystal violet itself) was first synthesized in 186y Charles Lauth and introduced onto
the market in 1866. It is also known as Gentianlétioln a report from the 1922
entitled ‘An Investigation of American Gentian Veds’ H. J. Conn wrote that ‘[...] at

the present time the different manufacturers amadede nearly all sell different mixtures
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of these dyes under the name of gentian violets Bkeing the situation, the best use for
the term gentian violet seems to be as a genesigmion for any violet pararosanilin’
[Conn]. Depending on the concentration of each giated component, different
shades of color may be obtained. If hexa-methylpsedrosaniline prevails the color is
bluer than if variously demethylated derivativee gresent in larger amounts. In this
regard, a special nomenclature was introducedf¢o te the perceived degree of blue or
red of the mixture, as explained by H. J. M. Creaghin 1919: ‘The red or blue shades
of the various alkyl substitution products of pavaaniline are usually denoted by
affixing to the name methyl violet the letters R, 23R, B, 2B, 3B, etc.’[Creighton].
Therefore, the ‘number of Bs’ (or Rs) indicates pleeceived degree of blue (red) in the
color of the dye. It should be noted that thisni/@ qualitative notation.

An efficient synthetic route to crystal violet wasly developed between 1883 and
1884 by Kern and Caro, who reacted phosgene withirdiimethylaniline as shown in
figure 5 [Reinhardt et al.].
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Figure 5: the first efficient synthetic route toyStal Violet, developed between 1883 and 1884
by Kern and Caro.

3

Since the beginning of dye industry, the poor lgstness of many synthetic dyes
became apparent. Fading and discoloration of ildesling to chromatic alterations of
documents or drawings or even to a complete lossamfability, were soon observed.

In particular, among Van Gogh’s signed works thiere group of drawings and

letters produced in 1888 in Arles and all made wathpurple ink which was
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demonstrated to contain methyl violet, pararosa@iind other methylated derivatives
of pararosaniline whose structures are not known $nificantly, a seemingly
brownish drawing belonging to this group and eaditMontmajour (Arles, 1888. Van
Gogh Museum) shows purple shades on the edges ulenak has been protected
from light under the framg\eevel et al.figure 6). In this case, traces of the origimd i
allowed us to draw conclusions about the origimdbicof the drawing. But what if also
other drawings, now completely brown colored, wieréact meant to be purple? What

would this mean to art historians?
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Figure 6: on the right, ‘Montmajour’
drawing (Van Gogh, Arles, 1888).
On the left: inset showing purple
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. ‘I strokes where the ink was protected
/ % \ ‘\s*\ from light under the frame. (image
/ /\ *{ reproduced with the permission of
;PO LA Y the Van Gogh  Museum,
SRR Amsterdam).

Traces of an ink made of methyl violet were alstedied in another work by Van
Gogh, a Menu drawn and written in Paris in 188guffe 7) [Vellekoop et al.]. Indeed, a
reproduction of the Menu published in 1958 (figdrdeft) clearly shows the presence
of a purple ink both in the written part and in tleetch along the side of the Menu
[Van Gogh]. Some fifty years later (in 2001), theei looked completely different
(figure 7, middle): the written part had faded aweaynpletely so that the Menu was no
longer legible, except for some corrections madgeincil. The drawings along the side
of the Menu met the same fate: suffice it to takeak to the inset in figure 7 (right).
The same man who was walking arm in arm with a womahe reproduction made in

1958 is now seemingly floating in air since no lags visible.
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Figure 7: reproduction of the Menu by
Van Gogh (Paris, 1886) published in
1958 (left), picture of the Menu as it

appeared in 2001 (middle) and inset
of the picture (right) showing the

complete fading of the legs of the
figure to the left. Image reproduced
with the permission of the Van Gogh
Museum, Amsterdam.

Therefore such topics as degradation mechanismssyothetic dyes, and
identification of synthetic dyes from their degrada products found in historical
samples are gaining more and more importance irfiekee of cultural heritage study
and conservation. For these reasons the Van Gogteunu and the Netherlands
Institute for Cultural Heritage (ICN) became comm#t on the discoloration of
triarylmethane dyes such as methyl violet.

Crystal violet shows poor lightfastness, in paticwon paper and on natural fibers
such as cotton, silk and wool. Moreover, these tsates are not inert to light
themselves, and the reactivity of the dye-substetetem is complicated by the
degradation of the substrate when exposed to bgiat by such a phenomenon as
phototendering, i.e. a change in chemical and/gsiphl properties of the fibers of the
substrate caused by a sensitization effect of yiee [éor this reason, so far many studies
have dealt with the reactivity of the dye in sadati(aqueous solution or solutions
mimicking the substrates) in an attempt to simplifg complex reactivity of the dye-
substrate system. Nevertheless, when dealing witalaobject such as a drawing or a
print, it is not possible to neglect the substratactivity [Gordon et el.] and a study of
model systems for the dye on paper would be negegshbott et al.]. The study of
discoloration and fading of crystal violet in aqueosolution and on paper via
chromatographic techniques (HPLC-PDA, LC-MS), agticand magnetic

83



spectroscopies (FORS, ATR-IR, EPR), micro-fadingemevill be dealt with in this

part of my doctoral dissertation.

EXPERIMENTAL

1) Sample preparation

1.1) Identification of degradation products of Crysal Violet exposed to UV

radiation.

To this purpose, the following samples were pregiare

l.a)

1.b)

l.0)

1.d)

l.e)
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agueous solution of Diamond Green (sample tf@YICN dye collection) 5x10

® M. The solution was exposed to UV-Vis radiatiorr f minutes (300W
Xenon lamp) and analyzed with LC-MS;

aqueous (water purified by a Simplicity systéillipore) solution of CV
(Acros, pure, certified) 0.49*1M. A sample was taken before irradiation.
Afterwards the solution was exposed to UV radiati@®65 nm) from a
Spectroline Super High Intensity black light lamp (SB-100/F &penics
Corporation, USA. power = 2 to 4 mW/@nfor 115 hours and samples were
periodically analyzed with HPLC-PDA. A sample oétholution obtained after
150 was stored in the dark for one year and susadgsnalyzed with LC-MS.
Aqueous solutions (5x0V) of reference samples of pararosaniline andlethy
violet were analyzed with HPLC-PDA and LC-MS.

Ethanol solutions of Michler's ketone (Acrd38%) (concentrations ranging
from 10* M to 1.8x10° M) were analyzed with HPLC-PDA

Agueous solutions (20mg/l) of 10 historicab(h the middle of the XX century)
triarylmethane dyes from the ICN dye collectionb(¢gal) were analyzed with
HPLC-PDA. All the dyes chosen consisted of methglet.



Collocation in the
Trade name Brand dye collection of
the ICN
Methyl Violet 6B farbenfabriken vorm. Friedr. Bayer & Cp 4050
Elberfeld
Methyl Violet 3B farbenfabriken vorm. Friedr. Bayer & Cp 4051
Elberfeld
methyl violet N° 0, 4B Anilin-Farben-Fabrik 4676
Methyl Violet 1B Farbenfabriken vorm. Friedr. Bayer & Go 6316
Elberfeld
Methyl Violet 2B Farbenfabriken Fr. Bayer & Co 6320
Methyl Violet PV imperial chemical industries limited, 6559
hexagonhouse, blackley, Manchester
Methyl Violet 3B Farbenfabriken Fr. Bayer & Co 7065
Elberfeld
Methyl Violet 1R Farbenfabriken Fr. Bayer & Co
7076
Elberfeld
. imperial chemical industries limited,
Methyl Violet 2B 200 hexagonhouse, blackley, Manchester 7081
Methyl Violet 2BN 200 imperial chemical industries limited, 7093
hexagonhouse, blackley, Manchester

Table 1: trade name, brand and identification nurobéhe samples of methyl violet from the
ICN collection analyzed in this work.

1.f)  Crystal Violet was applied to Whatman papescdi (Cat No 1003 125) by
soaking them for 10 minutes in an aqueous solutfo@V (5x10*M) or in an
ethanol solution of CV (610*M) and MK (1x10°M). Afterwards, the discs
were left to dry horizontally. Samples were anatiybefore and after different
UV irradiation intervals (SB100/F Hg-lamp) with HELPDA and FORS. Prior
to HPLC-PDA analysis, the dye was extracted fromhesample (1x0.5 cm
strips of paper) with 20l methanol (Fluka, for HPLC, gradient grad®9.8%
(GC)) at 70 °C for 10 minutes. Samples of un-dyagep were treated in the

same way and used as a reference.

1.2) Degradation of Crystal violet in the presencef visible light alone.

Two sets of three kinds of paper (Whatman filtepgra(Cat No 1003 125), lignin
paper and printing paper) were soaked for 10 mimannaqueous solution of crystal
violet 5.03*10* M or in an aqueous solution of crystal violet 5.08% M and gum
arabic (20g/L) respectively. Once the samples gpt @ micro-invasive artificial aging
of all dyed samples was performed via micro-fadimgter selecting only the visible
portion of the light source and the color chan@ewas calculated.

85



1.3) Study of the degradation of Crystal violet ordifferent paper substrates or
in the presence of different ink additives or commo gaseous pollutants.

3.a) Different kinds of paper (cotton linters pademin paper and printing paper)
were soaked in an aqueous solution of CV 5*Dfor 10 min and then left to
dry. Dyed papers were aged in a Xenotest expo®uiea (Alpha High Energy
by Atlas®. filtered Xenon-Arc-lamp (UV-Vis light psent); 105 Klux, T 50°C,
40 % RH) and samples were periodically taken aradyaad with HPLC-PDA
(in this case, the samples consisted of the melthswiations extracted with
methanol from dyed paper samples) and FORS. A skesehof samples was
prepared in the same way, but using an aqueousaohf CV and gum arabic
(20g/L).

3.b) In order to study the effect of ink additivasthe discoloration of crystal violet,
an ink preparedaccording to Sigmund Lehner (figure 8) [Lehner]svamplied
(with a brush or a fountain pen) on three kindgaper (cotton linters paper,
lignin paper and protein sized paper) in the presesr absence of additional
Fe(lll). Iron was added by soaking samples of uddpaper in an aqueous
solution of FeS@H.0O)s 10° M. Fe(lll) was formed on the samples by
spontaneous oxidation of Fe(ll). All samples wegedby exposure to UV-Vis
(Xenon lamp), to natural sun light or in oven a® 2C for 24 hours.

Biolette Sdyreibtinte nad) Dieterid).

Methylviolett . . . . . . 10
Buder . . . . . . . . 10
Dpaliiire &, ¢ gede w s 2
Waffer . . . . . . . . 9%

Figure 8: the recipe for this ink consists of méthglet (a mixture of crystal violet and its
mono- and bi-demethylated derivatives), sucrosalioacid and water in a weight ratio of
10:10:2:980.

3.c) Both for cotton linters paper and lignin papevo sets of reference samples
(with or without additional Fe(lll)) were preparadcording to table 2. Samples
of lignin paper were prepared following the samecpdure, but no additional
Fe(lll) was used since it was already present irs tkind of paper.
Concentrations of all additives were the same axrieed in the recipe by

Sigmund Lehner. All reference samples were exptsedtural sun light.

! by Judith Geerts, student of the University of Aendam.
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» mple number 1 5 3 4 5 6 7 8
additive
none X X
oxalic acid X X X X
sucrose X X X X
Paper without additional Fe(lll) Paper enrichethvie(lll)

table 2: description of the two sets of refereramaples of paper and additives studied.

3.d) Two sets of the same samples described irnoescB.b were exposed to
common pollutants such as BCand Q at a concentration of 5+0.25 ppm for
two weeks at 25+2 °C and 50+5% relative humiditil.exposures to pollutants
were carried out at the Image Permanence Instifgtechester Institute of

Technology), New York, by Daniel Burge and Nino Geladze.

1.4) EPR characterization of crystal violet, pararsaniline and diamond green
radical cations.

4.a) A sample of pure cellulose paper (Whatman papas dyed with an aqueous
solution of CV 10" M and exposed to UV radiation for 20 minutes. ference
sample of undyed Whatman paper was also exposeéVtoadiation for 20
minutes. Both samples were analyzed with EPR spsipy.

4.b) Radical cations of crystal violet (CV), diandogreen (DG) and pararosaniline
(PR) were synthesised with [bis(trifluoroacetoxypdbenzene (PIFA) in
1,1,1,3,3,3-hexafluoro-propan-2-ol/trifluoroaceticd according to [Stanoeva et
al.]. The concentrations of CV and PIFA were 0.1T¥e reaction mixture was
carefully degassed and immediately analyzed witR.EP

4.c) Two samples of pure cellulose paper (Whatmapep were dyed with an
aqueous solution of CV TOM and inserted into two quartz tubes. One of the
tubes was sealed under vacuum, whereas the otlsdeft@apen. The same was
done for two samples of undyed paper. All of thegles were analyzed with
EPR both before and after exposure to UV-Vis raafiat

1.5) Preliminary study of the color change of varias colorants aged on paper.
The following colorants (table 3) were applied atton linters paper (by soaking the
paper for 20 minutes in the solutions of colorarsyl exposed to UV-Vis radiation

from a 300W Xenon lamp (10h) or thermally-aged (24H.00 °C). Unaged samples
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were kept aside as reference. Colorimetric L*a*lafues were measured both before

and after aging tests.

