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RESUME EN FRANCAIS/ FRENCH SUMMARY  «'>

Nous sommes entourés d'une abondante diversité de couleurs lorsque nous regardons les
objets autour de nous. Ce foisonnement de couleurs, que nous contemplons aujourd’hui
et que nous prenons parfois pour acquis, n’a rien d’anodin. Ces centaines de teintes sont
le fruit d'un long processus d'expérimentation, de découvertes progressives de plusieurs
civilisations, et parfois méme d'accidents, avant de devenir les couleurs que nous
connaissons aujourd'hui. Des chercheurs ont identifié les premiers pigments, créés il y a
40 000 ans. A cette époque, on combinait des éléments qu'on trouvait dans son
environnement proche, comme de la terre, de la graisse animale, du charbon de bois briilé
ou de la craie, pour créer les pigments désirés. Cela a permis de créer une palette de
couleurs de base. Celle-ci n’était constituée que de cinq couleurs principales : le rouge, le
noir, le brun, le jaune et le blanc. Depuis ces premiéres tentatives empiriques, 'histoire de
la quéte de la couleur et des pigments s’est enrichie de découvertes continues. D’époque
en époque, d'une civilisation a la suivante, les savoir-faire acquis se sont transmis,
perfectionnés et diversifiés, bien au-dela du simple mélange brut initial. Ainsi, les
techniques de fabrication des colorants, des pigments et leurs utilisations sont le fruit de
connaissances complexes. Elles font partie de I'héritage culturel humain. Chaque couleur
porte en elle les traces d'une époque, d’'une invention, d'un symbole ou méme d’un
territoire. Dans le domaine du patrimoine culturel, les couleurs sont des témoins
silencieux d'une civilisation. Ainsi, savoir les identifier et les décoder permet de remonter
a I'histoire de 'ceuvre, aux messages de l'auteur, aux savoir-faire, et méme aux routes
commerciales. Cela permet parfois aussi de dater une ceuvre, d’authentifier mais aussi
surtout d’aider a sa restauration et a sa conservation.

Pour voir la couleur, nous avons besoin de lumiere. Lorsque celle-ci atteint un objet, une
partie est absorbée tandis qu'une autre est réfléchie. Notre ceil n’est capable de percevoir
que celles réfléchies.

L’un des premiers a avoir découvert un lien entre la lumiere et la couleur est Isaac
Newton. Il a publié un premier article en 1672 sur la découverte que la lumiere blanche
est composée de plusieurs couleurs et que les couleurs des objets sont déterminées par la
proportion et la nature de la lumiere réfléchie vers nos yeux. Cette découverte a amené
au 19¢me siecle a la formulation des théories des couleurs et aux cercles chromatiques tels
que nous les connaissons aujourd’hui. Ces bases théoriques ont ensuite permis de
représenter les couleurs de maniere plus structurée, a travers par exemple des systéemes
de coordonnées colorimétriques tels que le RGB, ou encore le CIELAB. Ce dernier est
utilisé dans cette these pour sa prise en compte de la sensibilité de I'ceil humain aux
différentes longueurs d’onde. La couleur peut aussi étre analysée via son spectre
d’absorbance, qui nous donne une empreinte spectrale de chaque colorant ou pigment et
permet donc de les identifier mais aussi de les quantifier. Ce spectre renseigne sur la
nature des colorants, les transitions électroniques, les longueurs d’onde absorbées ou
transmises, la concentration, les altérations éventuelles. L’étude du spectre d’absorbance
fait donc partie de I'approche méthodologique de cette these.

Malheureusement, la lumiere dégrade les molécules, en particulier organiques, et donc
leur couleur avec le temps. Ce phénomene est appelé la photodégradation. Cela entraine
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le ternissement, le changement ou méme la disparition des couleurs. Un des exemples
célebres de la photodégradation dans les peintures est le brunissement du jaune dans
« Sunflowers» de Vincent van Gogh, ou encore le violet de la chambre « Bedroom » qui
est devenu bleu. De méme, le rouge dans « Madame Léon Clapisson » de Pierre-Auguste
Renoir a complétement disparu.

C’est pourquoi ce sujet a mobilisé 'attention de chimistes, physiciens, restaurateurs et
industriels. A partir de 1888, les travaux pionniers de Russell et Abney comptent parmi
les premieres études a reporter les effets de la photodégradation dans les musées anglais,
suscitant un regain d’intérét parmi les scientifiques. Pour étudier ces processus et leurs
meécanismes de photodégradation, les scientifiques ont eu recours a plusieurs techniques.
On peut les classer en deux catégories principales: les techniques invasives (avec
préléevement d’'un échantillon) et non invasives (sans extraction d’échantillon). Ces
derniéres sont privilégiées dans le domaine du patrimoine pour leur caractére non
destructif ou faiblement destructif, un critére important pour la préservation des biens
irremplacables, historiques et culturels. Parmi elles, la spectroscopie, qui regroupe
I'ensemble des méthodes d’analyse basées sur l'interaction entre la matieére et les
rayonnements électromagnétiques, occupe une place centrale. En analysant la facon dont
un objet absorbe, réfléchit ou transmet la lumiere a différentes longueurs d’onde, il est
possible d’en déduire sa composition chimique et les dégradations éventuelles. Grace a
toutes ces approches, il a été découvert que lorsque les colorants absorbent des photons,
cela peut conduire a des réactions photophysiques et/ou photochimiques au sein de la
molécule colorée, pouvant entrainer des changements ou ruptures de liaisons chimiques.
Ce phénomene touche a la fois des molécules inorganiques et organiques et un large
éventail de domaines tels que la cosmétique, la pharmaceutique, 'agroalimentaire ou
encore les matériaux polymeres. L'étude des mécanismes de photodégradation et la
compréhension de l'influence de divers facteurs ont permis d’élaborer des stratégies
d’exposition des objets historiques plus siires et mieux controlées. De plus, cela permet
d’informer tant les historiens que le grand public sur 'apparence originale des ceuvres
d’art, ce qui est important pour saisir I'intention de l'artiste.

La compréhension des mécanismes précis des processus de photodégradation reste
encore incompléte jusqu’a aujourd’hui. Comment se dégradent les colorants ? Par quels
mécanismes et comment les prévenir de facon durable ?

Ce probleme revét un intérét particulier aujourd’hui, ou les enjeux écologiques sont
devenus primordiaux. Malgré des technologies de pointe disponibles, la compréhension
fine de ces mécanismes demeure complexe et fastidieuse. Sur le plan théorique, le
principal obstacle réside dans les approximations inhérentes aux calculs, qui deviennent
d’autant plus problématiques que le systéme étudié est de grande taille.

(C’est dans ce contexte que s’inscrit cette these, qui vise a étudier la photodégradation des
colorants issus de la garance (Rubia tinctorum L.), une plante riche en histoire et connue
pour ses colorants dans la gamme rouge. Cette these a été effectuée au LAMS (Laboratoire
d’Archéologie Moléculaire et Structurale), basé a Sorbonne Université, Paris. Le LAMS est
spécialisé dans l'analyse scientifique des matériaux du patrimoine, en particulier les
analyses moléculaires et structurales. Les sujets sont au croisement de la chimie, de la
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physique et de l'histoire de I'art pour étudier la composition, la dégradation et la
préservation des ceuvres d’art et archéologiques.

Anthraquinone

O OH
Co
]

Alizarine

b OTTEPREN
Racinesde Garance
utilisées pour ses colorants

»

Garance des teinturiers,
Photo prise au Jardin des plantes, Paris

Figure 1. (A gauche) Photo de la garance des teinturiers (Rubia tinctorum L.). (A droite)
Structure moléculaire de I'anthraquinone et de l'alizarine, un des principaux composants de la
garance.

La garance (Figure 1) est une plante tinctoriale utilisée tres tot depuis I’Antiquité pour
produire une large gamme de rouges allant du rose pale au rouge profond. Les textes
anciens témoignent de son utilisation dans les textiles, tapis, uniformes militaires,
manuscrits et objets décoratifs. Les recettes écrites sont rares car parfois jalousement
gardées secréetes pour leur valeur commerciale. Les principaux colorants extraits de la
racine sont des anthraquinones naturelles, parmi lesquels I'alizarine et la purpurine. Ces
molécules sont responsables des propriétés colorantes de la garance. Leur structure
chimique complexe, riche en doubles liaisons conjuguées, favorise 1'absorption dans le
visible, mais les rend également vulnérables a la photodégradation, phénomeéne au cceur
de cette étude. Présents dans de nombreuses ceuvres historiques, les colorants a base de
garance posent aujourd’hui des défis en matiére de conservation, en raison de leur
fugacité a la lumiere.

Les racines de garance renferment un mélange complexe d’une trentaine a une
soixantaine de colorants selon 'espece et I'age de la plante. Certaines de ses molécules
colorantes sont difficiles a identifier, sont instables, photosensibles, d’autres sont difficiles
a synthétiser ou non disponibles commercialement. Par conséquent, des références sont
manquantes pour leur identification dans les ceuvres d’art par spectroscopie. Cependant,
pour comprendre comment ces colorants se dégradent sous l'effet de la lumiere, il est
nécessaire de faire une identification précise des molécules présentes et construire une
base de données de leurs signatures spectroscopiques. Ceci est une des clefs pour mieux
comprendre leur mécanisme de photodégradation. En effet, chaque composé interagit
différemment avec la lumiere, et la présence simultanée de plusieurs substances peut
influencer leur comportement individuel.
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Ainsi, I'objectif de cette thése est double : d’'une part, développer des outils prédictifs de
couleur et de spectre, dont les résultats sont utiles pour la conservation du patrimoine, et
compléter la base de données manquante pour aider a l'identification de molécules ; et
d’autre part, comprendre les mécanismes de photodégradation des colorants issus de la
garance.

Pour atteindre les objectifs de la thése, en nous basant sur la chimie computationnelle,
nous avons choisi dans cette these de combiner a la fois une approche théorique et
expérimentale. Grace aux ressources de calcul haute performance et au développement
de la chimie quantique, il est désormais possible d’accéder aux propriétés chimiques de
molécules difficiles a obtenir expérimentalement. Cette approche est tres utilisée dans de
nombreux domaines, mais tres peu dans le domaine du patrimoine.

Nous avons commencé par chercher et optimiser un protocole computationnel adapté aux
colorants de la garance. En nous basant sur la littérature et les benchmarks, notamment
de Denis Jacquemin, Carlo Adamo et Ilaria Ciofini parmi de nombreux autres, nous avons
trouvé que les méthodes basées sur la Théorie de la Fonctionnelle de la Densité (DFT en
anglais) et son analogue dépendant du temps (TD-DFT) conviennent a notre systéme : les
anthraquinones. Etant donné la complexité et I'hétérogénéité des mélanges de pigments
présents dans les ceuvres, nous avons choisi une modélisation en solution. Ce choix
permet de simplifier le systéme, en étudiant la photodégradation du colorant seul dans
un solvant, tout en assurant un meilleur controle des parametres expérimentaux tels que
le pH, la concentration, la température ou la présence d’oxygéne. Il facilite également
I'analyse par des techniques telles que la spectroscopie UV-VIS, la Résonance
Paramagnétique Electronique (RPE) ou la Chromatographie Liquide Haute Performance
couplée a I'UV et au spectre de masse (HPLC-UV-MS). Ce modele en solution permet une
étude de la photodégradation en milieu homogene.

Le protocole computationnel optimisé sert a prédire les spectres d’absorbance et les
coordonnées colorimétriques de I’alizarine, I'un des principaux colorants de la garance, et
de son analogue, l'alizarine red S plus soluble dans I’eau. Ce protocole a permis de prédire
rapidement et efficacement la couleur de I'alizarine a différents pH et en prenant en
compte l'effet du solvant. II comprend l’analyse des conformeres, et des formes
déprotonées pour chaque pH via un calcul de I'énergie moléculaire. L'effet du solvant (en
particulier 'eau) a été étudié a I'aide de différents modeles théoriques, afin d’évaluer son
influence sur les propriétés spectrales des colorants. Plusieurs approches ont été
considérées : un modele implicite, dans lequel le solvant est représenté comme un
continuum diélectrique, et plusieurs modeéles explicites, qui prennent en compte
plusieurs configurations de molécules d’eau interagissant directement avec la molécule
d’'intérét. Les résultats ont montré que le modele de solvant optimal dépend de la
structure de la molécule (protonée de couleur jaune a pH < 5.5, mono-déprotonée rouge
a 5.5 < pH < 10 et di-déprotonée violet a pH > 10) et de son interaction avec le solvant.
Si la molécule interagit moins avec l'eau, comme la forme protonée (pH acide) de
I'alizarine, un modeéle implicite suffit et permet un gain de temps de calcul. Pour les formes
déprotonées qui forment des liaisons d’hydrogeéne avec I'eau, le modele implicite couplé
a 3 molécules d’eau explicites/groupe hydroxy est optimal tout en gardant un temps de
calcul raisonnable. Le modeéle le plus précis, applicable sur une large gamme de pH, est un

13



modeéle hybride multi-échelle de type Quantum Mechanics Tight Binding QM/xTB avec
100 molécules d’eau explicites, couplé a une dynamique quantique, mais le temps de
calcul est long. En effet, a la fin de la dynamique, une centaine de snapshots ont été pris
pour calculer l'énergie verticale selon le schéma QM/xXTB en prenant l'alizarine et 3
molécules d’eau par -OH pour la partie QM et le reste des solvants avec XTB. Ces calculs
ont permis d’obtenir de bons accords avec les résultats expérimentaux. Un des
parametres importants dans la modélisation des spectres d’absorption concerne la prise
en compte des effets vibrationnels, qui déterminent en partie la forme du spectre. Ces
effets peuvent étre modélisés selon plusieurs approches. L’approche Vertical Gradient
(VG), plus rapide en termes de temps de calcul, repose uniquement sur les propriétés de
I’état fondamental telles que I'énergie, les dipdles de transition et le hessien. En revanche,
I'approche Adiabatic Hessian (AH) requiert le calcul de ces mémes propriétés a la fois
pour I'état fondamental et I'état excité. Bien qu’elle soit plus coliteuse en ressources
computationnelles, I'approche AH fournit des résultats plus proches des données
expérimentales. Une fois le spectre calculé, il peut ensuite étre converti en coordonnées
de couleur CIELAB, permettant une comparaison directe avec les couleurs expérimentales
afin de valider le protocole. L'approche AH s’est révélée plus proche des spectres
expérimentaux avec un écart de moins de 0,2 eV de la littérature. L’écart colorimétrique
AE2000 est inférieur a 13 pour l'alizarine (moins soluble dans I’eau) et un AE2000 < 8 pour
l'alizarine red S, indiquant une bonne concordance avec la couleur réelle. Ces résultats ont
permis de valider la robustesse du protocole computationnel, non seulement pour la
prédiction des spectres d’absorbance et des couleurs, mais également pour la
modélisation précise des déplacements chimiques en RMN 13C et 1H, pouvant contribuer
ainsi a l'identification structurale des pigments. Ceci a fait 'objet d'un premier article
publié intitulé “Rapid and complete prediction of alizarin in solution by combining
experimental data with computational methods.”

Par la suite, en nous appuyant sur ce protocole, nous avons pu constituer une base de
données regroupant les caractéristiques colorimétriques et les signatures
spectroscopiques de 31 colorants présents dans différentes especes de garance, a
différents pH. En effet, la garance se décline en plusieurs espéces, dont 6 principales :
Rubia peregrina L., Rubia tinctorum L, Rubia cordifolia L. Akane Nakai, Rubia sikkimensis
Kurz, Rubia yunnanensis Diels. Ces especes contiennent des molécules similaires, mais a
des proportions différentes. On en décompte une trentaine dans la littérature. Ills peuvent
étre sous forme glycosidique (avec un groupe glucose) ou sous leur forme aglycone (ou
le groupe de glucose est hydrolysé et remplacé par un groupe hydroxy). Le protocole
établi précédemment a été validé sur une dizaine de colorants accessibles dans la
littérature et un écart entre les valeurs calculées et expérimentales était toujours en
dessous de 0,2 eV, la barre d’erreur théorique dans la littérature. Ensuite, en nous basant
sur une liste de 31 colorants identifiés par Richard S. Blackburn et en utilisant le protocole
validé du premier article, nous avons établi une base de données incluant les spectres
d’absorbance, leurs Amax, la couleur, et cela dans les deux conditions les plus souvent
utilisées lors de I'extraction ou de l'utilisation de la garance : solution aqueuse acide et
neutre. Ce protocole a permis d’accéder a des informations qui sont difficiles a obtenir
expérimentalement pour certaines molécules comme la munjistine ou la
pseudopurpurine en raison de leur instabilité chimique, de la complexité de leur synthese
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ou de leur indisponibilité commerciale. Cette base de données a permis de mettre en
évidence les relations entre structure et couleur et spectres : I'effet du pH, l'effet de
hydrolyse glycosidique. A pH acide, les colorants de la garance sont majoritairement
jaunes ou transparents dans le visible. A pH neutre, certaines deviennent plus rougeatres.
L’hydrolyse glycosidique a un effet Iégerement bathochrome. Cela peut expliquer I'étape
de macération de la garance, qui permet aux enzymes présentes d’hydrolyser les
molécules pour les rendre plus rouges. Ces résultats ont fait 'objet d'un deuxiéme article
publié, intitulé « In-silico color prediction process for natural dyes in Madder ».

La garance étant en réalité un mélange complexe de plusieurs colorants, I'étape suivante
de notre projet a consisté a modéliser les propriétés de ce mélange. Nous avons ainsi
réussi a prédire les propriétés spectrales de combinaisons de colorants présents en
proportions variables dans un extrait de garance de 'espéce Rubia tinctorum L., 1a plus
répandue en France et la plus souvent utilisée en teinture et peinture. Ce travail a abouti
a la publication d'une troisieme communication intitulée « Progress in modeling complex
dye mixtures: a case study for cultural heritage ». Pour cela, nous avons fait une analyse
HPLC-UV-MS afin de déterminer les molécules présentes ainsi que leur proportion
relative. Nous avons ensuite appliqué le protocole précédemment établi afin de prédire
les spectres de chacune des molécules étudiées. Plusieurs approches ont été testées pour
prendre en compte les effets vibrationnels : AH (sans sucre), VG et AHAS (Adiabatic
Hessian After Step). Certaines molécules contenant un groupe glucosidique, comme la
lucidine primeveroside, ne permettaient pas une convergence satisfaisante avec
I'approche AH. Pour contourner ce probléme, nous avons substitué le groupe glucoside
par un groupement meéthoxy, car il n'intervient pas dans des transitions électroniques, ce
qui a permis d’assurer la convergence des calculs. Par ailleurs, les méthodes AHAS et VG
ont également été testées en conservant les groupes glucosidiques. Au terme de ces
comparaisons, les approches les plus performantes se sont révélées étre AH (sans sucre)
et AHAS, la premiere donnant les résultats les plus proches des données expérimentales
avec un écart AE2000 = 3,7, contre AE2000 = 4,5 pour AHAS et AE2000 = 10,4 pour VG. Cette
méthode ouvre la voie a de nouvelles perspectives prometteuses pour la prédiction des
couleurs et des spectres de mélanges moléculaires complexes. Sa capacité a prévoir avec
précision les spectres UV-VIS et les couleurs des colorants naturels en fait un outil
particulierement précieux, notamment dans le domaine du patrimoine culturel, ou les
analyses non invasives sont essentielles sur des objets complexes et hétérogenes. En
prédisant les couleurs de différentes molécules, cette approche computationnelle permet
un meilleur contrdle des palettes chromatiques, une réduction du gaspillage de colorants
et contribue a l'avancement de la recherche sur les colorants naturels. Elle pourrait
également orienter de futures études sur une variété de systémes chimiques, incluant les
meélanges de colorants, les tautomeres, les isomeéres, les produits de dégradation ainsi que
d'autres mélanges complexes.

Une fois les propriétés spectroscopiques déterminées et la nature des transitions
électroniques élucidées, cela nous a menés a I'étude de la photodégradation. Pour cela,
nous avons choisiI'alizarine comme modele, dont nous suivons la dégradation de maniere
accélérée avec des lampes LED ou au xénon a I'aide de mesures d’absorbance UV-VIS. Bien
que l'alizarine soit couramment utilisée sur des supports solides, son emploi en milieu
aqueux, notamment dans les aquarelles, justifie une étude en solution, ou la
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photodécoloration est plus marquée. Travailler en solution permet également un controle
précis du pH, de 'oxygéne et des effets de solvant, tout en facilitant la détection d’especes
transitoires grace a des techniques sensibles comme I'EPR et la HPLC-UV-MS. Nous avons
d’abord étudié 'influence de différents solvants sur la photodégradation. Nous avons
observé que I'alizarine ne se dégrade quasiment pas ou faiblement dans le glycérol et le
DMSO, alors que dans le DMF, au contraire, la cinétique de photodégradation est
accélérée. Cela rend compte de la nature radicalaire du mécanisme de photodégradation
en solution. Dans le domaine du patrimoine, I'’eau est souvent utilisée, nous avons donc
choisi de nous focaliser sur ce solvant ainsi que sur I'alizarine, un des principaux colorants
de la garance, comme point de départ. Nous avons ensuite étudié la cinétique de
photodégradation en solution aqueuse a différents pH et avec différentes lampes
(chambre xénon dont le spectre est proche de celui du solaire, LED UVA et LED visible).
L’alizarine n’étant pas totalement soluble dans I’eau, nous avons fait cette étude sur son
analogue, I'alizarine red S, plus soluble. Cette étude a permis de montrer l'influence de la
lampe et du pH sur la photodégradation. En particulier, a pH basique, la photodégradation
est plus rapide. L’alizarine étant soluble a pH basique, nous avons aussi étudié sa
photodégradation sous différentes lampes.

Un aspect clé de notre étude est I'analyse de la forme basique (di-déprotonée) de
l'alizarine, encore peu explorée, la littérature n’étant principalement portée que sur la
forme rouge et en laque solide. Grace a l'analyse par résonance paramagnétique
électronique (RPE), nous avons identifié des radicaux centrés sur 'oxygene. Par ailleurs,
des analyses complémentaires par HPLC-UV-MS ont permis d’identifier plusieurs
produits de photodégradation sous irradiation UVA, a différents temps d’exposition.
Certains de ces produits n’avaient pas encore été rapportés dans la littérature, comme
I'acide 3-hydroxy-1,4-dioxo-1,4-dihydronaphthalene-2-carboxylique. D’autres auteurs
ont rapporté la présence d’acide phtalique parmi les photoproduits pour la forme neutre
de I'alizarine. Plusieurs mécanismes ont été proposés en se basant sur les résultats RPE
et les produits dégradés identifiés. Ces mécanismes passent par un intermédiaire
endoperoxyde, contenant une liaison C-O-0-C formant un pont sur le cycle. Les liaisons O-
O viennent d'un dioxygene. lls pourraient se rompre en présence de lumiere ou de chaleur
pour ensuite conduire a des biradicaux, qui sont les précurseurs des produits de
photodégradation. Ce travail a montré I'influence du pH, du solvant, de la lumiere et de
I'oxygene sur la photostabilité de l'alizarine et de son analogue, I'alizarine red S, des
connaissances utiles pour des applications industrielles telles que la teinture textile ou
'extraction en bain alcalin. Il a fait'objet d'un article soumis, intitulé « When light betrays
color: the photodegradation of alizarin, a historical dye, in basic media ».

Une suite logique consisterait a approfondir la compréhension des mécanismes de
photodégradation en modélisant les états excités et les voies réactionnelles a I'aide de
méthodes de chimie quantique avancées. Des outils tels que I'analyse de la coordonnée de
réaction intrinseque (IRC), la méthode du Nudged Elastic Band (NEB), sont en cours pour
explorer les paysages énergétiques, localiser les éventuelles intersections coniques. De
telles études permettraient de mieux cerner la nature mécanistique de la dégradation
induite par la lumiére : quelles sont les barriéres énergétiques ? Des intermédiaires
réactifs sont-ils formés ? Existe-t-il un chemin réactionnel privilégié ? Il sera I'objet d'un
cinquieme article en cours de préparation.

16



Cette approche combinée entre expérience et théorie, permet de mieux comprendre
I'origine et I’évolution des propriétés colorimétriques de la garance. Le protocole
computationnel optimisé a permis de prédire les spectres d’absorbance et les couleurs
d’'une trentaine de colorants présents dans différentes especes de garance, y compris
celles inaccessibles expérimentalement. Ce protocole a conduit a I'établissement d’une
base de données facilitant leur identification et la caractérisation de leur empreinte
spectrale. Le protocole permet également d’évaluer l'influence de parametres tels que le
pH, le solvant, I'’hydrolyse du groupe glucose ou encore la présence de mélanges sur les
propriétés spectrales et la couleur percue, contribuant a une meilleure compréhension
des relations structures-propriétés optiques. Enfin, I'étude sur la photodégradation de
'alizarine a révélé un mécanisme impliquant des especes radicalaires, notamment un
oxygene réactif en milieu basique. Ce protocole présente un fort potentiel d’extension a
I'étude d’autres colorants. En paralleéle, cette étude contribue a la valorisation de
l'utilisation des plantes tinctoriales.

Dans la continuité de ce travail, plusieurs pistes s’ouvrent. La photostabilité d’autres
colorants dérivés de la garance, tels que la purpurine, ou de composés glycosylés comme
'acide rubérythrique et la lucidine primevéroside, pourrait étre étudiée sous différentes
conditions environnementales. En combinant la cinétique de photodégradation avec la
RPE et la HPLC-UV-MS, il serait possible d’identifier les structures intermédiaires et
photoproduits, élargissant ainsi la compréhension de la stabilité et de la vulnérabilité des
colorants dans le contexte du patrimoine culturel. L’approche de modélisation
développée dans ce travail pour les mélanges de colorants pourrait également étre
utilisée en sens inverse : en comparant les spectres expérimentaux aux spectres calculés
théoriquement, il serait envisageable de déconvoluer des mélanges complexes de
colorants et d’estimer les concentrations relatives de chaque espéce. Appliquer cette
méthode a des mélanges contenant plusieurs colorants et leurs produits de
photodégradation fournirait des informations précieuses sur I'évolution chimique des
colorants, tout en apportant un éclairage sur les mécanismes de décoloration. Un axe de
recherche majeur et essentiel pour le domaine du patrimoine culturel concerne I’étude de
la structure et photodegradation de pigments a I'état solide, en particulier les pigments
laqués a base de garance, qui sont des assemblages complexes formés par la coordination
de colorants avec des cations métalliques (appelés mordants). D’'un point de vue
interdisciplinaire, ces protocoles computationnels et expérimentaux pourraient étre
appliqués a d’autres domaines utilisant des colorants d’origine biologique, tels que les
cosmétiques, le textile, 'agroalimentaire ou la pharmacie. Il constitue un cadre propice au
développement durable, a la réduction des tests expérimentaux, et a la formulation
raisonnée de colorants stables et respectueux de I'’environnement.

Enfin, cette recherche contribue a la redécouverte et a la valorisation des plantes
tinctoriales. A une époque ot les savoir-faire ancestraux suscitent un regain d’intérét, de
tels outils peuvent orienter le choix des especes et des procédés de transformation en
assurant a la fois qualité esthétique, stabilité chimique, et respect de leur héritage culturel.
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CHAPTER 1 | GENERAL INTRODUCTION
IN SEARCH OF LOST COLOURS
PHOTODEGRADATION OF NATURAL MADDERDYES

When we look around us, colours are everywhere in our lives. Today, we can admire with
the naked eye the beauty of a palette with hundreds of colours and infinite shades. This
rich diversity of today’s palette seems given, but in reality, these colours are the result of
a long journey of experimentation, discoveries, ancestral know-how, and ... sometimes
accidents, before becoming part of the palette we now know. The primary palette of
colours was composed of five main colours: red, yellow, brown, black, and white. They
were used around 40,000 years ago, when humans randomly combined materials
available in their daily environment, such as earth, burnt charcoal, bones, or animal fat.
Since then, the quest for colour and pigments has been marked by continuous discoveries,
driven by scientific progress and contributions from diverse civilisations, far beyond the
basic initial mixtures. In fact, colours have even become a part of human history. They tell
the story of a scientific and cultural adventure, where each shade carries a trace of a
period, an invention, a symbol, or a country.

Colour is intrinsically linked to light. Without light, colour cannot be perceived by the
human eye. In 1704, Sir Isaac Newton published a treatise, “Opticks”, about the nature of
light and colours. He discovered that white light is a combination of different wavelengths,
each corresponding to a specific colour, and that the objects’ colour was determined by
the proportion and colour of light reflected. This finding helped us understand that the
colours we perceive result from the interaction of light with matter and the way our visual
system interprets these wavelengths. These findings laid the theoretical foundation for a
more structured representation of colours through absorbance spectra or colour
coordinate systems like the CIELAB, which is used in this thesis.