Colourant Brand Description
indigo Zecchi saturated alcoholic (MeOH) solution
indigo carmine Riedel de Haén aqueous solution BXLO
cochineal carmine ink Zecchi used as such (conc. unknown)
cooper loawod loawood b aqueous solution of equimolar
(s r?tll;letic ?oute 1) gZecchi y amounts of logwood extract and
y cusQ
agueous solution of equimolar
copper logwood logwood by
. , amounts of logwood extract and and
(synthetic route 2) Zecchi Cu(ACO),
logwood by aqueous solution of equimolar

amounts of logwood extract and apd
K>Cr,Oy

Table 3: name, brand and description of the cotsrased for the colorimetric study.

chromium logwood Zecchi

1.6) analysis of the ink from the ‘Montmajour’ drawing by Van Gogh (Van
Gogh Museum)
A fiber of dyed paper was taken from a purple arethe ‘Montmajour’ drawing. The
sample was treated with %0 of a solution of HCI:HO:Methanol (2:1:1 v/v/v) for 10
minutes at 100 °C. The solvent was then evaponaigdnitrogen and the solid fraction
was dissolved with 2Ql of dimethylformamide and centrifuged at 2000 rphme
sample was finally analyzed with HPLC-PDA (injectid.O ul). Both the extraction and

the analysis were performed by Maarten van Bommrigleal CN.

2) HPLC-PDA analysis
HPLC analysis was performed with equipment from &atChromatography BV
(Etten-Leur, The Netherlands). Mobile phase wawededd at a flow rate of 0.2 mL/min
by a 616 LC pump, controlled by a 600S controlken. in-line degasser degassed all
effluents used. Samples were injected by a 717santpler. Detection was performed
with a 996 Photo Diode Array (PDA) detector equgbpeth a 10 mL detector cell,
scanning from 200 to 700 nm at a scanning rate etdn/sec. The equipment was

controlled by a computer with Millennium 32 softwarversion 4.0, from Waters
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Chromatography BV; the same system was used f@ a@eaquisition. Separation was
performed on a luna C18 column (100mm x 2mm idjquied by a security C18 guard
column, both supplied by Phenomenex (Torrance, O8A). The mobile phase
consists of a gradient of water (HPLC grade 1, fimati by a Simplicity system
Millipore, Amsterdam, The Netherlands), methanoaftient grade, Fluka, Zwijndrecht,
The Netherlands) and 5% phosphoric acid in wates (aagent, Sigma, Zwijndrecht,
The Netherlands). The composition of the solvents the gradient profile is given in
table 4 Identification is based on both PDA specrad retention time of the

components which are compared with those of knafgrence materials.

Table 4. Gradient profile for the HPLC system.

Time/min %A %B° %C
0 74 16 10
15 0 90 10
20 0 90 10
23 0 100 0
27 0 100 0
30 74 16 10
50 74 16 10

1 A=10% methanol/water (v/v)
2 B=100% methanol
3 C=5% phosphoric acid (w/v)

3) LC-MS Q-TOF analysis

Chromatographic analysis was performed with UHPL@ilekt 1200 equipped with
autosampler, degasser, thermostated column comgrartf®0 °C), micro flow cell (2
mL, 0.3 mm path) and diode array detector. Semaratias performed on a Kinetex
C18 column, 100x2.1 mm, 2.6 mm core shell, Phenexdiorrance, CA, USA).
Mobile phase was delivered at a flow rate of 0.2/mih. The composition of the

solvents and the gradient profile is given in tehle

: : %A %B
Time/min A=100%methanol B=0.1% TFA(aq)

0 30 70

14 70 30

24 70 30

28 30 70

38 30 70

Table 5: Gradient profile for the LC system.

Mass analysis was performed with Q-TOF Agilent 6%38nta Clara, CA, USA). The

Electro-Spray lonization mode used was positive; ¢capillary voltage 4000 V; the
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pressure of the nebulizer gas was 35 psig; the fadey of the drying gas was 11 L/min
and its temperature 350 °C.

The equipment was controlled by a computer with $#aster software.

All LC-MS analyses were performed in collaboratiwith Dr. Gabriella Favaro of the

Department of Chemical Sciences of the Universityadua.

4) FORS and micro-fading analysis

FORS analysis was performed with a home-assemlimagpraent composed of a
halogen lamp (AvalLight-Hal, AVantes), a reflectiomegrating sphere (ISP-50-8-
REFL, AVantes) or a direct reflectance probe (foe &analysis of the letters) and a
spectrophotometer (AvaSpec-2048, AVantes). The pegeimt was controlled by
AvaSoft 6.1 software. Reflectance spectra wereectdd in the range 380-800 nm, with
an integration time of 200 ms and averaging 5 sc#issorption spectra were
calculated from reflectance spectra using Kubelkaikitransform. Reflectance spectra
for CV were recorded before and after exposureMaadliation of a dyed disc of paper.
Colorimetric L*a*b* values were calculated from lexftance spectra for a D65
illuminant and a 10° Standard Observer.

The micro-fading-meter used is a modified versibg {. G. Neevel) of the one
described in [Whitmore et al.].

Colorimetric L*a*b* values were calculated usingsaftware available online at
www.brucelindbloom.com and selecting the D65 illoator and the 10°
Supplementary Standard Observer.

5) EPR analysis

EPR analysis was performed with equipment from Brul spectrometer ER200
was used for recording continuum wave EPR specttaaaspectrometer Elexsys580
was used for recording both continuum wave andgousPR spectra.

6) NMR-MOUSE analysis

NMR-MOUSE analysis was performed with a relaxom&erker Minispec Profiler
connected to a MOUSE probe with a sensitivity degtlabout 1 mm. The operating
radiofrequency of this probe is around 15 MHz. Triegrument was controlled with the
minispec software for windows (Bruker).

7) ATR-IR analysis
Infrared spectra were recorded using Bruker Eqbbowith MCT detector and ATR

Golden Gate (Specac) accessory.
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RESULTS AND DISCUSSION

1) Identification of degradation products of Crystd Violet exposed to UV
radiation

1.1) Dyes in solution

A color shift from purple to reddish was observgmbmi irradiation of an aqueous
solution of Crystal Violet. The HPLC-PDA chromatagrs for Crystal Violet in
aqueous solution before and after prolonged irtamtig 115 hours) are shown in figure
9. Before irradiation only two peaks are visibleaetund 21.1 min (relative area >98%)
and 20.7 min (relative area <1%), due to Crystallé&tiand mono-demethylated Crystal
Violet respectively (as it will be demonstratecelt

0,012

{ 0,008

0,004

12

064 /13

absorbance at 590 nm/a.u.

0,01

-t 1 1T - 1r 111 1 17
14 15 16 17 18 19 20 21 22
RT/min

Figure 9: Chromatograms of CV(aq), before and gittadfter prolonged exposure to UV
radiation.
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fresh sample
one-year-old

sample

T T T T

I I I
500 600 700

nm

I I
300 400

Figure 10: comparison between normalized absors@ctra corresponding to crystal violet
and its demethylated derivatives, obtained with BRinalysis of a freshly irradiated solution of
crystal violet (dotted lines) and with LC-MS ana$ysf a sample of the same solution, after one

year of storage (solid lines).

Upon irradiation, a decrease of the concentratio@rgstal Violet and the formation
of at least 11 degradation products were observ&bdsorption spectra of
chromatographic peaks number 1, 2, 3, 4, 5, 6ntl01& are shown in figure 1T.able
6 reports the retention times and the maxima obmabi®ns obtainedvith HPLC-PDA for
each chromatographic peak together with the ideatibn proposed in this doctoral
dissertation. The absorption spectra of the chrographic peaks at issue are all very
similar, except for a progressive blue shift of thaxima of absorption in going from
peak 1 to peak 12A comparison of the latter absorption spectra witbse of reference
samples enabled to identify peaks 1 and d2 Crystal Violet and Pararosaniline,
respectively. As for the other peaks in figure ®j@entification was not possible solely
on the basis of their absorption spectra since aference samples were available.
Nevertheless, the blue shift in the maxima of ghisom (in going from peakl to peak
12) was hypothesized to be due to a step-wise dhghagbn of Crystal Violet, as

suggested in literature.

% This numbering refers to the chromatogram of ahiyeirradiated sample shown in figure 9.
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Beside this series of crystal violet-like absorptiospectra, a group of
chromatographic peaks (number 7, 9 and 11 in thentétogram shown in figure 9)
with absorption spectra similar to the spectrundi@imond green was observed with
HPLC-PDA for a freshly irradiated aqueous solutafrcrystal violet. Going from peak
number 7 through 9 to 11, a progressive blue stithe maximum of absorbance is
visible (figure 11). There is no matching in retenttime between species responsible
for peaks 7, 9 and 11 and diamond green, thouglo. iflentification hypothesis were
proposed on the basis of the absorption spectraingat. According to the first
hypothesis, species responsible for peaks 7, Alandight be formed via deamination
reactions of Crystal Violet. In other words, theight be identified as Diamond Green
or its demethylation derivatives. Indeed Diamoneédbr has already been detected in
faded samples of Crystal Violet by other authorakdmura et al.].

one-year-old sample

3
6

\N,/V\MW\V—/\M
MMWMM
Wiﬁ
——
\—\/\/\/\M
g/\_/\_,/p

15

fresh sample
7

9
11

DG

300 400 500 600 700 800
nm

Figure 11: comparison between diamond green-lils@igition spectra obtained with HPLC
analysis of a freshly irradiated solution of crystalet (peaks 7, 9 and 11 according to HPLC
numbering system) and with LC-MS analysis of a gaar-old sample of the same irradiated

solution of crystal violet (peaks 3, 6, 10, 13,atfl 16).

Another hypothesis for the identification of peaks 9 and 11 is reported in
[Duxbury] and [Bangert et al.]: in these works iasvreported that the absorption

spectra of N-oxide derivatives of CV were very sanito the spectrum of diamond
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green. The higher polarity for N-oxides would explahe lower retention timés
obtained for peaks 7, 9 and 11 with respect to draihgreen.

Finally, the absorption spectrum of peak 8 (figli23 has not been identified yet but
it is clearly due to the superimposition of at te@go spectra as is suggested by the

change in shape of the spectrum during irradiation.

after 22h UV
after 79h UV

after 100h UV

T T T T T T T T T T T T T
200 300 400 500 600 700 800
nm

Figure 12: absorption spectra for peak 8 afteediffit irradiation times.

Since it was not possible to identify all degradiatproducts solely on the basis of
HPLC-PDA analysis, additional LC-MS analysis wa® mn a sample of the same
aqueous solution of crystal violet exposed to prgexl UV radiation which had been
studied with HPLC-PDA [Huang et al.]. It is wortlotmg that it was possible to
analyze the sample (labelled ‘one-year-old samipl¢his work) with LC-MS only one
year after it was exposed to UV radiation. The oratbgrams recorded at 590 nm and
300 nm are shown in figures 13 (high retention tnarege) and 14 (low retention time
rangef. Retention times, maxima of absorption and m/meslfor the most significaht
peaks are reported in table 6, together with tleatitication proposed in this doctoral

dissertation.

® The separation was performed via reversed-phasenetiography.

“ 1t should be noted that two numbering methodsuaesl for the chromatographic peaks described $n thi
doctoral dissertation: one for the chromatogranfreghly irradiated CV(aq) obtained with HPLC-PDA
(figure 4) and one for the chromatogram of one-y@drirradiated CV(aq) obtained with LC-MS (figures
5 and 6).

® The reason why some peaks were neglected ishéiiere too low in intensity, or it was not possib
to obtain a good absorption spectrum or useful rdats
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80 chromatogram at 300 nm
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Figure 13: portion at high retention times of theamatograms at 300 nm and 590 nm of an
aqueous solution of crystal violet exposed to prgéd UV radiation one year before the LC-
MS analysis was performed.

chromatogram at 300 nm 120+

--------- chromatogram at 590 nm 100
) 30 80
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Ko} 1129 40 4
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Figure 14: low retention time portion of the chraograms at 300 nm and 590 nm of an
aqueous solution of crystal violet exposed to prgkal UV radiation one year before LC-MS
analysis.
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Let us first consider colored species (chromatogear890 nm): a larger number of
species was detected with LC-MS (at least 20) thi#im HPLC-PDA (at least 12), but it
is not possible to say with certainty if the diface was due to the use of two different
columns or to the aging of the sample (which hashlstored for one year before it was
analyzed with LC-MS) or both.

Peak numbering RT/min Ama/NM m/z Identification

HPLC | LC-MS | HPLC LC HPLC LC

1 1 21.26| 30.55 588 592 372.24332 Ccv
Mono-
2 2 20.79| 29.76 582 582 358.22794demethylated
Ccv
Not n.d. (DG-like
3 29.37 602 | determined| absorption
(n.d.) spectrum)
Bi-
3 4 20.23| 29.03 573 574 344.21202demethylated
Cv
238 n.d. (CV-like
5 28.76 360.20634 | absorption
596
spectrum)
n.d. (DG-like
6 28.57 ~ 582 n.d. absorption
spectrum)
Tri-
4 7 19.54| 28.28 570 566 330.196718demethylated
CcVv
n.d. (CV-like
8 27.98 582 346.19208 absorption
spectrum)
Tri-
5 9 18.87| 27.60 572 572 330.19650dememthylate
dCVv
n.d. (DG-like
10 27.34 598 n.d. absorption
spectrum)
Tetra-
6 11 18.05| 26.72 562 562 316.18075demethylated
CcVv
n.d. (DG-like
7 17.61 620 absorption
spectrum)
8 17.32 n.d.

Table 6: Comparison between the results of HPLQyaizaof a freshly irradiated aqueous
solution of crystal violet and of LC-MS analysistbe same sample, after one year of storage.
Table continued on next page.