Yet, many research studies have proved that light, particularly sunlight, causes chemical
changes in colourants, leading to their alteration or fading over time, a process known as
photodegradation. This affects both natural and synthetic dyes. This problem has been
widely discussed in artworks, particularly those by renowned artists such as Vincent van
Gogh, and Pierre-Auguste Renoir, among others. They found, for example, that the
painting “Sunflowers” by V. van Gogh has faded upon exposure to light. Researchers have
attributed this to the reduction of chromium (Cr!"V to Cr '), present in the yellow chrome
pigment. The loss of red colour in “Madame Leon Clapisson” of Pierre-Auguste Renoir is
due to the photodegradation of carminic acid. The exact mechanism is not well
understood, but it is believed to proceed through a radical pathway in the presence of
oxygen. The Bayeux Tapestry, conserved in Normandy, France, is 70m long and has been
found to be dyed with madder, among others. It has been found that areas exposed to
sunlight have shown signs of photodegradation. These alterations significantly impact
both the aesthetic and economic value of artworks. Therefore, studying photodegradation
is a scientific and cultural challenge that has long engaged chemists, physicists, and
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conservators. In order to preserve cultural artifacts, we need to have a firm understanding
of the materials, dyes, and pigments used, and this depends on their correct identification.

This thesis fits into that context, focusing on the photodegradation of madder (Rubia
tinctorum L.), a renowned plant-based dye that has been used since antiquity for its
vibrant red colours. Widely used in the 18th century, madder played a significant economic
role before declining with the advent of synthetic dyes. Madder dyes belong to the
anthraquinone family. Its roots contain a complex mixture of compounds, ranging from
around thirty to sixty different dyes in varying proportions depending on the plant
species and age, some of which are unstable and photosensitive, making their analysis
difficult. This is the case, for example, with munjistin and pseudopurpurin. During the
dyeing process or extraction for analytical purposes, these compounds can be easily
decarboxylated, converting into xanthopurpurin and purpurin, respectively.
Furthermore, some compounds are not commercially available or are too costly to
synthesise, resulting in a lack of reference standards for their identification in artworks
through spectroscopy. This is the case of ruberythric acid, the precursor of alizarin, one
of the main compounds in madder. Therefore, to understand and study their
photodegradation, it is essential to precisely identify the molecules present and their
spectroscopic signatures. Indeed, each compound interacts differently with light, and the
simultaneous presence of multiple substances can influence their behaviour. That is why,
for decades, the study of photodegradation has drawn the attention of many research
laboratories and conservators, both in the heritage field and in industry. Several analytical
techniques can be used to identify and characterise dyes to explain this process. These
can be grouped into two main categories: invasive techniques, which require sampling,
and non-invasive techniques, which allow analysis without extraction. This latter method
is preferred in cultural heritage science due to its non-destructive or minimally
destructive nature. Among them, spectroscopy plays a key role. In this thesis, we will focus
on the absorbance spectra, as they provide information on both colour and electronic
transitions following light absorption. The precise mechanism of photodegradation
remains incomplete, particularly for natural dyes, and their accurate identification still
encounters challenges.

To contribute to this ongoing effort, we used a combined computational and experimental
approach. The objective of this thesis is twofold: first, to develop predictive tools for
colour and spectral properties to complete the missing database, and second, to
understand the mechanisms of photodegradation.

Computational chemistry based on quantum mechanics theory, although applied in many
other fields in material science, remains underused in the cultural heritage field. This
could be due to a lack of a reference dataset to validate computational predictions in
heritage-specific contexts and interdisciplinary barriers. Meanwhile, thanks to high-
performance computing resources and advances in quantum chemistry, it is now possible
to access the chemical properties of molecules that are difficult to obtain experimentally.
Based on this, we developed a computational protocol specifically adapted to madder
dyes.

This thesis is organised as follows:
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-It begins with a state-of-the-art review, including a brief history of red colour, an
overview presentation of madder, and before focusing specifically on the
photodegradation of madder.

-The following sections detail the materials and methods employed, covering both
experimental and theoretical approaches. An overview of the main principles of quantum
chemistry and its application in chemistry, as well as the computational protocol, is
presented.

-The results build on the previous section and are presented through five articles: three
published, one under review, and one currently under preparation.

-Finally, it concludes with a summary of findings and perspectives for future research.

The articles are presented as follows: guided by the thesis goal presented above, we first
established a computational protocol specifically adapted to madder dyes, guided by
literature benchmarks (Article 1 published). Using this validated computational protocol,
we will then compute colourimetric properties and build a complete database including
spectroscopic signatures for 31 colourants identified in 6 different madder species, at
different protonation states. It can help access spectra that are difficult to access
experimentally and give theoretical reference standards to identify those compounds
(Article 2 published). However, in reality, like many natural dyes, madder is a complex
mixture of multiple colourants. Therefore, the next step focused on modelling the spectral
properties of this mixture, using a madder extract of the species Rubia tinctorum L. It can
be applied to predict the properties of other complex mixtures: mixtures of different
colourants, tautomers, photodegraded products, impurities, etc. (Article 3 published).
With the spectroscopic properties of the dyes elucidated, we finally turned to study
photodegradation mechanisms using alizarin solution as a model, focusing on the basic
conditions (Article 4 submitted). Those mechanisms could be confirmed by
computational chemistry to study reactivity, reaction pathways, and energy barriers.
(Article 5 under preparation).
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This chapter reviews the key literature and scientific background on madder dyes,
focusing on their historical significance, chemical composition, and degradation
processes. It begins with an overview of the cultural role of red dyes and madder’s use as
a natural pigment, followed by a discussion of madder species and identification
techniques.

Photodegradation mechanisms, both general and madder-specific, are then explored,

alongside the challenges of studying these complex materials. The chapter concludes with
P a brief survey of computational approaches used to model dye behaviour and predict
spectroscopic properties in heritage science.
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CHAPTER 2 | STATE OF THE ART

2.1. A history dyed in madder, a natural red dye

2.1.1. The colour red: a hue with deep social and symbolic meaning

Colours are important to humankind. They were vital for the survival of our species, as
they helped humans interpret their environment, identifying danger and communicating.
Among them, the colour red was one of the earliest colours mastered by humankind.
Hence, it is one of the most interesting and studied colours. It is rich in many points of
view: artistic, social, and symbolic.! In ancient times, humans produced the red colour
from various natural sources available, such as plants, minerals, or insects: cochineal,
kermes, brazilwood, ochre, lac dye, and madder.23 Then later, humans learnt to synthesise
colours.

Colours have always played a significant role in human history. In the field of cultural
heritage in particular, each colour often carries social and symbolic meanings. These
aspects have been extensively studied by historians and curators, among them Michel
Pastoureau, a leading expert on the subject.14 In antiquity, for the Greeks and Romans,
red symbolised power, wealth, and majesty. During the Middle Ages, it acquired strong
religious connotations, evoking both the blood of Christ and the flames of hell. The
symbolism of red is sometimes contradictory: it could represent love, glory, and beauty,
but also pride, violence, and lust. In the 16t century, Protestant reformers condemned the
use of red, viewing it as indecent and immoral, and closely associated it with the theatrical
rituals of the Catholic Church. As a result, the use of red declined across Europe in both
everyday life and cultural artefacts, a trend that continued into the modern era. However,
following the French Revolution, red took on new ideological and political meanings. It
became a symbol of progressive and revolutionary movements and was later adopted by
left-wing political groups, a symbolism that continues to resonate to this day.

The colour red is therefore rich in symbolic meaning that depends on culture and
historical period. Its presence in many artworks makes their conservation essential for
interpreting the intentions, messages of the artists, and know-how.

Among the natural red dye sources, madder (Rubia tinctorum L.), also known as rose
madder, dyer’s madder, or “Garance des teinturiers” in French, has been one of the most
used red dyes since ancient times because of its low cost, wide availability, and fascinating
shades.> This natural dye has gained increasing interest nowadays due to the rising
ecological concerns.

2.1.2. Madder: a natural source of red dye

Madder is a herbaceous plant that grows in many parts of the world, including Europe,
Asia, and Africa, and is harvested for its red dyes.> Those are extracted from madder
ground-up roots and could produce pink to red and purple shades depending on the
preparation process. Although the dyes extracted from madder have multiple
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applications, their main use was in dyeing fibers for textiles, carpets, or making lakes and
pigments for paintings (Figure 2).26 One example of dyeing with madder is the Bayeux
Tapestry, in Normandy, France, and the tapestry “La dame a la licorne” in the Cluny
museum, Paris.”8 It was also used to stain objects like ivory game pieces.? The dyeing
practice with madder was first documented around 2000 BC in Mesopotamian cuneiform
texts, with traces also discovered on Egyptian mummy wrappings.1%11 Moreover,
historical records from the time of Herodotus (5% century BCE) mention its use in dyeing
the cloaks of Libyan women.12 In addition to its use in textiles, madder was also employed
medicinally for the treatment of kidney and bladder stones. >13 Additionally, in the 19t
century, it was accidentally discovered that animals consuming madder plants had their
bones stained red, a phenomenon physiologists later exploited to study bone growth and
cellular functions.1* Between 1600 and 1900, the strong demand for madder drove
substantial investment in its cultivation as a profitable cash crop throughout Eurasia.
Madder cultivation expanded to Alsace, France, where it became a significant part of the
economy.> It was used to dye French soldiers' trousers, though the bright red colour
proved impractical on the battlefield. The French term for madder, “garance’, derives
from the French word “garantie” (warranty), as its production was once government-
regulated.1>

MADDER

Paintiné“Gir] with the REd Hat”
by Johannes Vermeer

French infantry WWI uniform
The trousers are dyes with madder

7 D
Wool dj!es with madder

Game Piece with Samson Slaying

Tapestry “La dame ala liC(?rne 3 the Philistines with the Jawbone
at Cluny Museum, 1_33”5_ of an Ass using the red root of the
The wool was dyed with high madder plant to stain ivory.

quality madder
©Linh TRAN

Figure 2. [llustration of main examples of madder dye applications: textiles, tapestry, paintings,
and materials staining.

However, in 1868, Graebe and Liebermann discovered a method to synthesise alizarin,
leading to a rapid decline in natural madder cultivation due to the lower cost of synthetic
alternatives. 16 Despite its decline, growing concerns over the environmental impact of
synthetic dyes have renewed interest in natural dyes. In recent years, madder has
attracted increasing attention from researchers and industries seeking sustainable
alternatives.17-22 Other than its use in colour industry or for artistic purposes, madder has
also applications in other fields such in other fields such as pharmaceuticals (inhibitory
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effects towards cancer cells suggesting their application as a targeted drug for cancer),
electrochemistry (madder dyes used as sensitizers in dye-sensitized solar cells),
analytical chemistry (Alizarin, and its analogue alizarin red S are used as bone
staining).21,23-25

2.1.3. Madder as a dye or pigment/lake

After the extraction of madder colourants from its roots, further processing can be done
to produce madder pigment or lake used in paintings or to dye textiles. There are various
types of colourants, distinguished primarily by their physical properties. A dye is a
colourant that is soluble in its application medium, allowing it to penetrate the material
being coloured. In contrast, a pigmentis an insoluble substance, typically ground into a
fine powder and combined with a binder to adhere to a surface (like Arabic gum, acrylic,
water, oil, etc.).26 A lake pigment is a type of pigment made by precipitating a soluble dye
onto an inert substrate (called a mordant or binder, usually a metal salt).

a) Madder as a dye

As stated before, one of the most common applications of madder (Rubia tinctorumL.) is
as a dye for textiles. Hence, the name Rubiameans "red," while tinctorum is derived from
the Latin word for "dyeing." Similarly, its French name is “Garance des teinturiers’.
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Figure 3. (left) Dyers soaking red cloth in a heated barrel, taken from the book Des Propriétés
des Choses (Volume II) (1482).27 (right) A madder-based dyeing recipe, taken from the book
The Art of Dyeing Wool and Woolen Fabrics in Great and Small Dyeing by Jean Hellot, 1750 (p.
377).28

One of the first written French memoirs on dyeing, published in 1750: The Art of Dyeing
Wool and Woolen Fabrics in Great and Small Dyeing by Jean Hellot (Figure 3).28 In this
book, before dyeing, the wool was treated with a mordant (alum and cream of tartar) to
help fix the dye to the fibre. The mordant and dye were boiled in water for 2 hours. Madder
root is finely ground and soaked in warm water to extract the dye. Then, the pre-
mordanted wool is added to the warm madder bath. It is left to soak for 1h without boiling,
and if necessary, the dye bath is boiled again at the end of the operation for 4- 5 min.
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b) Madder as a pigment

When madder is used in a dye bath with alum as a mordant, any excess alum can react
with the dye components, leading to the formation of a precipitate that settles as sediment
at the bottom of the vessel. The dyers discovered that this insoluble red precipitate could
be used for painting as a pigment. This led to the creation of madder lake. A Roman
naturalist, Pliny the Elder, described this practice among the Tyrians (present-day
Lebanon), who reportedly dried the precipitate and sold it at a high price to painters and
artists.2? Later, in the 19th century, despite the discovery of synthetic dye, natural madder
lake was still manufactured at large scale by Winsor & Newton (W&N), a famous artist’s
colourman at that time. This company was founded in England by William Winsor, a
chemist, and Henry Newton, a talented artist. Madder lake pigments are produced by
precipitating madder dyes with salts such as alum (AlK(SO04),-12H,0), resulting in
aluminium (AI**) coordination complexes whose exact structures are still under
debate.6:30

An example of a W&N recipe is shown below for Rose Madder, in a laboratory scale by T.
Veiga et al, and inspired by the book “The artist’s assistant: oil painting instruction
manuals and handbooks in Britain 1800-1900" by L. Carlyle:30.31

Recipe for Madder Rose:

1. Wash 5 g of madder powder with 100 mL of water (repeat 5 times);

2. Dissolve 8.57 g of alum in 30 mL of hot water (near boiling);

3. Pour the above solution into the madder roots;

4. Decant the supernatant liquor into 88 mL of distilled water;

5. Slowly add an aqueous solution of carbonate of ammonia (1.2 M) and stir
occasionally;

6. Filter the precipitate.

Recipe for madder lake:

1. Let 5 g of madder powder rest in 100 mL of water for 1 h;

2. Decant the supernatant and let the madder rest in 100 mL of water for 30 min;

3. Decant the supernatant and wash the madder 3 times;

4. Dissolve 10.48 g of alum in 30 mL of hot water (80 °C);

5. Run through the above solution into the madder roots placed in a cotton filter bag and
collect the red extract;

6. To the red extract, add immediately, one at a time, three solutions of sodium borate:
1.9gin 10 mL, 0.24 gin 5 mL and 0.06 g in 2.5 mL;

7. Filter the precipitate.

Recipe for Rose Madder:

1. Prepare a solution of 0.5 mL of sulfuric acid in 4 mL of water;

2. Pour the solution into the madder roots after step 5 of the Madder Lake recipe.

3. After 30 days, add 16 mL of boiling water;

4. Add immediately, one at a time, three solutions of sodium borate: 0.5 gin 2.5 mL, 0.06
gin 1.25 mL, and 0.03 gin 1.25 mL;

5. Filter the precipitate.

Those recipes are summarised in the Figure 4 below.
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Figure 4. Scheme of the main steps of the 19t century manufacture of madder red lake pigments.
30,31

2.2. Madder species

Madder belongs to the genus Rubia and the Rubiaceae family, which includes bedstraw
and coffee plants (Figure 5). There are more than 70 species. 32 Madder can be found
across many places from the Mediterranean, Africa, to Asia and America, with notable
varieties including Rubia tinctorum L. (Europe, Middle East), Rubia peregrinaL. (Europe,
North Africa), Rubia cordifolia L. (India), Rubia sikkimensis Kurz (India), Rubia akane
Nakai (Asia), Rubia Yunnamensis Diels (Asia) and Rubia fructicosa Aiton (Europe)
(Figure 6).5101525333¢ Madder is an herbaceous plant with small leaves that intertwine as
it grows. It is cultivated for its roots, which are long and red-coloured. The root’s internal
structure reveals varying distributions of red dye. The central region, or pith, is composed
of large vascular bundle cells and contains only a small amount of dye.2? In contrast, the
intermediate layer holds the highest concentration, while the outer layer shows little to
no presence of red dye. The stalks of the madder often sprawl along the ground, similar
to bedstraw. Its full height is about 60-100 cm. The flowers are star-shaped yellow and
bloom in the second or third year, typically in June.

I @ 2GD
—

Rubieae ———[¢e&liTin
Coffea —
Rubiaceae — Rubioideae
Cephaelis
Morinda
———— Cinchonoideae

Figure 5. Botanical classification of the madder (Rubia) within the Rubiaceae family.2?
The colourants extracted from the madder plant are grouped in the Colour Index as C.IL
Natural red 8. For Rubia tinctorum L. and Rubia peregrina L. For dyes extracted from the
specie Rubia cordifolia L. the colour index is C.I. Natural red 16.
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Plant commonname  Distribution Plant species Othersynonyms ~ ColorIndex Name
R. acaliculata; R. iberica; R.

Dyer’s madder Elfrope Rubia tinctorum L. sativa; R. sylvestris, Garance C.I. Natural Red 8
Middle East : A
des teinturiers in French
S Galium peregrinum
Wild madder p . Rubia peregrina L. L. Garance voyageuse In C. I. Natural Red 8
North Africa
French
Thdia R. oncotricha; R. manjith; R.
Indian madder Asia Rubia cordifolial.. munjista; R. sylvatica, C. I. Natural Red 16
R.alata
Nagamadder India Rubia sikkimensis Kurz None None
Japanese madder Asia Rubia akane nakai R. argyi None
Xlao. Roxg" com | (wo Ch,l na Rubia yunnanensis Diels R. ustulata None
Englishname) Asia
None Spain, portugal Rubia fructicosa Aiton R. canariensis Poir. None

Rubia sikkimensis Diels

((327:',1'.'1.’) TRAT’V
Figure 6. Different madder species around the world.33

In the 20t century, chemical analytical techniques have been developed such as
chromatography and spectroscopic techniques that have helped identify the madder
colouring compounds.

2.2.1. Identification technique of madder molecules in artworks

There are many methods to analyse dyes and identify them in historical artworks and
materials such as textiles, paintings, etc. They can be classified into two categories:
invasive and non-invasive.

a) Invasive techniques

Invasive methods require the extraction of a sample for further analysis, hence altering
or destroying the artwork. For instance, we can cite High-Performance Liquid
Chromatography with Mass Spectra (HPLC-MS), Gas Chromatography-Mass
Spectrometry (GC-MS).35-37 Those techniques are often coupled with UV-VIS detection,
such as in HPLC-UV-MS or HPLC-DAD.38 The identification of compounds often needs
comparison with a standard reference, which is not always available.34353% QOther
techniques include Nuclear magnetic resonance (NMR), Time-of-Flight Secondary Ion
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Mass Spectrometry (TOF-SIMS), Scanning Electron Microscopy with Energy Dispersive X-
ray Spectroscopy (SEM-EDS), etc.40-42

Chromatographic techniques were widely used to identify molecules in the plants or in
historic textiles, where a microfiber is extracted from the artwork for further analytical
procedures. 3343 They enable the separation and hence identification of components.
However, the final composition depends on the extraction method. One of the most
commonly used in literature is acidic extraction using 37% hydrochloric
acid:methanol:water in aration 2:1:1. 19 Other techniques have been developed to be done
in more neutral or mild environment.3444

b) Non-invasive

On the contrary, non-invasive methods preserve the sample's integrity without sample
extraction. They include techniques like Raman or Surface-Enhanced Raman
Spectroscopy (SERS), UV-Visible (UV-VIS) spectroscopy, Fourier-Transform InfraRed
(FTIR), Fiber Optic Reflectance Spectroscopy (FORS), fluorescence, or hyperspectral
imaging.353945-53 The latter combines reflectance spectroscopy and imaging, allowing the
acquisition of multiple spectra at each point of the image. It can therefore spatially resolve
chemical information on the dyes and pigments.

Non-invasive techniques are preferred in the field of cultural heritage, as they preserve
the precious and irreplaceable historical artwork. However, the increasing development
of more high-resolution spectroscopy techniques, such as hyperspectral imaging, results
in hundreds of spectra that are difficult to analyse without a standard dye reference.
Those references are sometimes difficult to obtain experimentally, especially in the case
of madder, as discussed later in subsection 2.5, making the correct non-invasive
identification of madder challenging.3954

2.2.2. Composition of madder dyes

Unlike synthetic dyes, which are typically composed of single, well-defined molecules,
natural dyes consist of a complex mixture of molecular compounds. Madder, as a natural
dye, exemplifies this complexity, with its composition varying based on factors such as
species, age, cultivation methods, soil conditions, temperature, pH and extraction
method.335556 In the last century, with the development of previously presented
analytical techniques, such as chromatography or spectroscopy, researchers have
investigated the molecular composition and structure of madder. The madder colourants
are from the anthraquinone family. They differ by the position and number of substituents
on the anthraquinone moiety. Each species has a similar molecule but differs in its
proportions.1® While some studies have identified up to 68 different molecules, most
findings report approximately 30.333455-58 Blackburn et al have compiled and summarised
the identified molecules for each madder species, as shown in Table 1. Their identification
in artefacts is valuable, as it provides key insights into important information such as
species, which then leads to ethnographic origins, the techniques used by painters or
dyers, the geographical source of the dye, and historical trading routes. Madder dyes are
present in two primary forms in the plant’s roots: glycosidic compounds where a sugar
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moiety is attached (Table 1, N°10, 11, 24 to 27), and aglycones, where the glycoside is
replaced by a hydrogen atom (all other molecules in Table 1). Glycosidic compounds are
more concentrated in younger madder plants and are more soluble in water. 33445259 As
the plant matures or during the dye preparation process, glycosides are broken down by
enzymes or through chemical extraction, resulting in the release of aglycons, which
produce a redder hue and intensify the dye colour.2

Table 1. Compounds detected in the roots of six main Rubia species studied in the literature. ++
indicates the main compound in the plants, + significant amount tr. very low or trace amount.
(Reference for each compound can be found in Richard S. Blackburn’s article). 526061 The table
below shows the molecular structure of each compound.

3 c 4 2 K
Species E 5 g g §

g |3 § | § |3
5 | § g2 | S | %
] ] o o R

1  Anthraquinone

2 | Tectoquinone + +

3 | 2-(Hydroxymethyl)-AQ + +

4 | 1-Hydroxy-AQ + +

5 | 1-Hydroxy-2-methyl-AQ + + + + +

6 | 1-Hydroxy-2-hydroxymethyl-AQ +

7  1-Hydroxy-3-carboxy-AQ +

8  2-(Hydroxymethyl)-3-hydroxy AQ +

9  2-Hydroxy-AQ +

10 Rubiadin primeveroside + +

11 Ruberythric acid (alizarin primeveroside) ++ tr. +/tr.
12 Quinizarin +

13 1,4-Dihydroxy-2-methyl-AQ +

14  1,4-Dihydroxy-2-hydroxymethyl-AQ + +

15 Alizarin +

16 Xanthopurpurin +/tr. + + + + tr
17 Rubiadin + tr. + +

17 | Rubianine +

18  Lucidin +

19 Munjistin + ++ + ++ + ++
20 Anthraflavin +

21 Ibericin (lucidin ethyl ether) tr.

22 | Lucidin methyl ether +

23 Nordamnacanthal +/tr. +

24 Lucidin primeveroside ++ tr. ++ + +

25 Galiosin (pseudopurpurin primeveroside) + ++

26 Pseudopurpurin glucoside + + +
27 6-Hydroxyrubiadin-3-O-neohesperidoside + ++ ++
28 Purpurin + + ++ + +/tr.
29 Anthragallol +

30 Pseudopurpurin + ++ ++ ++ + ++
30 Pseudopurpurin +

31  6-Hydroxyrubiadin + +
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2.3. Overview state of the art on photodegradation of dyes

Some dyes gradually lose or change their colour over time, particularly when exposed to
light, a process known as photodegradation. Madder, like many natural dyes, is
photosensitive and is prone to fading under light exposure. This presents challenges for
the preservation of textiles, as well as manuscripts, statues, paintings, and other artworks
containing it. This photodegradation is present for both organic and inorganic dyes.
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Famous examples of photodegradation can be seen in Vincent van Gogh’s paintings like
“Bedroom”, “Sunflowers”, or “Roses”. It can also be seen in Pierre-Auguste Renoir’s
painting named “Madame Léon Clapisson’. As we can see in Figure 7, the colours have
changed through time. The blue of the bedroom was initially violet. The brown of
sunflowers was once yellow and the red in other paintings has completely disappeared.

Before After Before 7 After Before After  Before/After

Figure 7. [llustration of some examples of paintings before and after photodegradation. The left
side of each picture is a reconstruction. a) “Sunflowers” by V. van Gogh. b) “Bedroom” by V. van
Gogh, c) “Madame Léon Clapisson” by P.A. Renoir, d) Japanesse woodblock by Utamaro, e)
Roses by V. van Gogh, ) “To be a Farmers Boy” by Homer. The pictures are adapted from 62-65
(with permission from authors).!

Preserving the original colours is both a cultural and economic priority, engaging
chemists and physicists in ongoing research efforts.#? The studies in photodegradation
help develop better conservation strategies and prevent unwanted photodegradation, but
also provoke desired photodegradation of wastewater dyes from colouring industries, for
example.®® Studies about the photofading of madder is scarce. We will therefore present
an overview of the state of the art about photodegradation studies for dyes and pigments
in general before focusing on madder.

Dyes and pigments' photodegradation are influenced by diverse environmental factors.6”
[. Groeneveld and al. have reviewed the main parameters that affect the photodegradation
of dyes and pigments in solution and substrate. 68 S. Khan et al have studied the different
photocatalytic dye degradation from textile wastewater and the parameters affecting it.6¢

! Hendriks, E., Brokerhof, A. W., & van den Meiracker, K. (2017). Valuing Van Gogh's Colours: From Past to
Future. In J. Bridgland (Ed.), ICOM-CC : 18th triennial conference, Copenhagen, 4-8 September 2017
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Thissection provide a brief overview of the current state of knowledge on this topic,
before focusing on the photodegradation of madder.

Colourants can interact with light in different ways. When a molecule absorbs a photon, it
transitions to an excited state and must release the excess energy. This can occur through
different pathways to bring the molecule back to its ground state (Figure 8) through: ¢?

-non-radiative relaxations without emission of light (collisions, vibrations, etc)
-a radiative pathway by emitting light (fluorescence or phosphorescence)

-photochemical reactions that cause molecular breakdown and the formation of new
compounds.”?

—geiehes g selefes s ; ES

GS GS Other molecules
A) Non-radiative B) Radiative C) Photochemical reactions
Ex: Collisions, relaxation Ex: Fluorescence Formation of new compounds, ex:
Phosphorescence Photo-oxydation, photo-reduction,
photo-isomerisms, photo-
©Linh TRAN substitution, etc.

Figure 8. After a molecule absorbs light, it can be promoted to an excited state. It then releases
energy through different processes: a) non-radiative without emission of light, such as collisions,
relaxation, vibrations, b) radiative with emission of light, like phosphorescence or fluorescence or
¢) undergoes photochemical reactions to form new compounds.

Photochemical reactions can be classified into two main types: direct and indirect. In the
direct pathway, a dye interacts with light, and is brought to an excited state. The dye
molecules are not chemically stable in their photoexcited forms and therefore undergo
intra- or intermolecular reactions to form photodegraded products. In the direct
photodegradation pathway, the dye decomposes without interacting with other
substances.®” In contrast, the indirect pathway involves another component, such as a
photocatalyst, photosensitiser, or solvent, that first becomes excited upon light exposure
and subsequently transfers this energy to the nearby dye molecule, initiating its
degradation.40.70-73,

2.3.1. Reciprocity principle and accelerated photodegradation

Usual photodegradation of dyes is typically a slow process, occurring over several months
to even years.>! To study this phenomenon within a practical timeframe, researchers use
accelerated ageing techniques under controlled laboratory conditions to ensure
reproducibility. This often involves the use of commercial light sources, such as xenon arc
lamps, in chambers where parameters like temperature, humidity, light intensity, and
wavelength can be precisely regulated, often through the use of selective filters, LED
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sources for photolysis with different maximum absorption wavelengths.”4 The reciprocity
principle justifies this acceleration, assuming the material's degradation response is
linear with respect to light dose (irradiance x time). The effect of photodegradation is the
same, whether with high intensity in a short time or low intensity in a long time. 75

Using this principle, several studies have found that the photodegradation mechanisms
can be influenced by both internal and external factors, which are presented below.