96



Peak numbering RT/min Ama/NM m/z Identification
HPLC | LC-MS | HPLC LC HPLC LC
n.d. (DG-like
9 16.89 597 absorption
spectrum)
Superimpositi
~ 332.17637
12 26.40 ~582 386.22252 | ON ofatlgast
two species
13 26.25 608 358.19228  ,4H,/,N:0
n.d. (CV-like
14 25.95 568 316.18143 absorption
spectrum)
15 25.63 592 344.17654  ,HN;0
16 25.46 598 358.1920%  ,#H.4N30
Penta-
10 17 16.34| 24.69 554 554 302.16496demethylated
CV
n.d. (DG-like
11 15.48 579 absorption
spectrum)
Mono-
370; demethylated
18 24.31 244 255.14956 MK
(protonated)
n.d. (CV-like
19 23.51 565 318.16003 absorption
spectrum)
copresence| n.d. (MK-like
20 21.61 360 | of many m/z| absorption
values spectrum)
12 21 14.29| 18.61 543 544 288.14910 pararosaniline
255112521 1 . (MK-like
14.51 356 413.06851 2b2c()::|r3lﬁ|r?qr)1
277.09493 | °P
bi-
22 13.38 362 | 241.1334) Gemeiyiated
(protonated)
bi-
23 11.19 368 | 241.13345 demmy'ated
(protonated)
24 7.28 264 n.d.
227.11749 tri-
main; demethylated
25 4.63 356 | 47520034 MK
secondary | (protonated)

Table 6: Comparison between the results of HPLQyaizaof a freshly irradiated aqueous
solution of crystal violet and of LC-MS analysistbe same sample, after one year of storage.
Table continued on next page.
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Peak numbering RT/min Ama/NM m/z Identification
HPLC | LC-MS | HPLC LC HPLC LC
152.06991
26 3.09 264 200.20045
152.06941
27 2.78 304 | 215.12411
256.11848
28 1.99 342 n.d.
29 1.85 324 n.d.
222
main;
30 1.41 286 n.d.
second.

Table 6: Comparison between the results of HPLQyaizaof a freshly irradiated aqueous
solution of crystal violet and of LC-MS analysistbé same sample, after one year of storage.

With the aim of finding a correlation between HPPODA and LC-MS analyses, a
comparison between absorption spectra of the paatieéned with these two techniques
was made. Moreover, whenever possible, spectrosagia were combined with the
results of mass analysis. In this way, a numbespefcies was identified, as it will be
described next.

The presence of a series of absorption spectraatieagradually blue shifted with
respect to the absorption spectrum of crystal vigigure 10), was confirmed also with
LC-MS. As for the absorption spectra of the peaddeiiging to this series, the results
obtained with HPLC-PDA and LC-MS were reproducilble, a good matching between
absorption spectra was observed. The worst matdaitigough still a good one) was
observed for peak number 12 (numbering system dompito HPLC-PDA analysis)
and peak number 21 (numbering system accordingGeMIiS analysis), but this was
probably due to the low intensity of these peaksvds thus possible to find a direct
correlation between the chromatograms obtained MRhC and LC-MS.

LC-MS analysis enabled to demonstrate that duniragliation with UV, crystal violet

(peak 1 in figure 9) undergoes a series of dematioyl reactions leading to mono-
demethylated crystal violet (pealf)?2 bi-demethylated crystal violet (peak 4), two
isomers of tri-demethylated crystal violet (peakard 9), tetra-demethylated crystal

® From now on, LC-MS numbering system will be usetess otherwise stated.
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violet (peak 11), penta-demethylated crystal vigjetak 17) and hexa-demethylated
crystal violet (peak 21) or pararosaniline (a rgd)dMass data were obtained for all of
the above mentioned species and are consistentheathttribution proposed.

Also for the one-year-old sample, it was possiblalétect chromatographic peaks
(corresponding to absorption spectra number 3,36,15 and 16 in figure 11) with
absorption spectra similar to the one of diamoreeqgr Nevertheless, none of these
spectra was exactly the same as what obtainedffeshly irradiated sample of CV(aq)
(figure 11, spectra 7, 9 and 11 according to HP@pering system). The difference
with respect to the freshly irradiated sample migatdue to the aging of the sample.
The only analogy between diamond green-like spedftthe freshly irradiated sample
and of the one-year-old sample is constituted efasorption spectra corresponding to
peak 9 (HPLC numbering) and peak 16 (LC-MS numiggriffigure 15, left).
Nevertheless, these two spectra are not complstgdgrimposed and it is difficult to
say if they are due to the same species or not.

—— peak 16 (one year old sample)
----------- peak 9 (freshly irradiated sample)

300 400 500 600 700 800
nm

Figure 15: (left) comparison between peak 9 (HPL@mbering) and peak 16 in the
chromatograms of a freshly irradiated sample of&jy@nd of a one-year-old irradiated sample
of CV(aq) respectively. (right) N-oxide of bi-derhgltated crystal violet.

With the aim of shedding light on the nature of Hpecies responsible for diamond
green-like absorption spectra, a characterizatfodiamond green and its degradation
products was planned. To this end, an aqueousi@olot diamond green was exposed
to UV-Vis radiation and analyzed with LC-MS. Chramgrams were registered at 300

nm and 590 nm (figure 16) in order to detect batlordess and colored species.
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chromatogram at 300 nm
chromatogram at 590 nm

¥.

Absorbance/a.u.
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Figure 16: chromatograms recorded at 300 nm andB8fdr an aqueous solution of diamond
green exposed to UV-Vis radiation for 10 minutes.

On the whole, 6 peaks were detected with a diodeyatetector. Absorption spectra
(figure 17), maxima of absorption, m/z values agtémtion times (RT) for the peaks are
reported below, together with the identificatioromosed in this doctoral dissertation

(table 7).

g A WO N

200 400 600 800
nm

Figure 17: absorption spectra corresponding topéak 6 in the chromatograms for an
agueous solution of diamond green exposed to UMadstion.
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Peaks 2, 3 and 4 were identified as diamond gmeenp-demethylated diamond green
and bi-demethylated diamond green, respectivelyakP® showed an absorption
spectrum very similar to the one of peak 4. Acaagdio the main m/z peak visible in
the mass spectrum (not shown), peak 5 might beffereht isomer of the bi-
demethylated diamond green, although an unknowonsiecy peak is visible at m/z =
316.1811. Peak 1 showed a completely different rptism spectrum from peaks
number 2 to 6, with a maximum of absorption in thé range. The main m/z value
(226.1231) visible in the mass spectrum of thiskpeaconsistent with protonated 4-
(dimethylamino)benzophenone, a ketone that can dmmdlly obtained from the
oxidation at the central carbon atom of one ofilimeners of bi-demethylated diamond
green.

Peak 6 showed an absorption spectrum similar toothe of peak 1, but with an
additional (relative) maximum of absorption in thsible range (580 nm). It is not clear
if this second maximum of absorption is due to shene species responsible for the
band in the UV range. Mass spectrum of peak 6 stiavmain peak (m/z=212.1074)
and two secondary peaks. The main m/z value isistens with protonated 4-
(methylamino)benzophenone.

Thus, photo-induced degradation of diamond greasrblean demonstrated to consist, at
least at a first stage, of reactions of demethytatif the nitrogen atom and oxidation at

the central carbon atom.

nEri?)i:ar RT/min Ama/NM m/z Identification
main:226.1231
1 28.14 362 473.2213, 4-(dimethylamino)benzophenone
554.3098
2 27.50 620 329.2002 Diamond green (DG)
3 27.28 608 315.1849 Mono-demethylated DG
4 26.90 596 301.1704 Bi-demethylated DG
5 26.16 around 592 301.1697 Bi-demethylated DG
main:212.1074
6 25.66 358 287.1549; 4-(methylamino)benzophenong
234.0894

Table 7: retention times, maxima of absorption, watues and identification of the six peaks in
the chromatograms at 300 nm and 590 nm of an agusution of diamond green exposed to
UV-Vis radiation.
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Returning to the irradiated solution of Crystal Mip diamond green-like spectra
detected both for the freshly irradiated sample fomdhe one-year-old sample, were
different from the absorption spectra of the refesee sample of diamond green
irradiated with UV.

As for mass analysis, it is worth noting that métues obtained for peaks number 13
(m/z = 358.19228), 15 (m/z = 344.17654) and 16 ™R58.19205) (figure 13) are not
consistent with diamond green or its demethylatienivatives but are similar to the m/z
values of some demethylated derivatives of crystdeét, i.e. peak 2 (m/z = 358.22794)
and peak 4 (m/z = 344.21202) (table 6, LC-MS numngesystem). In conclusion, no
diamond green or demethylated derivatives of diaingreen were detected among
degradation products of crystal violet.

Despite the similarity of m/z value just describdtk difference between the m/z value
for peak number 2 and peak number 13 or 16 is adrdar of magnitude higher than
the accuracy of the mass analyzer (4 ppm) anditfezethce between the m/z value for
peak number 4 and peak number 15 is of two ordemmagnitude higher than the
accuracy of the mass analyzer. This is to conflmat peaks number 13, 15 and 16 are
due to species different from crystal violet areldemethylation derivatives that have
been identified so far.

With the aim of shedding light on the nature of 8pecies responsible for peaks
number 13, 15 and 1ffigure 13), the isotopic distribution of the massaks was
studied. The same was also done for those peakssponding to demethylated
derivatives of crystal violet characterized by mé&ues similar to the ones of the peaks
in question, i.e. peak 2 and 4. The result was vealisfactory since isotopic
distributions corresponding to the chromatograpgbeaks characterized by diamond
green-like spectra were all consistent with thespnee of an atom of oxygen. On the
contrary, isotopic distributions corresponding tde t chromatographic peaks
characterized by crystal violet-like spectra wellecansistent with molecular formula
with no oxygen atoms. In particular, the followingatchings were found. As for peaks
2 and 4, the isotopic distributions of the moleculan were consistent with the
molecular formulas &H2gN3 (matching 98%) and £HzeN3 (matching 97%)
respectively, which is in agreement with the idigcdtion previously proposed (mono-
demethylated crystal violet for peak 2 and bi-ddmyleted crystal violet for peak 4).

" Peaks three and six (figure 13) were too low tenisity to be included in the analysis.
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As for peaks 13, 15 and 16, the isotopic distrimsi of the molecular ion were
consistent with the molecular formulas,s8,4N3O (matching 97%), &H2N3O
(matching 96%) and £gH24N3O (matching 99%) respectively.

In conclusion, the peaks in question (with absorptspectra similar to the one of
diamond green) are likely due to oxidized derivegivof bi- and tri- demethylated
crystal violet.

As for the position of the atom of oxygen, Bangatrtal. noticed how absorption
spectra of N-oxides of crystal violet or of itsnulethylated derivatives (figure 15, right)
are similar to absorption spectra of diamond greeits demethylated derivatives. The
reason most likely lies on the fact that both faaniond green (and its demethylated
derivatives) and N-oxides of crystal violet (anditsf demethylated derivatives), the
resonance resonance forms are different from thbegystal violet (or its demethylated
derivatives). Stable resonance forms can be olgtaletocalizing the positive charge on
nitrogen atoms and this is only possible if nitnoggoms have a pair of non-bonding
electrons available. While crystal violet has thregonance forms of this kind, diamond
green and its N-oxides have only two. The differextent of conjugation is thought to
be responsible for the difference between crystdéttlike spectra and diamond green-
like spectra.

Therefore, it has been hypothesized that peaks euf®) 15 and 16 might be N-oxides
of bi- and tri- demethylated crystal violet. As fmeaks 3 and 6, they might be N-oxides
of crystal violet or of its demethylated derivasyén analogy with what found for peaks
number 13, 15 and 16. Nevertheless, no mass datvailable for these two low peaks.

Let us now go back to the chromatogram obtainet w@-MS at 590 nm for a one-
year-old sample of the aqueous solution irradiatgt UV (figures 13 and 14). We
were describing the peaks detected with LC-MS. deescrystal violet, the series of its
demethylation products and its N-oxides derivatiyest described, four other peaks
were detected (number 5, 8, 12, 14 and 19), whidwsdifferent absorption spectra
with respect to the freshly irradiated sample (fegd8). Peak 19 is actually associated
to an absorption spectrum that is similar to the ohtetra-demethylated crystal violet.
Nevertheless, retention times of the species resplenfor these two peaks are so
different that different molecular structures mhstinvoked. Although it was possible
to obtain m/z values for all of the peaks numbes,514, 12 and 19, for the moment no

hypothesis for their structures is available.
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Figure 18: absorption spectra of peaks 5, 8, 13n#19 in the chromatogram of a one-year-
old sample of irradiated CV(aq).
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Figure 19: absorption spectra of colorledigure 20 absorption spectra of colorless
species detected in a freshly irradiated sampgleecies detected in a freshly irradiated
of CV(ag). Maximum of absorption lowersample of CV(aq). Maximum of absorption
than 350 nm. higher than 350 nm.

All degradation products discussed so far are edl@pecies; nevertheless crystal
violet both in aqueous solution and on paper (asllitbe discussed later in this chapter)
discolored entirely after prolonged UV irradiatiaralorless degradation products must
therefore be formed. In an attempt to detect apdtity colorless degradation products
in a freshly irradiated (UV) sample of crystal \@blaq), the chromatogram recorded at
230 nm (not shown) was analyzed and the presengeny species with maximum of

absorption in the UV range was revealed (figuresatd 20). The position of their
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maxima of absorption suggests the presence of &st@ome of them, with a maximum
of absorption at wavelength longer than 350 nm hinlig aromatic ketones.

In particular, two of the peaks in the chromatog@n230 nm have absorption spectra
(figure 21) very similar to the ones associatedh® secondary peaks detected in the
chromatogram of a reference sample of Michler®ket(figure 29). Although no mass
data are available, the secondary peaks (or dt peaks number 2 and 3 in figure 29)
detected in the reference sample of Michler's ketare thought to be demethylated
derivatives of Michler's ketone. Moreover, anotiperak in the chromatogram at 230
nm has an absorption spectrum similar to Michlketne itself, although the matching
in retention time and the signal to noise ratio w@rse than before (figure 22).
According to spectral data, it is believed thathsacreaction as the oxidation at the
central carbon atom of crystal violet, or of itsvahylated derivatives, is involved in

the degradation mechanism of crystal violet.
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Figure 21: comparison between absorptidfigure 22: comparison between absorption
spectra of colorless species detected in a freshpectra of a colorless species detected in a
irradiated sample of CV(aq) and absorptidneshly irradiated sample of CV(aq) and of
spectra of what is believed to be demethylat&tichler’s ketone.

derivatives of Michler's ketone (peaks 2 and 3

in figure 29).