2.3.2. Internal factors influencing photodegradation

The photodegradation process is not universal and depends on the type of molecule.
Lachman et al. demonstrated that the extent of photofading of dyes in pharmaceutical pills
varied among different water-soluble organic dyes and did not exhibit a consistent
trend.’® The acceleration in the fading rate ranged from 1.5 times faster for indigotin to
240 times faster for alizarin cyanine green F. The photodegradation kinetics also depends
on the dye’s concentration. Less concentrated dye degrades faster.

2.3.3. External factors influencing photodegradation

External factors have been studied for several dyes. They can be listed as pH, dye
concentration, light wavelength, intensity, source, presence of oxygen, temperature,
catalysis, type of substrate (solution or solid), solvents and mordants.®8 They are
discussed below.

Influence of pH

During the degradation of dye through heterogeneous photocatalysis, pH plays a crucial
role as an operational parameter. It influences several key factors: the charge of the dye
molecules, the surface charge of the photocatalyst, the aggregation behaviour of the
photocatalyst particles, and the positions of the valence and conduction bands. For
photodegradation in solution, redox active groups can be protonated or deprotonated in
acidic or alkaline pH, respectively, resulting in forms that may behave differently under
light exposure. Seixas de Melo et al. studied indigotin in their keto (oxidised form) and
leuco-forms (where the two carbonyls are reduced in the presence of alkali).”” They found
different relaxation pathways from the excited to the ground state, resulting in different
photochemistry, which could be attributed to different excited-state geometries for each
form. The effects of pH depend on the dye structure and its pKa. But in general, the more
molecules are charged, the more it is prone to initiate photodegradation reactions.
Therefore, the photodegradation of acidic dyes, such as carminic acid, alizarin and
phycocyanin, has been shown to increase at higher pH values where these molecules are
mostly negatively charged. L. Jepersen found that exposure of phycocyanin at pH 5 and 7
leads to 80% degradation, and its use in the food industry should take that into account
for their storage and production.”’® K. Jgrgensen et al. have studied carminic acid light
sensitivity for different pH and found that for three different monochromatic lights,
photobleaching increases with increasing pH.”°
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Influence of dye concentration

Photodegradation is significantly affected by dye concentration in both solution and on
substrates. Higher dye concentrations often lead to greater aggregation, reducing the
surface area exposed to light and environmental factors, and thus slowing photofading.
This has been confirmed for various dyes on paper, textiles, and synthetic materials.80-82
Increased concentrations may also weaken dye-substrate interactions and enhance
surface absorption, further reducing degradation rates.

Influence of light

As stated before, researchers often use accelerated photodegradation with artificial
lamps. However, the choice of light source (intensity and wavelength) can significantly
influence the photodegradation pathways. These pathways depend not only on the
spectral distribution and intensity of the irradiation but also on the absorption
characteristics of the dye and the duration of exposure. Light intensity significantly
influences the rate of photodegradation, as higher intensities result in a greater flux of
photons available to interact with the system. However, not all absorbed photons lead to
photochemical reactions. The absorbed energy can also be dissipated through non-
reactive pathways, such as heat release or fluorescence, rather than triggering chemical
transformations. 70 To assess and compare the light stability of various compounds,
researchers commonly use the quantum yield of photodegradation, defined as the ratio of
the number of absorbed photons that result in a photochemical reaction to the total
number of photons absorbed. A high quantum yield indicates a greater probability that
photon absorption will lead to photoreaction, whereas a low quantum yield implies that
photoreactions are less probable, with energy more likely dissipated through alternative
pathways.”® For instance, Lachman et a/. demonstrated that the extent of photofading
acceleration under increased light intensity varies among different water-soluble organic
dyes. 7¢In their study on dye tablets, they found no consistent pattern across compounds:
the increase in fading rate ranged from a modest 1.5-fold for indigotin to a dramatic 240-
fold for alizarin cyanine green F, highlighting the dye-specific nature of photodegradation
behaviour. 76 Exposure time also influences photodegradation, with longer durations
leading to increased photofading. Accelerated aging tests often rely on the reciprocity
principle, which assumes that the same light dose (intensity X time) produces a similar
degree of photodegradation, whether delivered through high-intensity light over a short
time or lower intensity over a longer period.

Influence of incident wavelength

Wavelength is another key factor in photodegradation. Some dyes degrade readily under
visible light, while others require the higher energy of UV light. This behaviour depends
on the dye’s absorption spectrum: the irradiance spectrum must overlap the dye’s
absorbance spectrum to be effectively absorbed. ¢ For example, Batchelor et al
demonstrated that both UV and visible light can induce photodegradation of azo dyes and
phthalocyanines under solar conditions. 80 However, visible light was more damaging for
azo dyes, while UV light was dominant for phthalocyanines, due to structural differences
influencing their photochemistry
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Influence of oxygen

Photodegradation is is also influenced by oxygen and the effects vary depending on the
dye structure and substrate. Several studies have examined the role of oxygen in dye
photodegradation. Arney et al. showed that some dyes (like carmin oil paint, felt pen
green marker, geranium lake oil paint, alizarin watercolour) fade linearly in proportion
to oxygen concentration, while others follow a square-root relationship, like gamboge dye
on paper ISO Blue dye on wool, felt pen yellow marker, and mauve watercolour. In
protein-based substrates like silk and wool, where reduction dominates, oxygen has less
impact. Saito et al confirmed this by observing stronger oxygen effects in cotton (where
oxidation occurs) than in silk for six natural anthraquinones. 83 They also tested the fading
behaviour of the dyes in ethanol solution and found the following decreasing order of
fading rate: purpurin > quinalizarin > alizarin > chrysazin > quinizarin > anthrarufin.
This trend correlated well with the oxidation index of the dyes, indicating that a higher
oxidation index corresponds to a faster fading rate in solution. Interestingly, Schwen et
al. found that some dyes, such as diazacyanine blue, degraded faster without oxygen,
contrary to typical trends, also seen with Basic Blue 3 and certain azo pigments. 84 Arney
et al. have found that vermillion and Prussian blue fade more rapidly in absence of oxygen.
85 Generally, the absence of oxygen slows down the fading of organic dyes, as reactive
oxygen species (ROS) such as singlet oxygen (10,) and superoxide (0,*7), key drivers of
degradation, are not formed. Under aerobic conditions, the excited dye molecule (*Dye*)
can transfer energy to ground-state oxygen (0,), generating highly reactive 10, that
accelerates degradation. Alternatively, electron transfer between the excited dye and O,
can produce superoxide radicals (0,°7). In contrast, under anaerobic conditions, the dye
may undergo reduction or oxidation depending on the surrounding redox agents, but
degradation tends to proceed more slowly in the absence of ROS. These findings highlight
that no universal rule applies, and photodegradation must be studied case by case,
considering dye type, substrate, and environmental conditions.

Influence of temperature

Temperature has a relatively minor impact on the photofading of organic dyes and
pigments. While higher temperatures slightly increase fading rates, the effect is less
significant than other factors. Temperature changes do not alter the photodegradation
pathways, likely because thermal energy is negligible compared to photon energy. 8687
Giles et al showed that in fibre substrates, temperature affects fading in two opposing
ways: higher temperatures reduce moisture (decreasing photodegradation) but also
break down dye aggregates (increasing fading). This aggregation effect is reversible and
depends on the fibre type.88 In solution, elevated temperatures reduce dissolved oxygen
levels, but this has minimal influence on degradation pathways or efficiency. 86

Influence of photocatalysts

Photocatalysts can significantly enhance photodegradation rates by generating reactive
radical species upon light irradiation with energy exceeding the catalyst's bandgap. This
excitation creates electron-hole pairs, which convert adsorbed oxygen and water into
superoxide ions (0,*7) and hydroxyl radicals (HO*"), highly reactive species that break
down organic dyes. ¢673 While some dyes fully degrade under light, others have a constant
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efficiency over time due to the blockage of active catalyst sites. The effectiveness of
photodegradation in heterogeneous systems largely depends on catalyst properties such
as light absorption range, redox potential, charge separation efficiency, and stability.

Influence of mordants

Mordants are substances that bind dyes to fabrics by forming coordination complexes,
greatly influencing lightfastness. Studies show mordants often play a larger role than dye
structure in determining colour stability, particularly for similar dye types. Common
mordants include tannic acid and metal salts of Al, Cr, Cu, Fe, and Sn. Cr, Cu, and Fe
generally enhance lightfastness, whilexas Sn reduce it. 178990 Factors such as mordant
concentration and method (pre- or post-mordanting) also affect stability. Different
coordination modes, such as Al's bidentate versus Pb’s unidentate/bidentate, can affect
lightfastness and substrate degradation, as shown by Beltran et al for geranium lake
pigments.®!

Substrate v.s. Solution

Dye photofading in solution does not always reflect behaviour on substrates, as substrate
type (e.g., proteinaceous, cellulosic, synthetic) and solvent properties (e.g., proton
exchange, polarity) significantly influence photodegradation. Nonetheless, solution or gel
systems are sometimes valid models for studying photodegradation mechanisms and
kinetics in solids. For example, studies by Confortin et al. showed that crystal violet have
similar degradation products in solution and on paper, while Sousa et a/. found that indigo
degraded to isatin across both liquid and gel media, consistent with ancient Andean
textiles. 9293 However, photofading in solution is often faster due to greater dye mobility

2.4. Photodegradation of madder

2.4.1. Photodegradation of madder in artworks

One studied example madder photodegradation can be seen in the Bayeux Tapestry,
which red parts are dyed in madder. This tapestry is about 70m long and the exposed
parts appear to be faded under natural light exposure. Chavanne et al. replicated the
photodegradation of madder on wool samples and found that munjistin degraded the
fastest, followed by rubiadin, purpurin, and then alizarin.?# These results suggest that
anthraquinones with more substituent groups degrade more readily. Consequently, the
rate of photodegradation depends on the specific dyes present and their relative
concentrations. Additionally, other dye families, such as flavonoids, exhibit even faster
degradation rates than anthraquinones.”?4 Similarly, Casadio et al identified madder
colourants in a painting by Homed untitled “To be a Farmer’s Boy”.>* The sky of the
painting seems unfinished, but it was revealed with Raman SERS that madder was initially
present and has faded under light exposure, leading to a resulting white sky.
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2.4.2. Photodegraded products and proposed mechanism

The photodegradation of alizarin, a key component of madder dye, has been studied
experimentally. The natural light is replaced by an artificial light for reproducibility, as
natural light depends on the weather. Under xenon light exposure, Jiang et al found that
alizarin oxidises into colourless molecules, leading to fading. ’# They also found that the
fading process is pH-dependent, for example, a higher pH leads to a decrease in
photostability. The authors have attributed it to a decrease in the HOMO-LUMO energy
gap. The oxygen also influences the photofading by increasing its photodegradation rate
(the percentage of alizarin that degrades respective to its initial concentration). The
photoproducts were found to be C9HsOs+ (molar mass=180 g/mol), C7HeOs (molar
mass=170 g/mol), CsHe04 (molar mass=166 g/mol), CsHc04 (molar mass=142 g/mol),
and C10HsOs (molar mass=208 g/mol) using HPLC-MS (Figure 9). They proposed the
following mechanism: alizarin acts as a photo initiator, which could easily be excited from
the valence band (VB) to the conduction band (CB) upon irradiation, and lead to the
formation of holes (h*) in the VB. Then O,*” formed by the combination of Oz and e-
produced in the excitation process, may be further converted into highly active -OH
radicals. Then -OH tend to oxidise and decompose alizarin.

O OH (o] o o o o
o
990 > ° °
o OH
OH
o o 0
Chemical Formula: C44H;0,4” Chemical Formula: CgHs04 Chemical Formula: C4oH;O5” Chemical Formula: CgH;04

m/z: 239.0350 m/z: 165.01933 m/z: 207.02990 m/z: 179.03498
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Figure 9. Photodegraded products found in the publication of Jiang et al. *>

Furthermore, Manhita et a/. found that the nature of the mordant ion (alum, copper, iron),
their concentration, and mordanting technique (premordanting or simsultaneaous
mordanting) influenced photodegradation.8? Copper ions (Cu?*) showed highest binding
affinity for wool fiber. Pre-mordanting technique (wool in a mordant bath with metallic
cation prior to adding madder dyes) typically yields stronger hues and better
photostability due to higher metal uptake. Wool samples photodegradated under 480h
with alum mordants shows faster colour fading. Ultimately, dye stability on fabrics
depends on the strength of dye-fiber-mordant complexes.

Several other studies have tried to gather hints about the photodegradation mechanism.
Guanzheng et al. have investigated the structure and degradation of alizarin lake pigments
using a surface study approach with aluminium oxide thin films.*¢ They demonstrated the
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oxidation of catechol groups to carbonyl, resulting in dissociation of the conjugative
system. Z. Machatova et al. have used EPR spectroscopy and detected alizarin radicals
after exposition under UV LED at Amax=365nm. They found that, under photoexcitation,
several hydroxyanthraquinone forms reactive oxygen species (ROS).%

The findings have demonstrated that the lightfastness of dyes is strongly influenced by
several factors such as pH and the presence of oxygen or mordant. Nevertheless, the
precise mechanisms underlying their photodegradation remain the subject of ongoing
research.

2.5. Difficulty in studying madder dyes

Studying madder and its historical dyeing processes is challenging for many reasons.

First, there are limited written records documenting its cultivation and use. Knowledge
was primarily passed down orally from one generation to another. The Greek philosopher
Democritus (c.460 - c.370 BC) is believed to be one of the first to have documented
madder dyeing, but his works have not been conserved. >° Later, Pedanius Dioscorides a
botanist and pharmacologist, wrote “De Materia Medica’ to document madder dyeing
properties. 97,98 Despite these early mentions, little was known about the production and
dyeing or lake manufacturing techniques in earlier times. It was not until the 16t century
that more detailed madder recipes and technical knowledge were recorded. They became
parts of national heritage, like the Turkey red (also known as Adrianople red), which
flourished in the 18t to 19th century. > The madder dyeing techniques were closely
guarded secrets, particularly under Turkish rule. The red textiles were obtained through
complex and tedious recipes incorporating ingredients like urea, ash, soda, plus sheep's
dung, blood, alum, and olive 0il.9 Their dyeing recipe and techniques were highly
protected due to their economic value, reflecting the country’s industry and production.
At the time, colour was achieved solely through artisans' expertise, with little
understanding of the chemical composition or structure of madder dyes.

Secondly, studying natural madder dye is challenging due to its inherently complex
composition, which includes a mixture of multiple molecular compounds. As stated
previously, their composition varies based on species, age, cultivation or extraction
methods, soil conditions, and geographical location. For example, European madder
(Rubia tinctorum L.) primarily contains alizarin (1,2-dihydroxyanthraquinone), whereas
Indian madder (Rubia cordifolia L.) is richer in purpurin (1,2,4-
trihydroxyanthraquinone), though purpurin is also found in European madder. 8

Finally, another major challenge in studying natural madder dye lies in the fragility of
certain compounds, such as glucosidic ones, which are highly fragile, prone to hydrolysis,
decarboxylation, or degradation when exposed to heat, enzymes, chemicals, or light. This
is the case, for example, with munjistin and pseudopurpurin, a precursor of purpurin.
During the dyeing process or extraction for analytical purposes, they can be easily
decarboxylated into xanthopurpurin and purpurin, respectively. Additionally, some key
dye compounds, such as ruberythric acid (a precursor of alizarin, one of madder’s
principal colourants), are either not commercially available or difficult to synthesise.
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The limited availability and fragility of those compounds lead to a lack of a reference
database for their identification by spectroscopy techniques. 345557100101 Moreover, their
colour and absorbance spectra are highly dependent on pH and solvent conditions,
further adding to the complexity of their characterisation.

2.6. Computational spectroscopy: state of the art

To help overcome the experimental difficulties outlined in the previous subsection, we
chose to combine the experimental data with a computational investigation. In this thesis,
we are interested in predicting the optical properties of dyes. These properties refer to
how dye molecules interact with light, in particular how they absorb, emit or reflect light
across various wavelengths. We will focus on the absorbance spectra and colour of the
dyes.

The first step is to find a computational protocol that can predict these properties for
madder molecules to complete the missing database. To do so, a study of the
computational benchmark was done.

2.6.1. Computational chemistry in the cultural heritage field and dyes

Computational chemistry is widely used in materials science, but its application in the
cultural heritage field is relatively new. 192 This can be explained by the inherent
complexity of artistic materials presents significant challenges for computational
modelling. Their composition can be unclear, and they often undergo unpredictable
changes over time, making accurate simulations difficult.

Spectroscopic techniques allow non-invasive probing of molecular structure, properties,
and dynamics across various conditions. Using multiple methods across the
electromagnetic spectrum provides a more complete understanding of molecular
systems. As these techniques become more advanced, interpreting results often requires
computational support. Computational molecular spectroscopy, originally a branch of
quantum chemistry, predicts spectroscopic features and aids interpretation. It has since
evolved into a widely used tool, even among experimental researchers. 103

In recent years, computational approaches, such as density functional theory (DFT), has
started to gain attention, to complement experimental investigations in cultural heritage
studies.101 These methods help model the structural, electronic, and spectroscopic
properties of complex systems, including organic pigments like alizarin-based
compounds. The predicted spectra are: IR/Raman, UV-VIS, X-rays, EPR, NMR, Lifetimes
(fluorescence/phosphorescence).193 There are many software programs developed, and
the power of supercomputers is always increasing, thus democratising the use of
computational chemistry. The most used software is Gaussian and ORCA.193 [n this thesis,
we choose ORCA, a free software developed by Franck Neese. 104

For instance, Pagliai et al have computed the IR and Raman spectra of alizarin, purpurin,
kermesic acid, and carminic acid, using DFT at the B3LYP/6-31G(d) level.#° Computed
vibrational frequencies guided spectral assignment and interpretation of the dyes’
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aluminum complexes. Similarly, Silva et al have combined experimental data with
computed NMR shifts to find a structure for madder lake pigments. ¢ Tissier et al have
computed the UV-VIS absorbance spectra and NMR chemical shifts of alizarin, purpurin.
48 7. Machatova et al. have used DFT to predict EPR g-tensor and hyperfine couplings for
alizarin in DMSO, to access its photodegradation intermediates and interpret the
experimental EPR result. 6 Other methods combining molecular dynamics and a newly
developed approach is quantum mechanics/molecular dynamics (QM/MM). 105

2.6.2. Role of functional and basis set for TD-DFT vertical energy

The simulation UV-VIS absorbance spectra of organic and inorganic molecules is often
done using Time-Dependent Functional Density (TD-DFT).196 This method is presented
in the section 4.4. The choice of functional and basis sets to compute the vertical energy
(VE), which can be approximated as the maximum absorption of the spectra, is important.
This choice is tailored to the specific family of dyes being studied.197 In the literature, there
are benchmark reviews available for different dyes. Benchmarks have been conducted to
assess the accuracy of various exchange-correlation functionals for predicting vertical
excitation energies, oscillator strengths, and excited-state geometries.108-110 [n 2009, D.
Jacquemin et al. published an extensive benchmark on more than 500 organic compounds
and excited states.198 He found that global hybrids with 22-25% exact exchange and a
long-range-corrected hybrid (X3LYP, B98, PBEO, and mPW1PW91) provide the best
match with reference data. Notably, A. Laurent and D. Jacquemin have published a review
on the available functional benchmarks in 2013.19¢ This paper reviews TD-DFT
benchmarks from the last decade, focusing on identifying the most accurate exchange-
correlation functionals by comparing TD-DFT results with CC2 calculations and
experimental data for biochromophore models, and identifies B3LYP, PBEO, or M06 as
providing the most satisfying transition energies in general with a deviation about 0.25eV.
Adiabatic transition energies are accurately computed with functionals like BMK, BHLYP
or M06-2X. For large organic dyes, Goerigk and Grimme have shown that double-hybrid
functionals like B2GP-PLYP gave promising results, while conventional hybrids with
~40% Fock exchange and range-separated functionals like CAM-B3LYP also perform
well. 111

For anthraquinone compounds in particular, D. Jacquemin et a/. benchmarks on industrial
anthraquinone dataset show that the choice of functional significantly influences
transition energies and vibronic shapes, while the basis set has a limited impact. 197 The
functional wB97XD is identified as a good compromise for achieving accurate positions
and intensities of bands. Other studies have shown that TD-DFT performance varies
depending on the functional used, with B3LYP and PBEO generally performing well for
singlet states but underestimating triplet energies. 109112 Similarly E. Anouar et al have
tested different functionals for synthetic anthraquinone dyes. He found out that PBEO or
its combination with B3LYP and B3P86 hybrid functionals are the most suitable
functionals for this family of dye.

M. Dierksen and S. Grimme studied the influence of TD-DFT functionals for a large set of
various closed-sell and open-shell molecules. 113 They found that the accuracy of vibronic
absorption spectra simulated using TD-DFT critically depends on the fraction of exact
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Hartree-Fock exchange (EEX) included in the hybrid functional. Specifically, functionals
with ~30-40% Hartree-Fock exchange generally produce the most reliable agreement
with experimental vibronic spectra across a wide variety of molecules (including dyes,
biomolecules, and radical species).

PBEO developed by Adamo and Barone, is a more physically motivated hybrid functional.
114 They have been tested by several benchmarks on anthraquinones and other dyes, and
thus will be tested and used for this thesis.

2.6.3. Absorption spectra and colour: vibronic coupling

The computation of vertical energy results in a spectrum with vertical narrow lines, which
is difficult to compare to experimental spectra. Furthermore, additional peaks can arise
from the coupling between electronic and vibrational degrees of freedom. Therefore, we
need to simulate the spectra broadening, which arises from several factors: electronic
transitions accompanied by vibrational and sometimes rotational transitions (also known
as vibronic coupling, or vibrational effects), solvent effects, temperature, or
conformational flexibility.

In the literature, several methods are used to simulate the spectra broadening in UV-VIS
spectra. We can find empirical methods, which depend on experimental data or fitted
parameters, and non-empirical methods, which rely purely on theory, which are fitted for
rigid molecules. For larger molecules, Molecular Dynamics (MD) and Monte Carlo (MC)
can be used.

a) Empirical methods

Among empirical methods, Gaussian function broadening has been used for its
computational efficiency. Other functions can be found, such as Lorentzian or pseudo-
Voigt function. 115-117 For example, B. Tirri and E. Brémond applied these functions to
predict the absorption spectra and perceived colour of industrial dyes, including
anthraquinone derivatives.116118 The full width at half maximum (FWHM) of the
convolution functions was fixed in the case of Gaussian functions to 0.2-0.3 eV. However,
the accuracy of this empirical method depends on prior benchmarking, and its
transferability across diverse dye systems is limited. Tirri et al did a comparative study
of empirical and non-empirical broadening techniques for rigid dye molecules like
anthraquinone and indigo.11¢ They demonstrated that empirical functions like Gaussian
and pseudo-Voigt approximations yield satisfactory agreement with experimental data.
The Euclidean colour difference (AE), which ranged from 16 to 75 for anthraquinones,
depending on the functional and vibronic treatment used. PBEO functional with pseudo-
Voight model is the most accurate. The empirical approach with PBEO/AHFC yields a
similar colour to the PBEO/Gaussian approach.

The broadening of the spectra using an empirical approach, with a fixed width and fitted
parameters, leading to spectra similar to the experimentally recorded one, lacks physical
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information. 119 Additional peaks from vibronic couplings cannot be obtained with this
method.

In contrast, empirical approaches that explicitly account for vibrational effects, such as
the Vertical Gradient (VG) and Adiabatic Hessian (AH) Franck-Condon (FC)
approximations, offer higher accuracy in capturing the fine structure and band shapes of
absorption spectra. These methods, however, are computationally demanding,
particularly for large or flexible molecular systems. 116 The details of these methods are
found in section 4.5.3. A study by A. Laurent, C. Adamo, and D. Jacquemin provides an
overview of applications of time-dependent density functional theory (TD-DFT) to
determine excited-state properties of dyes, elucidate band shapes, focusing on optical
absorption and emission spectra.l12 Results were obtained using both vertical and
adiabatic (vibronic) approximations to include vibronic effects. TD-DFT can also be used
to optimise solar cell dyes, predict fluorescence wavelengths, study optically active
biomolecules, and improve photochromes. Tissier et al. have tested different vibrational
effects, such as Vertical Gradient (VG) and Adiabatic Hessian (AH), for alizarin and
purpurin, the main madder dye, in DMSO. He found that AH performs better. 48

All those above-mentioned methods perform well for rigid or semi-rigid molecules.116
However, for larger molecules and flexible ones, the computation of AH with Franck-
Condon approximation requires lots of computational resources, and sometimes does not
converge. In that case, other methods like Molecular Dynamics (MD) or Monte Carlo (MC)
simulations have been developed and applied to the prediction of properties of these
types of dyes. 120-122 Molecular dynamics are often used to compute vertical energy for a
set of structural snapshots (hundreds to thousands) along the MD trajectory. The final
absorption spectrum is constructed by averaging multiple spectra, each broadened using
Gaussian or Lorentzian functions. This method is particularly effective when the
absorption profile results from ground-state various conformers. However, it is
computationally intensive and neglects quantum nuclear effects, leading to the absence of
peaks arising purely from vibrational transitions.11? E. Tapavicza et al. developed a real-
time generating function method to avoid complex FC approaches to compute vibronic
spectra.l15119 They also used Born-Oppenheimer molecular dynamics simulations
(BOMD) to simulate vibronic spectra. Contrary to MD, BOMD considers the quantum
nature of nuclei.l’> They found that the quantum nuclear motion is necessary in the case
of TCNQ anion computation, and that classical MD cannot accurately model some
experimental bands.

While widely used, MD methods can suffer from poor sampling due to high energy
barriers between molecular conformations (bond rotation, geometrical rearrangements
in aggregates) that trap the system in local minima. Techniques such as high-temperature
simulations, simulated annealing approaches, restarting the dynamics at different initial
conditions, or enhanced sampling methods (e.g., metadynamics, umbrella sampling) can
help, but are computationally expensive and may lead to artificially broadened
spectra.123-125 The details of these methods can be found in the original references.

Other methods include Monte-Carlo (MC) simulations for the prediction of vibronic and
solvent effects in UV-VIS spectra. This method is used for large, flexible molecules that

47



possess many conformations and a strong solvatochromism.1?2 MC is a statistical
technique used to explore the configurational space of molecules by generating a large
number of different molecular geometries and conformations by randomly sampling
possible arrangements and accepting the new configuration according to the Metropolis
sampling algorithm.122 For instance, B. Tirri used a combination of MC sampling of the
configurational space and time-dependent density functional theory (TD-DFT) for
calculating vertical excitation energies and to simulate the absorption spectra of a series
of merocyanine dyes in both their monomeric and dimeric forms.122

2.6.4. Predicting the influence of the environment

The spectra and colour of dyes can be impacted by the presence of solvents, such as water.
Those solvents can form hydrogen bonds, participate in excited proton transfer, or change
the molecule’s vibration or molecular geometry due to charge or steric effects. Hence, they
must be considered when computing absorbance spectra.