LC-MS analysis of the one-year-old sample of iradell crystal violet (aq) also
revealed the presence of colorless species abgoibithe UV range. Indeed, in the
chromatogram recorded at 300 nm (figures 13 andniat)y peaks are visible, which
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were not present in the chromatogram of a blankyaisa(not shown). In particular, a
group of four peaks (number 18, 22, 23, 25 in #gdB) showed absorption spectra
similar to the ones of a reference sample of Mithlkeetone (spectra MK1 and MK2 in
figure 23). Mass data for peaks number 18, 22, &8 25 are consistent with the
presence of mono-, bi- and tri- demethylated Michlketon&. Nevertheless, Michler’s
ketone-like spectra detected in the one-year-afapga are different from those detected
in the freshly irradiated sample. In particulare timatching between the experimental
spectra and the spectra of a reference sampleaflétis ketone (obtained with HPLC-
PDA) is better for the freshly irradiated sampligufes 21) than for the one-year-old
sample (figure 23). In this regard, however, it can be excluded that the differences
are due to the use of two different instrumentstfa two analysis. Indeed, slightly
different absorption spectra were obtained with BFRDA and LC-MS for a reference
sample of Michler’s ketone. To conclude, it is be&d that Michler’s ketone or some of
its demethylated derivatives were present, not onljre one-year-old sample, but also
in the freshly irradiated one.

Besides peaks number 18, 22, 23 and 25, many otiwere detected in the
chromatogram at 300 nm. Absorption spectra for sofrttem are shown in figure 24
and retention times, absorption maxima, and mf@aesa(when available) are reported in
table 6. The reason why the rest of the peaks wgkected is that they were too low in
intensity, or it was not possible to obtain a gadxorption spectrum or useful mass
data.

In the UV range, there is no correspondence betvadssorption spectra of the
freshly irradiated sample and of the one-year-alth@e. Only two spectra (hnumber 26
in figure 24 and the spectrum at RT=12 min in feg@®) are the same. For the moment,
no hypothesis can be offered for the identificatioin the species responsible for

absorption spectra in figure 24.

8 It is worth noting that Michler’s ketone and itsrdethylated derivatives are neutral molecules atzd m
values reported refer to their protonated deriestiv
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Figure 23: a group of four peaks (number 1Bjgure 24: absorption spectra of colorless
22, 23, 25 in figure 14) in the chromatogram apecies detected in a one-year-old sample
a one-year-old sample of irradiated CV(a@f irradiated CV(aq).

showed absorption spectra similar to the ones of

a reference sample of Michler’s ketone.

1.2) Crystal violet on cellulose paper.
1.2.1) HPLC-PDA analysis

Irradiation caused an evident fading of the colodyed paper, from purple (before
irradiation) to light blue after 340 hours of irfatlon. A longer exposure caused the dye
to fade almost entirely. A quantification of thelaochange, in terms of colorimetric
L*a*b* values, is given later (table 10).

Chromatograms for dyed paper before and after 8d@shof irradiation are shown in
figure 25 (HPLC numbering system will be used irs thection). After 340 hours of
irradiation, a significant decrease in CV concdamdrawas observed and at least 10
other peaks increased in intensity, showing thajrabtation products were being

formed.
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Figure 25: Chromatograms of CV extracted from pdyadore and after 340 hours of
irradiation.

The identification of the peaks in the chromatog@dyed paper after irradiation was
made through a comparison with the chromatogra@\bfrradiated in solution (figure
26). Except for peak 12 (due to pararosanilineg, same peaks were obtained both in
solution and on paper, indicating that the sameatkdion products are formed. With
the only exception of peak 8, a comparison of giigmr spectra for all the peaks at
issue confirms the analogy. As for CV irradiatedpaper, the absorption spectrum of
peak 8 is similar to the one of diamond green Bepxk for a shoulder around 570 nm
(not shown). This might mean that the species mespte for peak 8 do not have three
lone pairs of electrons (of nitrogen atoms) deliaeal over the aromatic rings.

To summarize, except for peak 8, the same considesamade for CV in solution
about peaks number 1 to 11 apply also for CV orepépble 6).

As for the non colored degradation products, a $ampcotton linters paper dyed
with CV and aged in a Xenotest exposure device alede the presence of a
chromatographic peak consistent with one of theompeaks (number 2 in figure 29)
found in the chromatogram of a reference sampl&ichler's ketone. The species
responsible for this peak is believed to be monoatbylated Michler's ketone,
although no mass data is available. Moreover,astlavo species absorbing in the UV

region below 300 nm were detected, but they cowt be identified. Degradation
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reactions leading to the fragmentation of the gipfimethane skeleton of crystal violet

were thus recognized also on paper.

— CV extracted from paper after 270 h UV
------- CV(aq) after 115 h UV
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Figure 26: comparison between the chromatogram&Yoextracted from paper after
irradiation and for CV irradiated in solution.

1.2.2) FORS (Fiber Optics Reflectance Spectroscopginalysis
A substantial fading was observed for CV on papgmg irradiation with UV, as it

can be seen from colorimetric L*a*b* values (taB)e

before 16h 325h 58h 126h 149.5h 176h 200h
uv uv uv uv uv uv uv uv

L* 52,96 53,85 56,58 60,23 66,77 70,13 70,84 71,60
a* 21,08 19,99 1353 10,10 6,09 450 3,10 303
b* |-62,10 -42,64 -37,98 -33,56 -29,00 -25,65 -23,96 -23,30

Table 8: L*a*b*values for CV on paper before and after diffefenatdiation times.

The a* component decreased whereas b* and L* coemienincreased upon

irradiation, giving a duller and lighter color.
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Reflectance and calculatedbsorption spectra for CV on paper, before aner aft
irradiation, are shown in figures 27 and 28 redpelt Upon irradiation, both a

decrease in the intensity of absorption spectraatange in spectral features were

observed.
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Figure 27: reflectance spectra for crystal viol&igure 28: calculated absorption spectra for

on paper before and after different irradiatiocrystal violet on paper before and after

periods (16h, 32h, 58h and 126h). different irradiation periods (16h, 32h, 58h
and 126h).

The most significant change in spectral featuresuwed within the first 16 hours of
irradiation: before irradiation the absorption dp@m showed an absorption maximum
around 550 nm and a pronounced shoulder aroundn600After about 16 hours of
irradiation, these two spectral features were patitinguishable, while after 32 hours
of irradiation the absorption maximum was at 590amd the shoulder around 550 nm.
This behaviour has already been described by atliiors for samples of CV in liquid
solution and it has been explained as an effedh@faggregation of dye molecules
[Duxbury], [Allen et al.], [Stork et al.]. In padular, the absorptions around 590 nm (
band) and around 550 nrfi-band) were attributed to single monomers of CV &nd
CV dimers respectively. At higher dye concentratidarger aggregates are formed,
causing a shift in the absorption maximum towarmttgn wavelengths.

FORS therefore enabled both to measure the decreasgstal violet concentration
on paper upon irradiation and to evaluate the aggi@n type for the dye. The latter,

besides influencing the spectral features, playsole also in determining the

? from reflectance spectra and according to eq. Xhapter one.
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photochemical behaviour of dyes (as it was notechapter two). For this reason, the
possibility of determining the aggregation type €@V on solid substrates with FORS

makes this technique very interesting from a corsem point of view.

1.2.3) The role of Michler’s ketone

The formation of Michler's ketone (or its demethgld derivatives), via oxidation at
the central carbon atom of triarylmethane compouisdsf particular interest because
Michler's ketone is known to act as a sensitizer éoystal violet degradation.
Moreover, Michler’'s ketone might be present frone theginning in inks made with
triarylmethane dyes because it was one of the Iplesseagents for the synthesis of this
class of dyes. Consequently the effect of Michl&Etone on the degradation of crystal
violet was taken into consideration.

Firstly, four samples of Michler's ketone at di#et concentration were analyzed
with HPLC-PDA in order to get information about eetion times and absorption
spectra (the chromatogram for the most concensaatgle is shown in figure 29). Four
peaks were attributed to the sample of Michler'soke injected. Other minor peaks
were present, but since their intensity did notestebon the concentration of the sample
they were discarded as impurities from the columthe solvent.
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Figure 29: chromatogram of a reference sample ehMi’s ketone in methanol (1.8x10/).

Absorption spectra and retention times for the fpeaks in figure 29 are reported in
figure 30. It has to be bear in mind that no mass @re available for these peaks and
that the database of UV-Vis absorption spectra asd¢tle ICN did not have reference
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spectra of Michler's ketone or of its demethylatefivatives. Consequently, while
peak 1 is positively due to Michler’'s ketone, foetothers peaks it is only possible to
hypothesize that (at least peaks 2 and 3) theyspond to demethylated derivatives of

M peakl; RT=26.203 min

peak2; RT=23.717 min

the ketone.

peak3; RT=22.433 min
\A peak4; RT=19.200 min

200 300 400 500 600 700 800
nm

Figure 30: absorption spectra of the four peakbénchromatogram of a reference sample of
Michler’s ketone.

Secondly, a sample of pure cellulose paper dyet wrgstal violet and Michler’s
ketone was exposed to UV radiation for differembdiintervals and analyzed with
HPLC-PDA. Interestingly, the area of the peak otMer’'s ketone decreased during
irradiation, showing that Michler's ketone was aom&d along with the dye. A
comparison of the (chromatographic) peak area ytalk violet versus irradiation time
for samples of dyed paper in the presence or abseinMichler's ketone, is shown in
figure 31. In the presence of Michler’'s ketone, th of consumption of crystal violet
was higher than in the absence of the ketone.
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Figure 31: peak area of crystal violet versus igtoin time for samples of dyed paper in the
presence or absence of Michler’s ketone.

To conclude, it is possible to hypothesize that Ncs ketone (or some of its
demethylated derivatives) is formed during degradatof crystal violet and
successively involved in further degradation reaxdi Moreover, inks made of
triarylmethane dyes that were synthesized from Mith ketone, can be considered
more sensitive to light since traces of the ketmnght be present in the ink.

2) Degradation of crystal violet in the presence afisible light alone.

The effect of exposure to visible light on the codd Crystal Violet on paper was
taken into consideration in order to simulate ddiu@door display conditions. Figure 37
shows a plot of the color changAH) during illumination for three kinds of paper
(cotton linters, lignin and printing paper). Thergaexperiment was run in the presence
of such an ink additive as gum arabic and the tesilllbe discussed in more detail in
section 3.

Interestingly, a strong discoloration of crystablei was observed for all the samples
even in the absence of UV radiation. This obseovatinderlines the need of a better
understanding of the photo-fading of drawings, wg$ or printings made of

triarylmethane dyes.
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3) Study of the degradation of crystal violet on dferent paper substrates and in
the presence of different ink additives or common@seous pollutants.

3.a) In this section, more realistic samples ofgpapan filter paper are taken into
consideration. Cotton linters, lignin and printipgper were dyed or written with crystal
violet (in the presence or absence of gum aralnd) aged with a Xenotest exposure
device; samples of undyed paper were also agedpfdacts formed were analyzed
with HPLC-PDA and the color change was measuredrbefind during aging with
FORS.

Figures 32B and 33 show the color change duringgagiith a Xenotest exposure
device for all three kinds of paper, written or dywith crystal violet (similar results
were obtained with gum arabic as an additive. Nmiws). Written samples (figure
32B) completely discolored after aging, reprodudihg phenomenon observed in the
menu by Van Gogh (figure 32A). As for dyed samffegire 33), the color change was
significant for all three samples, particularly forystal violet on lignin and printing
paper. It is worth noting that the areas of papat tvere protected with metal masks
during aging, did not fade significantly. Consediligrone can conclude that heat plays
a minor role in the fading of crystal violet, ifropared to light.

As for undyed paper, a more or less strong yellgwias obtained for lignin and
printing paper respectively. On the contrary, aottoters paper did not yellow.
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Figure 32: A. Menu drawn and written by Van Gogli886 in Paris, as it appeared in a
reproduction made in 1958 (top) and as it looke2d@1 (bottom). Van Gogh museum,
Amsterdam. B. model samples of cotton linters,itiggnd printing paper (from left to right)
written with CV, before aging and after 7h, 14h 4d@h with a Xenotest exposure device

(from top to bottom).
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Figure 33: color change during the Xenotest expodawice for cotton linters, lignin and
printing paper (from left to right) dyed with CV eRerence samples of undyed paper after 140h
in the xenotest are also shown on top.
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Samples of cotton linters, lignin and printing paplyed with crystal violet and
exposed to UV-Vis light for 140 hours were all tezhwith methanol and the extracted
solutions were analyzed with HPLC-PDA. As expectadton linters paper showed the
same chromatogram as model Whatman paper, demomgtthat exactly the same
degradation products were formed. Interestinglypetatograms for crystal violet on
printing and lignin paper were also very similarth@ one of Whatman paper, except
for few differences. The most interesting was trenfation, on printing paper, of a peak
at 14.3 min with an absorption spectrum (figure @dderent from the ones found on
Whatman paper. The same considerations apply tglsantontaining gum arabic,
although the new peak at 14.3 min was much lowentensity than in the absence of
this additive. It is possible to hypothesize thagltners or sizing materials on printing
paper are responsible for the formation of thisitemtthl species. Gum arabic might be

able to prevent the dye from getting in contachvatightners and sizing materials.