Carta et al. have studied the influence of environment, such as the presence of tautomers,
pH, mordant, and solvents, for the prediction of free alizarin and its complexes with Mg(1I)
and Al(IIl).101 By accounting for solvation and metal coordination effects, the research
reveals how environmental and complexation conditions influence pigment colour. The
computational results show good semi-quantitative agreement with experimental UV-VIS
spectra, highlighting the power of in silico methods in interpreting and predicting the
behaviour of cultural heritage materials. Le Person et al study revealed that
intramolecular proton transfer in alizarin occurs not only in the excited state but also
partially in the ground state. 126 Using UV-Vis electronic spectroscopy in methanol and
time-dependent DFT (TD-DFT) calculations, the authors identified a tautomeric form of
alizarin (1,10-keto form) coexisting with the more stable normal form (9,10-keto form)
at room temperature, comprising approximately 10% of the total population. The ground-
state tautomeric equilibrium is temperature-dependent and independent of
concentration, with a calculated Gibbs free energy difference of 1.2 kcal-mol™*. These
findings challenge previous assumptions that tautomerism in alizarin was confined solely
to the excited state. Similarly, Douma et al. have tested two solvation models for alizarin:
implicit PCM and explicit. The authors found that inclusion of explicit solvent changes the
predicted UV-VIS spectra and takes into account proton transfer processes. 127
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In this chapter, we describe the experimental methods used in this thesis. It is divided
into invasive and non-invasive methods, colourimetry and photodegradation
subsections.
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3.1. Invasive methods

3.1.1. Liquid NMR
a) Principle

Nuclear Magnetic Resonance (NMR) spectroscopy is an analytical technique used to
determine the structure, purity, and dynamics of molecules based on the magnetic
properties of atomic nuclei. 128129 Not all nuclei are equally visible in NMR. The sensitivity
depends on two factors: the nuclear spin and natural abundance. The abundance of 1H is
99.98%, so the sensitivity is high. For 13C, its natural abundance is 1.1%, so it is less
sensitive. Nuclear spin quantum number [=0, such as 12C, 160, 2H, are NMR-inactive and
do not produce a signal. In contrast, nuclei with spin of I=1/2, like 1H, 13C, 19F, and so on,
are NMR-active and produce a signal. In NMR, a sample is placed in a strong magnetic
field, causing certain nuclei, most commonly hydrogen (1H) or carbon (13C), to align with
or against the field. When radiofrequency (RF) pulses are applied, these nuclei absorb
energy and transition between magnetic energy levels. As they relax back to their original
state, they emit signals that are detected and translated into a spectrum.12? The chemical
shifts, coupling constants, and signal intensities provide detailed information about the
chemical environment and connectivity of atoms within the molecule. In liquid NMR, the
solvents also have 1H, 13C, and so on, and they may interfere with the signals. Therefore,
deuterated solvents (with Deuterium 2H) are used not to interfere with the sample’s 1H
protons. The sample must be soluble in the solvent. In NMR, the choice of magnetic field
Bo strength is directly related to the properties of the nucleus under investigation,
particularly its magnetic moment and gyromagnetic ratio (y). When a nucleus with a non-
zero spin (I # 0) is placed in an external magnetic field Bo, its energy levels split due to
the Zeeman effect (Figure 10). The energy difference between these levels is given by
AE=y#ABo, which determines the frequency at which the nucleus will resonate when
exposed to radiofrequency radiation. This resonance frequency must match the Larmor
frequency, v=yBo/2m, specific to each type of nucleus. Therefore, the magnetic field must
be carefully selected to match the gyromagnetic ratio of the nucleus to be studied,
ensuring that the resonance occurs within the detectable radiofrequency range. Higher
magnetic fields increase the energy separation AE, improving both sensitivity and
resolution of the NMR signal, which is especially important for nuclei with low natural
abundance or low gyromagnetic ratios, such as 13C.
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Figure 10. Schematic diagram of NMR resonance condition.
b) Protocol for alizarin and alizarin red S

In this thesis, liquid NMR spectra were acquired with a Bruker Advance Neo 500
spectrometer at the frequency of 500.07 MHz for 1H and 125.76 MHz for 13C equipped
with a 5 mm double resonance broadband prodigy probe use nitrogen-cooled RF coils and
preamplifiers. Chemical shifts were calibrated using the Tetramethysilane (0 ppm). For
1H, we used a one 90° pulse with 64 scans and with a recycling time of 1s. For 13C, we used
a one 90° pulse with a 1H decoupling waltz16 with 4096 scans and with a recycling time
D1 of 2s. The 1H and 13C spectra were recorded in exactly the same conditions at room
temperature and processed with a zero-filling factor of 2 and without an exponential
decay. 5 mg of either alizarin or alizarin red S were dissolved in 0.5 mL of acetone-D6. The
1H and 13C NMR spectra were also measured for alizarin red S in D20 as it was more
soluble than alizarin.

3.1.2. HPLC-UV-MS
a) Principle

The HPLC-UV-MS/MS method combines High-Performance Liquid Chromatography
(HPLC) with Ultraviolet (UV) detection and tandem Mass Spectrometry (MS/MS) to
enable sensitive, selective, and accurate analysis of complex mixtures. 130 [n this
technique, HPLC first separates the components of a sample based on their interactions
with the stationary and mobile phases. The separated compounds are then detected by a
UV detector, which measures absorbance at specific wavelengths, providing initial
qualitative and quantitative data. Following UV detection, the analytes are introduced into
the mass spectrometer, where they are ionised, fragmented, and analysed based on their
mass-to-charge (m/z) ratios. The MS/MS system allows for further fragmentation of
selected ions, offering high specificity for structural identification and quantification. 58

b) Protocol for madder

In H20 + NH40H
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Solutions of alizarin (Sigma Aldrich, 97%) were prepared with a concentration of 10-2 M,
adjusted at pH=12 with NH4O0H. Liquid chromatography-UV-mass spectrometry (LC-UV-
MS) experiments were performed on a 1290 Infinity II LC system coupled to a Q-TOF 6540
mass spectrometer equipped with an ESI source operated in the negative and positive
ionization modes. The chromatographic separation was carried out on a Zorbax 300SB-
C8 (150 X 2.1 mm, 5 um) column heated at 35 °C at a flow rate of 300 pl/min with water
at 0.1% of formic acid as solvent A and acetonitrile as solvent B. Five microliters of
samples in H20 + NH4OH at pH12/H20 were injected using the following gradient: 0 min
(5% B), 20 min (40% B), 22 min (100% B), 25 min (100% B), 26 min (5% B)and 6 min
of equilibration time. lon source conditions were set for negative ion mode: capillary
voltage 3.5 kV, Nozzle voltage 1250 V, Fragmentor voltage 125 V, Skimmer 65 V, drying
gas at 10 1/min, 275 °C, nebuliser 40 psi, and sheath gas flow at 10 1/min, and 325 °C. UV
detection was performed at 260 and 410 nm for quantitation at 260 nm. The TOF was
operated in the 40—1700 m/z mass range. Data Acquisition 9.0 and Qualitative Analysis
8.0 software were used to process data.

In MeOH/H20 50:50 with and without O2

Six aqueous samples containing alizarin (1mg/mL) were irradiated at different times
were centrifuged, and the supernatant was diluted by a factor of 2 in MeOH before LC-UV-
MS analysis. Liquid chromatography-UV-mass spectrometry (LC-UV-MS) experiments
were performed on a 1290 Infinity II LC system coupled to a Q-TOF 6540 mass
spectrometer equipped with an ESI source operated in the negative and positive
ionisation modes. The chromatographic separation was carried out on a Zorbax 300SB-
C8 (150 X 2.1 mm, 5 um) column heated at 35 °C at a flow rate of 300 pl/min with water
at 0.1% of formic acid as solvent A and acetonitrile as solvent B. Five microliters of
samples in MeOH/H20 50:50 were injected using the following gradient: 0 min (10% B),
25 min (55% B), 30 min (100% B), 35 min (100% B), 36 min (10% B)and 6 min of
equilibration time. Ion source conditions were set for negative ion mode: capillary voltage
3.5 kV, Fragmentor voltage 125 V, Skimmer 65 V, Drying gas at 10 1/min, 275 °C, and
sheath gas flow at 10 1/min, and 325 °C. UV detection was performed at 232 and 260 nm
for quantitation at 260 nm. The TOF was operated in the 50—1700 m/z mass range. Data
Acquisition 9.0 and Qualitative Analysis 8.0 software were used to process data.

3.1.3. EPR
a) Principle

Electron Paramagnetic Resonance (EPR), also known as Electron Spin Resonance (ESR),
is a spectroscopic technique used to study materials or molecules that contain unpaired
electrons, such as free radicals, transition metal complexes, or defects in solids. In EPR,
the sample is exposed to a strong magnetic field and microwave radiation. Unpaired
electrons have a magnetic moment due to their spin, and under the magnetic field, they
can align in two energy states. When the energy of the microwave radiation matches the
energy difference between these states, resonance occurs, and the electrons absorb
energy. This absorption is measured and plotted as an EPR spectrum. The resulting
signals provide information on the number, environment, and interactions of unpaired
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electrons, as well as on nearby atomic nuclei through hyperfine splitting (Figure 11). Two
key parameters in EPR are the g-factor (g constant) and the hyperfine coupling constant

(an)-
The resonance condition in EPR is: hv = gugB + m;a,, where

e h = Planck's constant

e v = Microwave frequency (GHz range)

g= g-factor (dimensionless; varies with the environment of the electron)
up = Bohr magneton

B = Magnetic field strength

m;= Nuclear spin projection quantum number (e.g., for [=1/2, mi=+1/2)
¢ a, = Hyperfine coupling constant (in MHz or mT)
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Figure 11. Schematic diagram of EPR resonance condition and hyperfine coupling.
b) Protocol for alizarin photodegradation product

Alizarin was dissolved in water at pH=12, adjusted using NH4OH. The formation of
paramagnetic intermediates upon irradiation of alizarin was monitored by cw-EPR
spectroscopy using an EMX Plus X-band EPR spectrometer (Bruker, Germany). The
samples were irradiated at 293 K directly in the EPR resonator (High Sensitivity Probe-
head, Bruker), and the EPR spectra were recorded in situ using a capillary in an EPR tube.
The irradiation source was a UV lamp from Hamamatsu with an interferential filter at 365
nm and an intensity of 200 mW/cm2. The acquisition parameters are: receiver gain is
1.0.105. The sweep width is 25G (central field: 3488 G). The modulation amplitude is 3 G.
The time constant is 5.12 ms. The resolution is 1024 pts. The power is 6.325 mW (15dB).
Scans: 150. Acquisition time is 1500s.
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3.2. Non-Invasive methods

3.2.1. Absorption spectra

An absorption spectrum represents how much light is absorbed by a substance at
different wavelengths. This absorption is governed by quantum mechanical principles
and depends on the electronic, vibrational, and rotational energy levels of the absorbing
species.13t This spectroscopy will be detailed in the method section.

a) Jablonski Diagram

The Jablonski diagram is a useful tool to explain the processes involved in the absorption
and emission of light by molecules, particularly in the context of absorption spectra. It
illustrates the energy levels of a molecule and the transitions that occur between them.
When a molecule absorbs a photon, it undergoes an electronic transition from the ground
state (So) to an excited singlet state (e.g., S1 or Sz). This absorption corresponds to a
specific wavelength of light and appears as a peak in the absorption spectrum. The energy
difference between the ground and excited states determines the position of the peak.
After absorption, the molecule may undergo non-radiative relaxation (internal
conversion, intersystem crossing or vibrational relaxation) to the lowest vibrational level
of the excited state, followed by fluorescence (if emission occurs from the excited singlet
state) or phosphorescence (from the triplet state, T1). The Jablonski diagram helps
visualize these transitions and energy losses, explaining why absorption and emission
spectra often differ (Figure 12).

mwwi RV: Vibrational Relaxation (non-radiative)
= = =» Non-radiative processes

~——* Radiative processes

JABLONSKIDIAGRAM

RV Internal Conversion (same spin)

RV
$ Internal (]nn\'crginn Intersystem crossing (different spin)
1

t e e ——————————— ’§ RV t
- —— - - T1 4

Phosphorescence

ti

So

Figure 12. Jablonski diagram, the different electronic transitions: absorption, fluorescence,
phosphorescence, internal conversion, intersystem conversion, vibrational relaxation.

b) Principle: Ultraviolet-Visible (UV-VIS) spectra

UV-VIS spectroscopy works by measuring the absorption of ultraviolet (UV) and visible
light by a sample. When light passes through or is reflected from a sample, certain
wavelengths of light are absorbed by the sample’s molecules. The spectrophotometer thus
measures the absorbance A of a solution at a wavelength A by taking the logarithmic ratio
of the intensity of the emitted monochromatic light to the intensity of the transmitted
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light: A, = log (IL) . The Figure 13 presents a schematic diagram of a UV-VIS Absorption
0/ 2
spectrophotometer.

The absorption occurs when electrons in the molecules are excited from a lower energy
state to a higher energy state. The specific wavelengths of light that are absorbed depend
on the electronic structure of the molecules. The resulting spectrum displays the intensity
of light absorbed at various wavelengths, and peaks in the spectrum indicate the
wavelengths where absorption is strongest. By analysing these peaks, we can gain
information about the sample’s electronic structure, such as energy levels and band gaps.

Monochromator

Light source Dispersive element Exit slit Detector

Entrance slit Sample

Figure 13. Schematic Diagram of a UV-Visible Absorption Spectrophotometer

UV-VIS spectroscopy, when combined with the Beer-Lambert Law, allows for the
quantitative analysis of a sample’s concentration based on its absorption. The Beer-
Lambert Law states that the absorbance (A) of light by a sample is directly proportional
to the concentration (C) of the absorbing species, the path length (1) of the light through
the sample, and the molar absorptivity (€), which is a constant specific to the substance
and wavelength of light being used. The Beer-Lambert Law equation is: A = €.1.[C].

c) Use in the analysis of madder dyes

In this study, UV-VIS (Ultraviolet-Visible) spectroscopy was utilized as a primary
analytical technique to investigate the optical properties of the madder samples. Samples
were prepared by dissolving the substances in appropriate solvents, e.g., water or other
detailed in the articles, at a concentration of 10-4 M. Their UV-VIS spectra were measured
immediately using an Ocean Optics Flame spectrometer (Model: FLMS00699) with a
wavelength range from 300 to 850 nm. The integration time for each measurement
ranged from 5 ms to 10 ms. The light source used was a Deuterium-Tungsten Halogen
lamp covering the range of 300 nm-850 nm. The blank was done using deionized water.
This light source was coupled to the spectrometer using 400 pm diameter optical fibers
and positioned through a 1 cm quartz cuvette holder. The acquisition of spectra was
facilitated by the Ocean View software.

Calibration curves, when necessary, were constructed to quantify the concentration of
specific species present in the samples.
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3.3. The science of colour

While colour holds profound cultural and historical significance, it is also a physico-
chemical phenomenon, and therefore a subject of scientific examination. Numerous
efforts to understand colour from this perspective have contributed to the development
of a dedicated scientific discipline: colour science.

3.3.1. Traditional colour theory

The science of colour initially took shape through traditional colour theory, which
provided the foundational frameworks for understanding colour relationships.
Traditional colour theory is a historical knowledge describing colour effects, the mixing
of colour, their harmony, colour schemes, and symbolism. It tends to be more subjective
than colour science and is used by artists, designer for artistic applications. The
traditional colour theory dates back at Aristotle’s ‘On colours”, which says that all colours
are derived from combinations of black and white. 132 Since then, several other colour
theories were proposed by artists (Figure 14). They differ by the set of “primary colours”
from which other colours are created, the classification of colours, the “colour harmony”,
the relationship between colour or the combination guidelines for colour applications.

Figure 14. (Top From left to right) Hue circles of Hayter (1826), Mérimée (1830), Field (1835),
and Chevreul (1855). (Bottom From left to right) Colour illustrations, Albers (1963), Itten
(1961), Eliasson (2009) and O’Connor (2020). [llustration adapted from 132 (with author
permission).