200 300 400 500 600 700
nm

Figure 34: absorption spectrum of the peak at dBin the chromatogram of CV aged on
printing paper.

Plots of the relative peak area (proportional t® thlative concentration) of crystal
violet versus aging time (in the Xenotest exposlawce) is reported in figure 35 for all
three kinds of paper, both in the presence anchabssef gum arabic.

A reproducible trend was obtained both in the preseand absence of gum arabic:
during the first hours of exposure, consumptiorcigfstal violet on lignin paper was

always slower than on cotton linters and printirapgr whereas at longer exposure
times, degradation of crystal violet was more proraed on lignin paper. Interestingly,

when crystal violet was aged on a pre-yellowed daroplignin paper, a curve shape
(figure 35 left, dotted line) similar to the onesresponding to cotton linters and
printing paper was obtained. This observation ssiggat lignin does play a role in the

degradation of crystal violet.
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Figure 35: relative peak area of CV versus timedftierent papers aged in a Xenotest
exposure device, in the presence and absence orabit.

Given that a reference sample of undyed lignin papderwent a strong yellowing in a
Xenotest exposure device, it is possible to hymigeethat during the first hours of
irradiation, lignin competes with crystal violetrfthe absorption of light, thus slowing
down crystal violet degradation. At longer expostinee, photo-oxidized lignin (e.g.,

yellow conjugated ketones) would enhance crystakvidegradation via a sensitization
effect.

In conclusion, despite the consistency in the dégran products formed,
degradation rates were different, depending onptger substrate. On the long term,
lightfastnes¥ of crystal violet on lignin paper and cotton lirgg@aper seems to be the
worst and the best respectively.

The same samples were analyzed with FORS and tler change AE was
calculated from the L*a*b* values. A plot oiE versus aging time in a Xenotest
exposure device is reported in figure 36. Moreovee, color change due to micro-

fading in the presence of visible light alone igaeted in figure 37.

19 A rigorous treatment would imply the measuremehthe rates of consumption of CV on each
substrate. Nevertheless, in this work the sampjesl dvith CV were prepared according to the same
experimental procedure and aged together in thee sAenotest exposure device and therefore a
qualitative comparison of lightfastness was prodosky analogy with the blue wool test. The
approximation was done that the different papessates absorbed the same quantity of dye.
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Figure 36:AE for CV on different papers during aging in a Xexsb exposure device.
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Figure 38:AE for different kinds of undyed paper during mi¢aging.

In the absence of gum arabic, the smallest colangd was measured for crystal
violet on cotton linters paper, both for sampleadrated with UV-Vis light and Vis
light. For crystal violet irradiated on lignin apdinting paper, the color change curves
obtained during exposure to UV-Vis light were samilOn the contrary, in the presence
of visible light alone, different curves were oliedl.

Interestingly, in the presence of gum arabic thiercohange of dyed cotton linters
paper slightly increased whereas on lignin andtimgnpapers it appreciably decreased,
both for samples irradiated in a Xenotest exposieeice (UV-Vis light) and with
micro-fading-meter (Vis light). As a result, in tipegesence of gum arabic the biggest
color change was measured for crystal violet otoedinters paper.

In order to find an explanation for this behavicautest was run for crystal violet on
lignin paper: the substrate was pre-yellowed in Henotest and only after this
treatment it was dyed. The color change measurddthwe micro-fading-meter for this
sample (figure 37 left) was very similar to the @mi#ained for crystal violet on lignin
paper (not pre-yellowed) in the presence of gunbiaraConsequently, to a first
approximation, it might be hypothesized that therdase inAE for crystal violet on

lignin paper (and possibly printing paper) is daea less efficient yellowing of this
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substrate in the presence of gum arabic. Trendd€Eofersus irradiation time for crystal
violet on linter paper would be unaffected by thesgnce of gum arabic because linter
paper does not yellow significantly. As a matterfaft, this hypothesis had to be
reconsidered because micro-fading experiments alyathsamples of paper revealed
that cotton linters, printing and lignin papers yilow more in the presence of gum
arabic (figure 38). Moreover, the extent of yellagifor all kinds of undyed paper, both
in the presence and in the absence of gum aralaig,net high enough to explain the
strong change imM\E observed for dyed samples. Another hypothesisidvbe that
lignin and printing papers contain compounds capalifl enhancing crystal violet
degradation, but not involved in any yellowing pss. In this case, gum arabic would
shield the dye from these compounds, as it wasdyrdrypothesized for the species
responsible for the absorption spectra in figure Nddre studies would be required in
order to verify this hypothesis.

Finally, in no case it was observed a browninghef ink: consequently, gum arabic
can not currently be considered responsible forktteevn discoloration occurred on
some of Van Gogh’s drawings.

However, since the presence of this additive waseat to play a role in the color
change of the samples, a more comprehensive enaluat the possible additives
present in Van Gogh's inks would be necessary deoto shed light on the different

kinds of discoloration observed on the artist'srdrays and letters.

3.b) An ink prepared according to [Lehner] (figu8k was applied on two sets of
three kinds of paper (cotton linters paper, ligpaper and protein sized paper). The ink
contained sucrose and oxalic acid as additives.paiper used for one of the two sets of
samples was enriched with Fe(lll) whereas the paped for the other set was not. This
choice is justified by the fact that Fe(lll), comnip present on paper (it can be
introduced with water or come from work machineiig)known for catalyzing radical
reactions responsible for the degradation of paper.

In the presence of additional iron, both cottonelia paper and (especially) protein
sized paper yellowed; moreover, when the ink waidiegh with a fountain pen, its color
appeared different, depending on the presence senabk of iron (figure 39). For this
reason, it was decided to study also reference leanghb undyed cotton linters paper
and protein sized paper containing various comlanatof the same additives present

in the ink (see section 3.c, page 126).
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Figure 39: Lehner ink on protein sized paper (&f),lon linter paper (top right), on protein
sized paper enriched with Fe(lll) (bottom left) amdlinter paper enriched with Fe(lll) (bottom
right).

no Fe(lll)

Fe(lll)

Both exposure to UV-Vis radiation (Xenon lamp) a@odnatural sun light caused a
strong fading of all samples. On the contrary, tie@raging (24 h at 100 °C, no light)
had a much smaller effect on the color of the sasjph agreement with what observed
also for the other samples described so far.

Interestingly, both after exposure to natural gghtland UV-Vis radiation, the ink
turned bluish-grey on cotton linters paper and lvst-grey on cotton linters paper
enriched with Fe(lll) (figure 40). The color difsice between these two samples might
be ascribed to the different colors of the twoudeBic substrates, white in the absence
of Fe(lll) and yellowish in the presence of Fe(lIA discoloration of this kind had
never been observed before for the other samplpapdr dyed with pure crystal violet.
Currently, the sample in figure 40 (left) is theeathat best resembles the discoloration
occurred on the Montmajour drawing.

On protein sized paper the ink faded passing throaigeddish color both after
exposure to UV-Vis radiation and natural sun lighhereas on lignin paper it faded
passing through a bluish color after exposure to\W&/radiation and through a reddish
color after natural sun light.

At this point, it is worth drawing the attention tfe reader to the reliability of
artificial aging: indeed, exposure to UV-Vis raibat and to natural sun light had
different effects on the discoloration of the ink kignin paper. It would be therefore
very important to plan monitoring studies of natusging of museum objects over

years.
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Figure 40: brownish-grey and bluish-grey discdiores obtained after exposure to natural sun
light of ink (according to Lehner) on cotton lirggraper with (left) and without (right)
additional iron.

Undyed reference samples of cotton linters papgnin paper and protein sized
paper, containing various combinations of the adeltpresent in the ink studied, were
also taken into consideration. Each sample wasl€dvinto 2 parts: one was exposed to
natural sun light for 2 months (during summer) #mel other was kept in the dark. As
already described in section 3.b, the addition efllf to cotton linters paper and
protein sized paper caused an homogeneous yellosfipgper. The effect was more
pronounced on protein sized paper. After exposuraatural sun light, the yellowing of
the samples enriched with Fe(lll) became more enjdespecially for those samples
with no oxalic acid. In addition to this homogensowellowing, a bright yellow stripe
appeared along an edge of cotton linters papecteaiwith iron. The treatment with an
aqueous solution of oxalic acid, caused a whiteroheall the samples previously
enriched with iron. This was most likely due to tieenoval of (part of) Fe(lll) from
paper (via complexation with oxalate anions) opaft of the sizing (for protein sized
paper). After exposure to natural sun light, thengla of cotton linters paper enriched
with Fe(lll), oxalic acid and sucrose showed therfation of a brown area along an
edge.

ATR-IR analysis (spectra in figure 41) was perfodman all three kinds of paper
before aging and before the treatment with addstive typical IR spectrum of both
cellulose paper or lignin paper (unsized and withfdlers) is characterized by the
following signals [Calvini et el. 2002] [Calvini ef. 2006]. At high frequencies, only a
broad band (around 3300 dndue to the stretching of hydroxyl groups and alten
band (2900 ci) due to the stretching of the carbon-hydrogen basfdCH, and CH,
are visible. At low frequencies (between 500tand 1000 cril) there are many
superimposed peaks, mainly due to C-H and C-OHtcbiregs, and not very
informative. Nevertheless, a small peak is notemyoraround 810 cih due to
substituted aromatic rings or substituted aliph@#C and indicative of the presence of

lignin, hemicelluloses or rosin. In some casesait also be present in oxidised and
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aged cellulose. In the fingerprint region, betweE0D0 cmi* and 1400 cm, the
absorbance of C-OH and C-H is very strong and masksother signal. The most
informative region of the spectrum lies in the ramptween 1400 chmand 1900 cm

where many functional groups crowd in (figure 42).

substituted aromatic rings
or substituted C=C

lignin
protein sized

- < e~ cottonlinters
500 1000 1500 2000 2500 3000 3500 4000
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Figure 41: ATR-IR spectra of cotton linters, pratsized and lignin paper.

All samples showed a peak due to £bending (G position in cellulose) around
1424-1428 cnt and a peak due to bound water around 1638-164%4 thoreover,
lignin paper showed a characteristic peak aroun@91&m' due to unconjugated
aromatic rings and a peak at 1728 twue to unconjugated carbonyl groups. The
former peak is considered a marker of the presehtignin and the latter is present in
oxidized lignin, cellulose and hemicelluloses. Hyaprotein sized paper showed a
peak around 1550 ¢hdue to N-H bending of the amide Il of the peptlutend of
proteins.

As for cotton linters paper enriched with Fe(llhdaexposed to natural sun light,
ATR-IR spectra were recorded both on the brighloyelstripe (figure 43, line B) and
on the inner (less yellowed) surface (figure 43¢ lA). At a first glance the spectra look
the same, but at a closer inspection a faint sleowdound 1730 cthis visible in the
spectrum of the bright yellow area. As already ioat earlier, this peak is due to
carbonyl groups and it is indicative of the preseé oxycellulose. It is therefore
possible to conclude that the presence of Fe(Htplgzes the oxidation of cellulose,
causing yellowing of paper. Although it was alre&adpwn that yellowing is associated
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to degraded (oxidized) paper, it was demonstratedl $uch a surface technique as
ATR-IR is able to detect a higher concentratiorcafbonyl groups in a tiny yellowed

area of the sample.
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Figure 42: enlargement of the ATR-IR spectra ofaotinters, protein sized and lignin paper.
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Figure 43: ATR-IR spectra of the bright yellow p#i(line B) and of the inner and less
yellowed surface (line A) of cotton linters papariehed with Fe(lll).

ATR-IR analysis (spectra not shown) of the broweagpreviously described did not
reveal any functional group useful for the iderafion of the brown compound(s).
As for protein sized paper, it was not possiblddtect with ATR-IR any appreciable

effect of aging. In particular, it was not obsenatligher concentration of C=0 in the
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yellowed areas, although the yellowing was morenpumced than for cellulose paper.
In this case, yellowing is more likely due to th@rhation of colored metal-protein
complexes than to oxidation of cellulose. On thet@ry, agueous treatments (used to
enrich paper with additives) had an effect on ARRdpectra of this kind of paper.
Indeed, the intensity of the amide Il band was lofwetreated samples (figure 44), thus
confirming the hypothesis that protein sizing isrtiyaremoved during aqueous

treatments.

before aging
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Figure 44:. effect of aqueous treatments d&iigure 45: effect of exposure to natural sun
ATR-IR spectra of protein sized paper. Thght on ATR-IR spectra of lignin paper. The
amide 1l band (indicated with an arrowpands that underwent a change after aging are
decreased in intensity after the treatments. indicated by arrows.

Finally, lignin paper showed a strong yellowingeaféxposure to natural sun light, in
particular in the presence of sucrose or oxalidd.adTR-IR spectra were not
significantly affected by the presence of additiv€ontrary to what observed for
protein sized paper, with ATR-IR it was possible digtinguish between aged and
unaged samples of lignin paper (figure 45). Aftging, the relative intensity of the
C=0 peak (number 1 in figure 45) increased witlpees to the peak of bound water,
and the peak characteristic of lignin (number 2isg@ly decreased. The peak previously
attributed to substituted aromatic rings or substid C=C group (around 810 ¢mmot
shown) and the unknown peaks number 3 and 4 alseated after aging.
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3.c) The effect of two common pollutants such as, ld@d Q on crystal violet and
on the ink made with crystal violet was studiedp&sure to ozone did not affect
significantly the color of the samples, except #olightning of the ink, observed on
cotton linters paper both in the presence and alsen Fe(lll). On the contrary,
exposure to N@caused a strong darkening both of crystal viotet af the ink on all
samples, except cotton linters paper dyed with puystal violet.

Let us first consider samples dyed with pure ctystalet (figure 46). Before
exposure, samples were purple colored (not showrgllosubstrates. On protein sized
paper and lignin paper, the dye discolored to déulke after exposure whereas it faded
to light bluish-grey on cotton linters paper.

Figure 46: pure crystal violet on
samples of lignin paper (left),
protein sized paper (middle) and
cotton linters paper (right) after
exposure to N@ On the bottom
of the sample in the middle, the
original purple color is still
visible.

As for the ink in the absence of additional Fe(lfter exposure it turned dark grey,
dark greenish-blue and dark blue on cotton linpaqger, protein sized paper and lignin
paper respectively. Undyed lignin paper also yedldwfter exposure. In the presence of
Fe(lll), the ink turned black on cotton linters papvhereas on protein sized paper the
color was similar to what observed in the abserideée@ll), but less saturated as if the
concentration of the dye was lower.

So far, it has been possible to analyze with LC4&S sample of Crystal Violet on
cotton linters paper exposed to NCBoth absorption spectra and mass spectra
consistent with Crystal Violet and its mono- anddbmethylated derivatives were
detected. Therefore, it can be concluded that aetteffation mechanism is active also
during exposure to this gaseous pollutant. Moreogerspecies responsible for an
absorption spectrum that had never been obsenfedebigor samples of Crystal Violet
exposed to UV or visible light) was detected (figut7). Its maximum of absorption
was around 630 nm, consistently with the bluistocolf the sample; the shape of the
spectrum suggested the presence of a triarylmetihgmbaving one of the lone pairs of
electrons on nitrogen atoms not delocalized overattomatic rings (as it was also the

case for diamond green and N-oxides of Crystakt)jol
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Figure 47: Absorption spectrum of the peak at 2717 in the chromatogram of a sample of
cotton linters paper dyed with Crystal Violet angh@sed to N@

The mass spectrum corresponding to this specieseshtwo peaks, the main one
located at a value of m/z of 387.21838 and therstome (almost half the size of the
other one) at 357.22070. The main peak is congistéh the nitrosoamine shown in
figure 48. The resonance form on the right woulglax the (DG-like) shape of the
absorption spectrum.
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Figure 48: two resonance forms of the species resple for the absorption spectrum in figure
49.

As a further confirmation of this attribution, tdéference between the main mass peak
and the secondary one is equal to 29.99768 m/z;hwtorrespond to the mass of the
N=0O fragment. Some species absorbing in the UVigible range were also detected,
but it has not been possible to identify them yet.

To conclude, it should be underlined the importaotan efficient monitoring of
environmental conditions in the display and storaggas of museums. Indeed, although
the concentration of NQused was about ten times higher than then of {gallurban
areas, a prolonged exposure to lower concentraigmt induce severe discoloration
effects.
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4) EPR characterization of crystal violet, pararosailine and diamond green
radical cations

4.a) Figure 49 shows the EPR spectra at 290K ofjethatellulose paper and of
crystal violet on cellulose paper, after exposar&JV-Vis radiation. In the absence of
crystal violet, after irradiation an EPR signal wdetected due to the formation of
organic radicals of cellulose. The presence oftatygolet caused a significant increase
of the EPR signal and for this reason it was hypsitted the formation of radicals of
the dye. The line shapes of the two normalized Ep&ctra (figure 49, right) were
similar, although not identical.

0,4+

0,3_- " undyed paper
0 ---- dyed paper

0.2-
0.1-
0,0-
014

EPR intensity/a.u.

-0,2-

-0,3

3250 3300 3350 3400 3450 3250 3300 3350 3400 3450
magnetic field/Gauss magnetic field/Gauss

Figure 49: EPR spectra (left) and normalized ER&p (right) at 290K of undyed cellulose
paper (solid line) and of cellulose paper with taysiolet (dashed line), both after exposure to
UV-Vis radiation.

In order to know more about the role of crystall@ion the formation of radicals on
paper, a more extensive EPR study of the dye oerpapd in solution was carried out.
In particular, it was of interest to understanthé higher intensity of the signal detected
in the presence of crystal violet, was due to threnftion of radicals of the dye or of
cellulose. The structures of radicals formed dunngto-oxidation of cellulose have
already been described in [Confortin] and are regbin figure 50. The structures of the
radical dications formed by oxidizing crystal viplpararosaniline and diamond green
are shown in figure 51 [Stanoeva et al.]. It shobtd noted that for these radical
dications many other resonance forms exist, aldb thie unpaired electron on one of
the nitrogen atoms. In this way, hyperfine couplbeween the unpaired electron and

the nitrogen atom is possible.
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Figure 50: structures of the radicals formed upqosure to UV-Vis of cellulose paper.
Hydrogen atoms marked with a circled are thoselimgbin hyperfine couplings with the
unpaired electron. Poly denotes the rest of thenpet.

Figure 51: structures of the radical dicationsrgbtal violet [CV}** (A), pararosaniline [PR]"
(B) and diamond green [D&] (C).

Consequently, it is possible to distinguish betweadicals of cellulose and radical
dications of crystal violet, pararosaniline andnated green thanks to the hyperfine
coupling of the unpaired electron with nitrogenmasoof these three dyes. To this
purpose, Electron Spin-Echo Envelope ModulationHEM) spectra of dyed paper
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after irradiation were recorded, but no hyperfio@@ing constant consistent with the

presence of nitrogen atoms was revealed.

4.b) As an additional test, radical dications ofstal violet ([CV]**), pararosaniline
([PR]?") and diamond green ([DB]) were synthesized and analyzed with EPR
spectroscopy, in order to compare their spectrh thié one obtained for the sample of
crystal violet on paper exposed to UV. EPR spegafrthe radical dication [C\V4" at
290K and 200K are shown in figure 52 and a simdlafgectrum, based on the structure
proposed in [Stanoeva et al.], is reported in #gb8 (for the experimental spectrum at
290K). The EPR spectrum at 290K was characterize@ lvery complex hyperfine
structure and a line width of about 20 G. In theRESpectrum at 200K, the hyperfine
structure was no longer visible and the line widts larger (about 30 G).

The simulated spectrum obtained was very satisfac@od gave evidence of the
formation of the radical dication [CY]. The characteristic spectral feature of the
experimental spectrum is due to the high delocadinaon the unpaired electron over
the aromatic rings of the radical cation of crystablet. Thanks to this highly
delocalized structure, there is a large number ydelfine couplings between the
unpaired electron and the nuclei of hydrogen ancbgen. This is the origin of the
characteristic spectral feature of the radical tthoaof crystal violet. In particular, in
agreement with [Stanoeva et al.], three groups ajmetically equivalent protons and a
group of magnetically equivalent nuclei of nitrogemre identified, with hyperfine
coupling constants of 0.64 G, 0.298 G, 0.121 G@ed7 G respectively. The number
of equivalent nuclei belonging to each group was4,24 and 2 respectively. On the
basis of this result, it was possible to state thatunpaired electron is delocalized over
two of the rings. The 12 equivalent protons beltmthe hydrogen atoms of the methyl
groups whereas the two groups of 4 equivalent ppob®long to the hydrogen atoms in
ortho and meta positions of the rings.
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Figure 52: EPR spectra of thd-igure 53: experimental and calculated EPR speaitra
radical dication of crystal violet atthe radical dication of crystal violet at 290K.
200K and 290K.

EPR spectra of radical dications [D%]and [PRf" at different temperatures are

shown in figure 54 and 55 respectively.

125 K
125K
240K
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300 K
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Figure 54: EPR spectra of the radical dicatidfigure 55: EPR spectra of the radical dication
of diamond green at 125K, 240K and 300K.of pararosaniline at 125K and 290K.

Also the hyperfine structure of [D&] at 300K showed a very complex hyperfine
structure which merged into a single band at lowsperature, in agreement with what
was observed before. On the contrary, the EPR speaif [PR** consisted of a single

band both at room temperature and low temperature.
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A comparison between the EPR spectra of [E\4nd CV irradiated on paper is now
possible. At room temperature the spectral featwese completely different, thus
suggesting the presence of different radical sgaoi¢he two samples. Nevertheless, it
should be noted that we are comparing a solid sgaetrum (crystal violet on paper)
and a spectrum of a liquid ([C¥] in HFP/TFA 10:1 (v:v)) and that the different
spectral features might be ascribed to this reasbmos, the EPR spectrum of CV
irradiated on paper was also compared to the speatf [CV]?" in frozen solution at
200K (figure 56), but the spectra were still verffettent.

—— irradiated whatman paper+CV
------- oxidized CV in frozen solution

T T T T T T T T 1
3250 3300 3350 3400 3450
magnetic field/Gauss

Figure 56: comparison between the normalized ERRtspof CV irradiated on paper (dotted
line) and of [CV]*" in frozen solution at 200K (solid line).

To summarize, such experimental observations aalibence of hyperfine couplings
with nitrogen atoms in the sample of crystal vioteadiated on paper, the similar line
shapes of crystal violet irradiated on paper andirdyed irradiated paper and the
inconsistency of the line shapes of [GV]and crystal violet irradiated on paper,
suggested the presence of radicals of cellulofeerahan of the radical dication
[CV]?* on irradiated dyed paper. The small differencevbeh the EPR spectra of CV
irradiated on paper and of irradiated undyed péiogure 49, right) might be due to the
formation of various cellulose radicals in diffet@oncentration ratio in the presence or

absence of CV. Therefore it can be hypothesizetl @haacts as a sensitizer for the
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formation of radicals of cellulose, thus playingade in the degradation of paper. A
possible mechanism for the sensitization might ivedhe reaction between a photo-
excited state of CV and molecular oxygen to give ithdical dication of CV and the
superoxide anion £. The latter would then remove an hydrogen atormfoellulose,
yielding OOH and a radical of cellulose. As an alternative, pheto-excited triplet
state®CV* might produce singlet oxygelD, which in turn would react with cellulose
giving peroxides (and hence radicals). Consequeintlhe presence of CV, radicals of
cellulose would be obtained also during irradiatiwith visible light (which is not
absorbed by undyed cellulose), and hence the sngieffect of the dye. Indeed, the
formation of 'O, and of the superoxide anion,Ohas already been detected on
irradiated paper dyed with triarylmethane dyes #Bx& et al.].

Given the results of chapter three, where the stowponent of the transverse
relaxation time of protons of paperx(d was demonstrated to be a marker of the state
of conservation of this material, | decided to stwdth NMR-MOUSE the effect of
Crystal Violet on the photo-induced aging of papks. this purpose, two samples of
cellulose paper, one dyed with Crystal Violet ane other left undyed, were aged with
a Xenotest exposure device. Successively, the veass relaxation times of both of
them were measured, but no significant differermddcbe noted. It is possible that the
sensitizing effect of Crystal Violet (revealed Ihetpresence of an higher than normal
amount of radicals) is not strong enough to havsigmificant effect on nuclear

relaxation times.

4.c) Two samples of cellulose paper dyed with alysiolet were exposed to UV,
either in the presence or in the absence of maeaxygen (@). The same was done
for two samples of undyed cellulose paper. Intarght, even in the absence of oxygen
a discoloration of dyed paper, from deep purplédioter purple, was observed. In the
presence of oxygen, though, the color change wggehi Consequently, it was possible
to infer that CV undergoes photo-degradation reastialso in the absence of oxygen.
This information is of particular interest for cemgators, if considered that anoxic
protection is one of the conservation methods einsnuseums.

A comparison of the EPR spectra of cellulose papén dyed with CV and undyed,
in the presence or absence of oxygen and beforaféerdexposure to UV-Vis radiation

is shown in figure 57.
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Figure 57: EPR spectra of both undyed and dyedlosk paper, in the presence or absence of
oxygen and before and after exposure to UV.

Before exposure to UV, no EPR signal was visibleépt for a very weak signal for
the sealed quartz tubes due to sealing procest)e labsence of oxygen, after exposure
to UV-Vis radiation the EPR signal obtained for tiheed sample was higher than the
signal of undyed cellulose paper. The hypothesas @V acts as a sensitizer for the
formation of cellulose radicals might thereforedhtiue also in the absence of oxygen.
Triarylmethane dyes have been reported to act &izoyg agents under anaerobic
conditions, where the reaction may involve either eélectron or hydrogen atom
abstraction by the dye [Duxbury]. Moreover, it wdasmonstrated that photo-excited
triaryimethane dyes can abstract hydrogen atonm fthanol giving ethoxy radicals
[Brezova et al.]. It is therefore possible to hypsize that CV irradiated on paper may
abstract hydrogen atoms from the substrate, thumggicellulose radicals. As an
alternative, Feichtmayr and Schlag suggested tluaieastep electron transfer from the
counterion X to the photo-excited dye cation *nay yield the radical species *Bnd

X" [Duxbury]. In solid substrates, the proximity besm the dye cation and the
counterion would promote this mechanism. The raslitamed would subsequently
react with the paper substrate to give radicalsetifilose. To summarize, also in anoxic
conditions CV would be able to produce radical@fulose during irradiation with
visible light (which is not absorbed by undyed wkelte), and hence the sensitizing

effect of the dye.
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It is worth noting that in the absence of oxygehigher amount of radicals was
detected both for dyed and undyed paper, but thés chot necessarily mean that the
amount of radicals formed (and the degradationnéxteas higher. Simply, in the
presence of oxygen, radicals are quickly scavenfjetbed, the color change of the
sample of crystal violet on paper was smaller i@ #dibsence than in the presence of

oxygen as it was possible to see also to the neked

5) Preliminary study of the color change of variousolorants aged on paper.

According to historical sources, other recipes garple inks were in use besides
those based on methyl violet. The oldest recipesisted in mixing a blue and a red
pigment or dye, e.g. indigo and cochineal (Mitcheitl Hepworth, 1904, p. 114). Other
recipes suggested to react logwood and copper(€l. Cooley's Cyclopaedia of
Practical Receipts, 1856) or (to get a purplistchkldogwood and chromium (V4.
There is evidence for the use of both chromium emwgper logwood in some of Van
Gogh works.
Therefore it was decided to carry out photo- amarttal- aging tests of some colorants
(on paper) that might have been used in purple idgsior letters, as an alternative to
methyl violet or in mixture with it. The color chg@ of the samples was studied with
the aim of assessing if any purple ink would undeaghange in hue upon aging rather
than simply fade to a lighter and less saturatddrc@he colorants chosen were the
following: indigo, indigo carmine, cochineal carmin(ink), copper logwood
(synthesized according to two routes) and chromiogmvood. Chemical structures of
indigo (a pigment) and indigo carmine (a dye) aheven in figure 58A and B.
Cochineal carmine consists of complexes of carmanid (figure 58C) with Fe(lIl) and
Al(1ll) whereas the color of logwood inks is duedomplexes of hematein (figure 58D)
with metal cations such as Cr(VI) and Cu(ll) [Kapudt al.] [Centeno et al.].

Pictures of the samples both before (A) and afternally-induced (B) and photo-
induced (C) aging are shown in table 9. Reflectapsetra for all samples are shown in

figures 59 and 60 and colorimetric L*a*b* valueg @nlisted in table 10.

" Birgit Reissland, private communication.
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Figure 58: molecular structures of indigo (A), igadlicarmine (B), carminic acid (C) and
hematein (D).

Pictures before (A) and _after s thermeiyirebioed
Colorants| thermally-induced (B) and photo-Colorants B d oh y- d '
induced (C) aging (B) and photo-induce
(C) aging
C
copper
indi logwood
ndigo (synthetic
route 1)
copper
indigo logwood
carmine (synthetic
route 2)
cochineal _
i chromium
carmine ol
ink g
Table 9
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Figure 59: reflectance spectra of samples of pdped with different colorants, before aging
(thick solid line) and after exposure to UV-Vigliation (dotted line) or thermal aging (thin
solid line).
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Figure 60: reflectance spectra of samples of pdped with different colorants, before aging
(thick solid line) and after exposure to UV-Vigliation (dotted line) or thermal aging (thin
solid line).
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Colorants Before agin Aiter photo-induced After thermal agin
ging aging ging
*— %= 1 7
L*= 4;;?’_3; L7 L*=51,7; a*=-3,4; b*=-2,8 | L*= 45,3; a*=-3,3; b*=-4,3
indigo hue-angle=-99 8° hue-angle= -141,1° hue-angle= -127,4°
chr0|9na=9 8, chroma=4,4 chroma=5,4
L*=83,4; a*=-11,6; . Ak () R = L*= 86,3; a*=-10,4;
carmine hue-angle= -127,0° chrogna:3 4’ hue-angle= -146,0°
chroma=19,3 s chroma=12,6
L*=28,6; a*=34,7; . ke ke L*=32,3; a*=36,2;
cochineal b*=19,9 L ‘3%%_2”‘3'3;25 7‘016’7 b*=18,1
carmine hue-angle=29,8 ° chron?a—_éll = hue-angle= 26,6°
chroma=40,0 T chroma=40,5
*— — .
copper L*= 5%’*5_’0614_ 445 L*=54,1; a*= 2,8; b*=3,4 | L*=52,4; a*=6,2; b*=4,7
logwood hue-angg_le;l75 g0 hue-angle= 50,6° hue-angle= 37,5°
(SO chroma=4.4. chroma=4,4 chroma=7,8
*— Cak—_ . *— © k= _ .
copper UES2AaTRA | L=30,0, a4 =00 | T3R5 A0
Iogwo_od hue-angle=-112,2° hugr-]?g?nlzfggﬂ hue-angle=91,9°
(AcO) chroma=14,3 s chroma=4,7
; L*=63,4; a*=5,1; b*=8,9| L*=71,1; a*=2,5; b*=5,4 L*=67,2; a*=5,4; b*=9,5
Cihromlu(;n hue-angle=60,3 ° hue-angle= 64,9° hue-angle=60,5 °
O0gwoo chroma=10,3 chroma=6,0 chroma=10,9
Table 10

As for cochineal carmine ink, at the naked eye istblke color change was detectable
either after thermal- or photo-aging. Accordinghe reflectance spectra of this dye did
not show significant changes in the visible ranijer aaging tests (figure 59, left).

As for indigo, only a little discoloration was olpged after thermal aging whereas,
after photo-induced aging, lighter spots unevenstrithuted over the surface of the
sample appeared. Indigo carmine slightly discoloaéi@r thermal aging whereas it
discolored almost entirely after photo-induced ggias it ca be easily seen from the
reflectance spectra in figure 60 (top left). Instmggly, in a previous work by other
authors [Sousa et al.], indigo carmine irradia@b(nm and 610 nm) in the presence of
oxygen showed a high lightfastness, both in aquesmlation (quantum yield of
reaction=9x18 or lower) and in aqueous gels (quantum yield a@icten=2x1C or
lower). In dimethylformamide, indigo carmine andligo irradiated (335 nm) in the
presence of oxygen showed similar quantum yieldseattion (3x1G and 8x1C
respectively). The strong discoloration observetha present work for indigo carmine
irradiated (UV-Vis) on paper is therefore of intgrand might be due to the interaction
with the cellulose substrate. As discussed in tfexipus work [Sousa et al.], oxygen

based radicals can attack the central double bénddgo and indigo carmine, thus
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degrading the dyes. It is possible to hypothesied txygen-based radicals formed
during irradiation of cellulose are responsible the strong discoloration of indigo
carmine observed in this work. As for indigo, sifiiceras not possible to obtain a very
well dispersed solution, the dye deposited on p#per probably a lower surface to
volume ratio than indigo carmine. For this reasba interaction with oxygen-based
radicals was likely lower than for indigo carminand hence the little effect of
irradiation on the colour of indigo on paper.

Copper logwood was produced in agueous solutionirgjafrom copper acetate or
copper sulphate, according to different historicatipes. Two different blue shades
were obtained starting from copper acetate or sphrhese two versions of copper-
logwood also showed different behaviour upon aitfi aging. After photo-induced
aging, copper logwood from copper acetate discdltoea slightly different blue color
whereas copper logwood from copper sulphate tupaglish-brown. Interestingly,
after thermal-aging copper logwood from copper @eetigain became of a slightly
different blue shade whereas copper logwood fromppeo sulphate turned brown.
Interestingly, both kinds of copper logwood shovegldrger change in spectral features
after thermal aging than photo-induced aging (g0, bottom), contrary to what
observed for the other colorants. A possible exgilan of this behaviour is that the
color change observed for copper logwood samples tifermal aging might be due to
a modification of the geometry of logwood complexeth Cu(ll) or a modification of
the kind of ligands involved rather than to a fragration of the colorant complex (e.qg.
the loss of water molecules at 100 °C might plagl@).

Finally, although the aqueous solution of chromiogwood showed purple shades,
on paper the color obtained was brown. After photliced aging the color of the dye
on paper became lighter, whereas thermal-agingedaasdiscoloration to a different
brown.

This preliminary study was designed with the aingaining qualitative information
on the colors obtainable from thermal and photoraidation of dyes that might have
been used for the purple ink on van Gogh drawings latters. The results of these
preliminary analyses will be used for shedding tligin the origin of the brown
discoloration occurred on the Montmajour drawingr Ehis reason, contrary to what
was done for samples of paper dyed with CV, in ttase the concentrations of the
solutions of colorants used to dye paper were oaotrolled (in some cases they were

unknown).
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6) HPLC-PDA analysis of the purple ink from ‘Montmajour’

Both the paper and the traces of purple ink of drewing entitled Montmajour
(1888, Vincent Van Gogh) were analyzed.

The analysis of the papérrevealed the presence of short softwood fibets ram
lignin. On one side of the sample, starch was itledt probably it belonged to the
adhesive that was used to hinge the drawing wipardase paper.

As for the dye, the result of HPLC-PDA analysisaadyed fiber of paper taken from
a purple area of the Montmajour drawing is showfigare 61. The chromatogram of a
reference sample of cellulose paper dyed with alygblet and exposed to prolonged
UV radiation is also shown for comparison. Sigrafdy, the peak positions were
clearly reproducible for the historical sample ahd model sample (except for the
retention times in the range from 21.5 to 25 misytghere some extra peaks were
present in the historical sample) giving evidentéhe reliability of the model samples
used. In particular, a comparison between the ghsar spectra of the peaks of the
Montmajour sample and of the reference sample lesde¢he presence of crystal violet
(peak 1%, mono- (peak 2), bi- (peak 3), tri- (peaks 4 &dtetra- (peak 6), penta-
(peak 10) demethylated crystal violet and paranisan(peak 12). Such a mixture can
be explained either as the result of Crystal videgradation on paper or as the result of
the use of an ink containing (some of) the mentloages. Only in the range from 17 to
18 minutes, although there were still a very gograducibility of peak positions, there
was no correspondence as for the absorption speétthe historical and model
samples.

A for the extra peaks in the range from 22 to 2Butes, visible in the chromatogram
of the Montmajour sample, they have never beenrebdein aged samples of pure
crystal violet. Nevertheless, their absorption s@ewere very similar to the spectra of
crystal violet or of its demethylated derivativé$ierefore, it can be concluded that the
extra peaks were likely due to triarylmethane dyesent from the beginning in the ink
used by Van Gogh. Significantly, HPLC-PDA analysig 0 historical (from the middle
of the XX century) methyl violet samples (from tl&N dye collection) revealed in at
least 7 cases the presence of chromatographic peakgention times higher than that

of crystal violet. Interestingly enough, some ofgb peaks had similar retention times

12 Analysis performed by personnel[0] of the Van Gégiliseum (unpublished result).

¥ HPLC numbering system is used here.
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as some of the extra peaks detected in the Montmaample. At this point, a
comparison between the absorption spectra of thehing peaks was carried out and
for at least 4 dyes of the ICN collection the matghwith the Montmajour sample was
satisfactory. The dyes were the following: MethybMt 2B Farbenfabriken Fr. Bayer
& Co (6320), Methyl Violet 3B Farbenfabriken Fr. gt & Co Elberfeld (7065),
Methyl Violet 2B 200 imperial chemical industriesnited, hexagonhouse, blackley,
Manchester (7081) and Methyl Violet PV imperial cheal industries limited,
hexagonhouse, blackley, Manchester (6559). Theaedaks, for which a matching of
the absorption spectra was found, are those labakeA, B, C and D in figure 61

(right).

A extra peaks,
CV extracted from Montmajour
paper after 342h UV

B
’__/\/\/\/\/\/\\j\J 3 Cp
. Slal )2
Montmajour
1 \1
12 L

|
14 15 16 17 18 19 20 21 22 23 24 25 22 23 24 25 26 27
RT/min RT/min

Figure 61: comparison between the chromatograms afample of purple ink from the
Montmajour drawing (bottom, left) and of a modehgde of CV on cellulose paper after
exposure to UV (top, left). Enlargement of the axieaks detected for the Montmajour sample

(right).

In figure 62, a comparison between the chromatogoarthe Montmajour sample
and of Methyl Violet 3B (7065) is showh As it can be seen from figure 62 (right), in
the sample of dye from the ICN collection four peékarked with arrows) at retention

times similar to those of peaks A, B, C and D waesent.

* The intensity of the chromatogram of methyl vid8t was rescaled to make the comparison
easier.
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methyl violet 3B (7065)
ICN collection

methyl violet 3B (7065)
ICN collection

Montmajour
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Figure 62: comparison between the chromatogranteseoMontmajour sample and of Methyl
Violet 3B (left). Only the range of retention timegher that that of CV is shown (i.e. the range
where extra peaks were detected). Enlargement sigotkie correspondence of some of the
extra peaks of the historical and model samplgéti

In figure 63, a comparison between the absorpt@ttsa of the peaks at issue is shown
and it can be seen that the matching between #arap especially for peaks A, B and

D, is very good.
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Figure 63: comparison between the absorption speétsome of the extra peaks (A, B, C and
D) in the Montmajour sample (dotted line) and ia thodel sample (solid line).

Although the absorption spectra at issue are vienjlas also to the spectra of Crystal

Violet and its demethylation products, there wasnmatching as for retention times;
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however, this similarity suggested that the exteals are due to dyes of the
triarylmethane class. Ethyl violet has been takéo consideration as a possible species
responsible for these extra peaks, but the residlisM-MS analysis ruled out this
hypothesis.

To conclude, it is possible that the extra peaksdbin the Montmajour drawing are
due to unknown dyes already present in the metiojetvmixture used to prepare the
ink, rather than to degradation products of Crysialet.

The fact that methyl violet mixtures (at least fréfarbenfabriken Fr. Bayer & Co
and from imperial chemical industries limited, hgaahouse, blackley, Manchester)
did contain some other minor components besidestairyiolet and its demethylated
derivatives, is an important piece of informatitiattwas obtained from the analysis of
the dyes from the ICN collection. Another importarformation is that two samples of
the same kind of product (Methyl Violet 3B) frometsame brand (Farbenfabriken Fr.
Bayer & Co Elberfeld) did have in fact slightly féifent formulations. The
chromatograms of the two samples are shown indigdr, where it can be seen that the
extra peaks (at values of retention time highet #2aminutes) that were observed for
the sample number 7065, were not present in thelsamumber 4051. This is to
underline the existing uncertainty about dye (arg recipes, also when the trade name
and brand of a product are known.

Cv

extra peaks

C_
\

#7065

o
V_J\J/\\J # 4051

RT/minutes

Figure 64: chromatograms of two samples (humbeb &bl 4051 according to the ICN
collection) of Methyl Violet 3B from the same braffehrbenfabriken Fr. Bayer & Co
Elberfeld).
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As for the brown discoloration of the ink occurm@athe Montmajour drawing, three
main reasons can be invoked. First of all, the usked might have contained some
dye(s) that turned brown upon aging. In turn, agmight be due to many reasons,
among others exposure to light, pollutants, humidit heat. Secondly, the ink might
have contained additives responsible for the dwetibn. Finally, there might have
been present some impurities in paper (such aslfe(ble to react with the ink and
yield colored products. To complicate the scenatigs also possible that interactions
between two or more components took place, leadinghe brown color visible
nowadays.

As it has already been said previously, the anglgMontmajour samples revealed
also the presence of dyes other than crystal vihet its demethylated derivatives.
Nevertheless, they are likely to be of the triamthane class and, so far, none of the
triaryimethane dyes studied in this work (crystalet, pararosaniline and diamond
green) turned brown upon light exposure on paper.

Moreover, the presence of Fe(lll) was detected MERF whereas no copper or
chromium were found on the Montmajour drawing. Asbasequence, the brown color
could not have been caused by chromium logwoodcapder logwood.

Based on the model samples studied in this worls, fossible to hypothesize that
the brown discoloration is due to the presencedditeves. Indeed, model samples of
ink (made of methyl violet according to a recipell®hner) on cellulose paper looked
similar to the color of the Montmajour drawing aftbey were exposed to UV-Vis
radiation or sun light (figure 40). This was esp#yitrue for the (more yellowed)
sample of paper enriched with additional Fe(llf).should be underlined that the
brownish-grey color of the sample enriched withlFe(night also be ascribed to the
superimposition of two colored layers; that is, tileish-grey color of the faded ink
(observed on the sample with no additional ironylmhiook brownish if superimposed
to a yellowish background (the yellowed paper comg additional Fe(lll)).

Nevertheless, it should be underlined that no mfdron about the original ink
recipe is available and consequently the ink use®/dn Gogh might have contained
different additives from the ones in the recongedank.

Finally, given the effect of N©on crystal violet, it can not be excluded that the
discoloration of the Montmajour drawing was als@ da exposure to environmental

pollutants.
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7) FORS analysis of letters written with purple ink

Three letters (private collection, Birgit Reisslasthowing purple or bluish writings
or stamps were analyzed with FORS. In order togdbe analysis on such small dyed
areas as ink strokes, a direct reflectance probe wead instead of the integrating
sphere. The first one was a letter from the Dutdhidtty of Foreign Affairs dating
back to the 1889 and showing bluish purple writingd stamp whereas the second and
third ones were personal letters from the 1871t{gmriin purple) and (possibly) from
the 1875 (written in purplish blue) respectively.

Letter one was analyzed both on the purple stammgBng denoted PS) and on a
light purple area of the writings (sampling denotd\V). Letter two and three were
analyzed once, on the purple writings (samplingotlesh PW) and the purplish blue
writings (sampling denoted PBW) respectively. Teflectance spectra obtained are
shown in figures 65 and 66, together with the rtflace spectrum of a model sample of
cotton linters paper written with Crystal Violethd reflectance spectrum of an undyed
area of the paper of each letter (or the model 8nnas subtracted as blank.

As for letter one and two, the ink used for writislgowed reflectance spectra (LPW
and PW) very similar to the one of the model sangpl€rystal Violet (CV). As for the
purple stamp (PS) on letter one, the intensityhef reflectance spectrum obtained was
very low, since the ink layer was very pale. Nelveless, it suggested the presence of
purple dyes of the triarylmethane class.

HPLC-PDA analys€s confirmed the presence of Methyl Violet both ire timk of
the stamp and of the writings of letter one. As l&dter two, the concentration of the
sample analyzed with HPLC-PDA was very low and é&thlio obtain a very noisy
spectrum which was, however, consistent with Methglet.

As for letter three, the reflectance spectrum wasas similar to the one of the
reference as in the cases just described. The widthe spectrum is much larger than
the model one and the maximum of reflectance ig Bhifted, in agreement with the
bluish color of the writings. It is worth notingat particularly large spectral widths
were also observed for samples of paper dyed wittigh concentration of Crystal
Violet. It is therefore possible that in this cdbe ink manufacturer used a mixture of
concentrate Methyl Violet or Crystal Violet withhar blue dyes, with the aim of

obtaining a deep blue hue. HPLC-PDA analysis recktthe presence of species with

15> performed at the ICN by Art Néss Proafio Gaibor.
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absorption spectra consistent with Methyl Violebw¢ver, one should bear in mind
that triarylmethane dyes with structures very samilo Methyl Violet (such as for
example Ethyl Violet, a bluer dye than Crystal \éiplhaving six ethyl groups instead of

methyl groups) have absorption spectra very sinma&@rystal Violet.

purple stamp — purple 14 april 1871, probe on the 1 of the year
—— light purple writing, (first word) ) s CV written on model linters paper
-------- CV written on model linters paper
1004
3
Q 80
S
s
Q
% 60 ‘- :
X i LPW |
40+
letter1 " CV 1 letter 2
20 T T T T T T T T T T 1 20 r T T T T T T T T T T 1
400 500 600 700 800 900 400 500 600 700 800 900
nm nm

Figure 65: reflectance spectra of purple writing8\(V and PW) and a purple stamp (PS) on two
letters from the XIX century and of a reference glenof cellulose paper dyed with CV (dotted
line labelled CV).
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Figure 66: reflectance spectra of purplish bludings (PBW) on a letter (possibly) from the
XIX century and of a reference sample of cellulpaper dyed with CV (CV).

From the historical samples analyzed in the presenk, it is possible to conclude

that the use of methyl violet inks was common, ot mery diffused, during the last
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decades of the XIX century. The issue of the pmitastness of triarylmethane dyes is
therefore very pressing and would deserve fulinéitte on the part of conservators and

conservation scientists.
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CONCLUSION

The photoinduced degradation of Crystal Violet wtaglied both in aqueous solution
and on paper via HPLC-PDA, LC-MS and FORS.

As for the dye in solution, during UV irradiatiohet sample showed a color shift
form purple to reddish. HPLC-PDA combined with LCSMenabled to detect the
degradation products formed: the photo-fading ofs@l Violet was demonstrated to be
due to demethylation reactions (leading to colgrextiucts) and oxidation at the central
carbon atom giving rise to colorless (or imperdapgtcolored) aromatic ketones (such
as Michler’s ketone or its demethylated derivatjvésseries of demethylation products
from Crystal Violet (hexamethylated pararosaniling pararosaniline (fully-
demethylated Crystal Violet) were detected in casttiwith [Duxbury], where it was
reported that one methyl group per nitrogen atormast would be removed during
degradation. There was no evidence for deaminagantions. Moreover, a group of
absorption spectra different from the ones of Giydfiolet or its demethylated
derivatives, were detected. The hypothesis was ntlaalethey are due to N-oxide
derivatives of Crystal Violet.

It was also demonstrated that, in the presence ighlsl’'s ketone, the rate of
consumption of Crystal Violet on paper exposed Yoi& higher. Michler’s ketone was
also consumed during the reaction.

As for Crystal Violet on paper, contrary to whasebved in solution, the color of the
dye turned from deep purple (before irradiationptigh light blue to almost invisible.
Nevertheless, with the experimental conditions éelbpdegradation products detected
for CV on Whatman paper were the same as for C\oimtion. Moreover, FORS
enabled to express in term of colorimetric L*a*bélwes the color change of CV on
paper and to detect the change in concentrationmaadgregation type for CV during
irradiation. The complete fading of the ink obsehwn a Menu drawn and written by
Van Gogh when he was in Paris in 1886 was thereépeduced.

In an attempt to study more realistic samples tkiématman paper, also other
substrates (cotton linters paper, lignin paper andting paper) were taken into
consideration and the degradation of crystal vislas demonstrated to produce the
same degradation products (although at differelesyaas on Whatman paper. Only one
minor difference was observed for printing papenm: tbis substrate, Crystal Violet
formed an unknown compound that had not been obddor the other kinds of paper.

Moreover, an initial retardant effect of lignin dne rate of consumption of Crystal
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Violet was observed: the hypothesis was proposat ttie reactions that lead to the
yellowing of lignin compete with Crystal Violet fahe UV radiation, thus (initially)
slowing down dye fading. Indeed, on a pre-yellowathple of lignin paper the effect of
lignin was not observed.

The color change of Crystal Violet on paper wa® atidied during micro-fading
tests with visible light alone and it was demortstlahat visible light is also involved
in the degradation of this dye. This information af fundamental importance for
planning, for example, an exhibition of the Van Goglrawings made with
triarylmethane dyes. The same tests were alsorrtinei presence and absence of such
an ink additive as gum arabic. In its absence,ctiler change on printing and lignin
paper was higher than on cellulose paper whereats ipresence the contrary was
observed. Although an explanation for this behavibas still to be found, this
observation is of interest in the field of conséiaa science since it demonstrates the
importance of studying more realistic samples whbaee interaction among different
components (e.g. paper substrates, ink additivar) lead to different results with
respect to (simplified) model samples. To this rdganultidisciplinary studies on
artist's working practice and on materials used idie very effective and could be of
much help for scientists.

Always in an attempt to study more realistic sammplen ink was reconstructed
according to a recipe described in [Lehner] anglisto-fading was studied on different
paper substrates and in the presence or absenaddiional Fe(lll). The choice of
studying the effect of Fe(lll) was due to the fdwat Fe(lll) is commonly present on
paper (it can be introduced with water or come frwork machinery) and it is also
known for catalyzing radical reactions, responsibde the degradation of paper.
Interestingly, the color of ink strokes on cellidgsaper after exposure both to UV-Vis
radiation and natural sun light was bluish-greypmwnish-grey in the absence or in the
presence of additional iron respectively. This kioiddiscoloration had never been
observed on the samples of paper dyed with purgalryiolet described so far. Again,
this observation underlines the importance of saglyeal museum objects, in order to
reproduce targeted model samples. In this regardvould be necessary to boost
accessibility to museum collections so that scasitcan analyze real objects in their

real environment.
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As for Fe(lll), its presence on undyed paper wasoasted to the formation of
yellow stains whose ATR-IR spectra shown an higihan normal concentration of
carbonyl groups.

Samples of both pure crystal violet and of ink capgr were also exposed to
common gaseous pollutants such as, O0;. The effect of N@ on the color of the
samples was much more drastic than that gf tBe latter did only cause a slight
lighting of the color of dyed cotton linters sangplehereas the former was responsible
for a significant fading of pure Crystal Violet ocotton linters paper, for the
discoloration to dark blue of the pure dye on Ilgpaper and protein sized paper and
for a severe darkening of the ink on paper. A [a®red nitrosoamine was identified
on dyed cotton linters paper.

EPR studies on samples of crystal violet on papth In the presence and in the
absence of oxygen demonstrated that crystal vattengly enhances the formation of
radicals upon irradiation with UV. A comparison Ween the EPR spectra of these
samples and of the radical cation of crystal vigéetd related dyes such as diamond
green and pararosaniline) suggested the formafioadicals of cellulose rather than of
crystal violet, during irradiation of dyed sample$ paper. Crystal violet would
therefore acts as a sensitizer for the formatioradicals of cellulose during irradiation.
This effect was observed both in the presenceratitki absence of oxygen.

Moreover, it was demonstrated that the degradatiamystal violet on paper occurs
also in the absence of oxygen, although in thige tlas color change was smaller than in
the presence of oxygen. This finding is of parécuhterest if considered that anoxic
protection is in use in museums.

In addition to the research on the fading of ciygtalet, a preliminary study of the
color change of other dyes and pigments used fdinggurple inks (indigo, indigo
carmine, cochineal carmine ink, copper logwood ememium logwood) was carried
out. The most noteworthy examples of discolorati@ne observed for indigo carmine
and copper logwood (synthesized from copper sug)hatterestingly, the former was
fugitive to UV-Vis radiation on cellulose, contraty what is observed in aqueous
solution [Sousa et al.]. The latter, turned putplisown or brown after photo-induced
or thermal aging respectively.

Finally, in this work the analyses of three histatiletters from the XIX century and
of the drawing by Van Gogh (Arles, 1888) entitlecbmajour, are presented. The
presence of methyl violet was revealed both indreving and on at least two of the
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letters, thus confirming the diffusion of this mix¢ of dyes as an ink component during
the last decades of the XIX century.

As for the Montmajour drawing, the causes of thealr discoloration of the original
purple ink were investigated. First of all, the qmsition of the traces of purple ink
protected under the frame was studied: Methyl \jglessibly Fuchsine and other still
unknown triarylmethane dyes were detected. On ¢inérary, the presence of copper or
chromium logwood inks was excluded. Secondly, tbmmosition of the paper was
taken into account: it appeared to be softwood papetaining Fe(lll) but no lignin.

Currently, the proposed hypothesis is that the browlor is due to two concomitant
effects: the discoloration of the ink to a neuttalor (possibly bluish grey) and the
yellowing of the paper substrate. The superimpmsitf these two colors would result
in a brown color. The participation of gaseous ygalhts in the degradation occurred
can not be excluded with certainty, though.

To conclude, the knowledge of the kind of produoisned during ink fading and
their concentration ratios may give interestingpiniation about the original dye used
for preparing the ink and consequently about thigiraal color for example of a
drawing. Nonetheless, it is important to bear imanthat Crystal Violet was often
produced (and used) in a mixture with variously d#hlated derivatives and,
consequently, a better knowledge of historicalpesiwould be required in order not to
misinterpret the results of compositional analysieRistorical inks. Moreover, it would
be fundamental to have better insight into theo$f@f natural aging processes, since
accelerated aging tests often produce ‘unnaturdéces. To do so, it would be
necessary to monitor artworks during exhibitionsl @torage over years, in order to

study the behavior of real objects in their realiemnment.
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