3.3.2. Colour science
Colour science is the scientific study of colour including optics, lights, measurement of
colour, colour reproduction, the physiology and psychophysics of colour vision. It is the
continuation of the traditional colour theory. One of the first formalisation of colour
science was done by Isaac Newton’s treatise on “Opticks: or, A Treatise of the Reflexions,
Refractions, Inflexions and Colours of Light” in 1704. 133134 Several optics and
spectroscospic techniques have been developed to study light and its interaction with
matter. Among them, absorbance spectra, reflectance spectra and more recently
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hyperspectral imaging are the most used to study colour. In this thesis, we will mainly
focus on absorbance spectra. 3945135

3.3.3. Colourimetry

Colour observation differs from one person to another. Therefore, a system of
colourimetry is necessary to describe and reproduce colour unambiguously. Colorimetry
is the “branch of colour science concerned with specifying numerically the colour of a
physically visual stimulus”, as defined by Wyszecki and Stiles.13¢ There are many
international organisations that have built standard systems to measure colour or light
references. A known example is the “Commission Internationale de I'Eclairage” (known
as CIE). They have established the CIElab system colour coordinates, which are widely
used in the cultural heritage field, as well as in other colour-related fields. It will be used
in this thesis, and the coordinates as well as their formula are detailed in the Methods
section.

Colour perception and visible region of electromagnetic light

Visible light is a form of electromagnetic radiation perceptible to the human eye that
spans wavelengths from 380-700nm (Figure 15).131 It includes all colours of the rainbow
that the human eye can perceive. We see different colours depending on the wavelengths
of visible light that reach us. When light from a source (like the Sun or a bulb) hits an
object, some wavelengths are absorbed, while others are reflected or transmitted. The
reflected visible light is converted to colour by human eye through our photoreceptor
cells. Thus, the colour we see are the opposite of the absorbed colours. For instance,
wavelengths of approximately 680-740 nm look red while a wavelength of 550 nm is
yellow-green. A way to study colour and characterize it is to study absorption spectra.
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Figure 15. [llustration of electromagnetic spectrum, with a zoom on the visible part of the
spectrum.

3.3.4. Measure colour: CIELAB space

To assist in quantifying colour differences, measurement systems have been developed.
By assigning each colour a coordinate in colour space, we can measure in quantitative
numbers the difference between two colours. There are numerous colour spaces
available, but the most common for textile applications are CIE L*a*b* and CMC. The CIE
L*a*b* (or CIELAB) colour space (Figure 16) is a colour representation model developed
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by the International Commission on Illumination (CIE) in 1976.137 It is designed to be
perceptually uniform, meaning that equal changes in values correspond to roughly equal
changes in human colour perception. It is widely used in industries like printing, textiles,
photography, and colour science because it represents colours independently of devices
(unlike RGB or CMYK, which depend on specific screens or printers).136.138,139

i*

Figure 16. CIELAB colour space representation.

The CIELAB model is a three-dimensional colour space with the following components:
L* — Lightness (Brightness)

Ranges from 0 (black) to 100 (white)

Measures the perceived brightness of a colour, independent of its hue or saturation

a* - Green-Red Axis

Negative values (—) indicate green

Positive values (+) indicate red

b* — Blue-Yellow Axis

Negative values (—) indicate blue

Positive values (+) indicate yellow

Thus, each colour can be represented by a unique combination of L*, a*, and b* values.

3.3.5. Measure colour difference with AE
To quantify the difference between two colours, the AE76(Delta E) formula is used:138

AEys = j(L*Z — L2 + (a5 —a)? + (b} — bi)?

This formula dates from 1976. This formula is used in ISO procedures like 12647-2 for
process control in halftone separations, proofing, and printing, allowing better
communication of colour differences under standard conditions.40 The equation used the
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Lab* colour space, but it had limitations. It overlooked the fact that the human eye is more
sensitive to colour differences in some areas of the colour wheel than others. As a result,
a AE of 1.0 could represent a small difference in dark blues but a large difference in light
pastels. This led to the release of a more precise formula in the year 2000, which is noted
AE ;o (Figure 17). The new formula introduces correction terms to consider the human
perceives differences in the chroma C* (color saturation), lightness L, and hue h* (type of
color; red, yellow, green, and so on). The formula is detailed below , and the full
explanation can be found in this paper by G. Sharma et a/14! In this formula, KL = Kc = Ku
= 1.0 by default. AL’, AC’ and Ah’ are differences in lightness, chroma and hues,
respectively. The improvement of AE,,,, formula includes parametric weighting
functions for L, C, and H, respectively, such as Si, S¢, and Sy, a rotation term Rr accounts
for interaction between chroma and hue differences, particularly important for colours
near the blue region. It also includes hue adjustments. This colour difference method will
be used in this thesis.

N (AL’)2+(AC" )2+(AH’)2+R_AC’ AH'’
00 =\ \ k.5, keSc kxS "keSe ky Sy

AL =L; - L
Li+Ly . Ci4+C
2 2

E.E Cz

ro__ *® ﬁ-; CT o - 05 C‘?
a=aty I Varw | 2Tety Ve

C = G ; s and AC' = C4—C] where C] = \/ﬂf +b{2 cy= \/af; + b;g

Ry = atan2(bj,a;) mod 360°, hj = atan2(b;,a;) mod 360°

R, — I, R — R < 180°
AR = { By — B, +360° |, — hb| > 180°, 1) < I,
R, — B —360° R, — R > 180°, k) >

_ [, + R+ 360°) /2 |R, — Ry| > 180°
AH' = 2\/CCysin(AK[2), H' =
1Cysin(AR/2) {(hHh;)/z W, — Ry| < 180°

T = 1—-0.17 cos( H'—30°)+0.24 cos(2H")4+0.32 cos(3 H' +6°) —0.20 cos(4 H'—63°)
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Figure 17. AEz900 formula to measure colour difference between two points. 141

Sp=1+ Se=1+0.045C" Sy =1+0.015C'T

The interpretation of colour difference varies by field. In cultural heritage, the following
AE ranking is often used:137.142

e < 1.0: Not perceptible by the human eye

e 1-2: Perceptible through close observation
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¢ 2-10: Perceptible at a glance
¢ 11-49: Colours are more similar than the opposite

* 100: Colours are exactly the opposite
3.3.6. Converting UV-VIS spectra to CIELAB coordinates

Human vision relies on two types of photoreceptors located in the retina: rods and cones.
Rods are primarily responsible for vision under low-light or dark conditions, while cones
enable vision in bright light. More specifically, there are three types of cones, S, M, and L,
each sensitive to different wavelengths of light: short (S), medium (M), and long (L),
respectively. These cones play a crucial role in colour perception; when stimulated by
light, they send signals that are processed by the eye and interpreted by the brain,
allowing us to perceive colour. The goal is to quantify colour perception numerically,
which is the object of colourimetry, enabling the objective measurement and
representation of colour. 137141 The CIELAB colour coordinates integrate this human
perception of colour and the human sensitivity difference for each colour.

To convert absorbance spectra into CIE Lab (L*a*b*) colour coordinates, the first step is
to transform the absorbance data into transmittance or reflectance, depending on the
context. This is typically done using the relation T(A)=10-A(A). The resulting spectral data
is then multiplied by a standard illuminant spectrum (e.g., D65 for daylight) and the CIE
1931 colour matching functions to obtain the tristimulus values X, Y, and Z. The colour
appearances of a given object (in our case the molecules) under a light source (i.e., the
illuminant), it is derived from the tristimulus values as follow:

X= f T() SOV () dA
¥ = f T(1) SOV () dA
7= f T(A) SOV Z(\) dA

k= 100/[5(/1)y(/1) d

Where S(A) is the spectral power distribution of the Illuminant, T(A)is the transmission
spectrum of the object and k is a normalising constant. These integrals approximate how
the human eye perceives colour under a given light source. Once the XYZ values are
calculated, they are converted into the CIE Lab coordinates using a standard nonlinear
transformation that references a defined white point.

L*=116(Y/Yn)1/3 — 16ifY/Yn > 0.00856
L*=9033(Y/Yn) ifY/Yn < 0.00856
a*=500[f(X/Xn) — f(Y/Yn)]
ax=200[f(Y/Yn) — f(Z/Zn)]
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with f(x) = 1/3 for x > 0.00856 and f(x) = 7.787 + 16/116 for x < 0.00856

The terms Xn, Yn, and Zn are the nominally white object colour stimulus (i.e., the reference
white).

3.4. Photodegradation

To study the photodegradation of dyes, accelerated photodegradation experiments were
conducted in the laboratory, as natural photodegradation is typically a slow process. This
approach is based on the reciprocity theorem, which states that the extent of
photodegradation is equivalent when using high light intensity for a short duration or low
intensity for a longer period. 7> Several light sources were used in this study, including a
UVA LED lamp (Hamamatsu, irradiance: 10 mW/cmZ), a visible LED lamp, and a xenon
lamp housed in a controlled chamber simulating daylight. The spectral output of each
lamp is shown in section 3.4. Dyes were solubilized in water at a concentration of 10™*
mol. L-1and distributed into glass vials. These solutions were then exposed to UVA, visible,
or xenon light under various durations and pH conditions described below. Absorbance
spectra were recorded immediately after exposure. A non-exposed control solution was
used for comparison and is labelled as "0 h" in the results section. In addition, the
degradation products of alizarin were analysed by HPLC-UV-MS to identify potential
photoproducts. The Xenon lamp is SUNTEST XLS+ with Daylight option, the unit was
operated with constant cooling, and the intensity of the lamp is 50 mW/cm?. Visible lamp
is a polychromatic white LED TSPOT4-WHI-9-DS from TPL Vision (measured irradiance
of about 10 mW/cm?). Finally, the UVA lamp is a UV-LED L11921-410 from Hamamatsu
Photonics with a maximal emission at 369 nm and a measured irradiance of about 10
mW /cm?.

The exposition was followed by UV-VIS spectra every hour for 5 hours or every 24h until
72h. A 5-hour exposure at 50,000 lux is equivalent to approximately 0.43 years
(approximately 5 months) of natural ageing under typical museum lighting conditions at
200 lux.

Alizarin photodegradation (Sigma Aldrich, 97%) was done in water and at pH=12
because it is the most soluble at this pH at 104 mol. L-1. To study the influence of
photodegradation kinetics on pH, we used an alizarin alternative, alizarin red S (sodium
alizarinsulfonate, Thermoficher), for its higher water-solubility at different pH (2, 6.5, and
12) adjusted with NH4OH or HCl and with a concentration of 10-* mol. L-1. Three replicates
of each Kkinetic experiment were done, and the error deviation was calculated. The
influence of solvent was also tested for alizarin in toluene, acetone, ethanol, DMSO, DMF,
2-propanol, and glycerol (solvent grade). The number of photons per cm? as a function of
irradiance is shown in Table 1. It can be used to normalise the experiments with different
light intensities. An example of the calculation of the number of photons for 10mW/cm?
at A=550 nm is presented below:
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5 _he 6,626 x 107 J.sx 3.0 x 10% m/s 3.825 x 10-1°
photon = 3= 520 x 10 m o /

Etotal =10mW/cm?=0.01W/cm?

N - Frotal ___ 001W 2.61 X 10'® photons/s
photons Ephoton  3.825x10717] ™

Nphotons for 1h exposition: = 2,61 x 10'® photons/s *3600s= 9.40* 10'’photons/cm?

Table 2. Photons absorbed as a function of irradiance and wavelength.

2 2
Wavelength Irradiance Nphotons Jcm
(nm) 1h exposition
520 50mW/cm? (xenon) 4.72 x 10%° photons/cm?
520 10mW/cm? (LED) 9.40x 10*° photons/cm?
430 50mW /cm? (xenon) 7.80 X 10'7photons/cm?
430 10mW /cm? (LED) 1.56 x 10'7photons/cm?
7 Irradiation area ¢3 mm L11921-410
—— Daylight TLSZBO0RZES
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Figure 18. Spectral distribution of daylight Xenon Chamber SUNTEST XLS+, UVA lamp, and
visible lamp used in this thesis. The sunlight is shown for reference. Spectra are taken from the
furnisher or the S.1. of the article https://doi.org/10.1016/j.saa.2024.125371.
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This chapter presents the computational methods used in this thesis, focusing on
quantum chemistry approaches for modelling madder dyes. Key topics include DFT, TD-
DFT, absorbance (vibronic) spectra simulation, and strategies for representing the

molecular environment.
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Computational chemists employ the principles of quantum mechanics to theoretically
investigate chemical reactivity and to interpret the full range of spectroscopic
techniques.193 They use computer simulations to solve chemical problems. It has been
used in a wide range of fields such as drug design in medicine, solar energy harvesting,
design catalytic process, but is not much used in the field of cultural heritage.143

CHAPTER 4 | COMPUTATIONALMETHODS

Our ambition is to understand the colourant’s molecular structure, their properties and
how they react with the environment (such as light, pH, and solvent). To a larger extent,
this means understanding “what the electrons are doing”, because it is the electrons which
are forming bonds, the electrons which are rearranged when a reaction occurs, and a
change in molecular ‘energy’ is in part responsible for the absorption spectra. Those
behaviours can be explained and predicted using quantum mechanics. This is a key to a
deeper understanding of all phenomena in chemistry.

Indeed, quantum chemistry is built on a set of postulates and equations that describe the
behaviour of atoms and molecules. By applying these principles and resulting equations,
it becomes possible to predict and interpret key molecular properties, such as molecular
geometry, electronic structure, energy levels, and therefore spectroscopic signatures,
which is one of the focuses of this thesis, because it offers a non-invasive way to study
colours in precious artworks. Moreover, today, advances in experimental spectroscopic
techniques have led to increasingly sophisticated methods, and the combination of
multiple modern techniques can provide a more complete picture of the system studied.
However, the resulting experimental high-resolution spectra may consist of hundreds or
thousands of peaks, making their interpretation and analysis highly challenging. With the
help of quantum chemistry, it can predict spectral properties. Moreover, it can aid in the
interpretation of complex spectra and filling gaps in data that are either incomplete or
experimentally difficult to access. It can also be used to predict molecular properties
before synthesis, reducing the cost and formulation time based on trials and errors.

This section introduces the fundamental principles used in quantum chemistry. It begins
by defining the key terms used and the fundamental postulates of quantum mechanics.
We then present the Schrodinger equation and the Self-Consistent Field (SCF) procedure.
Then we define the concept of basis sets. Along the way, we explore the Density Functional
Theory (DFT) and its Time-Dependent (TD-DFT) counterparts’ methods, which are the
basis of the theoretical methods used in this thesis. The remaining parts build on them
and explain how they are applied to solve chemical problems: to extract molecular
properties. We will particularly focus on the prediction of absorption spectra with
vibrational effects and the Franck-Condon approximation.

These sections and equations are inspired by the books by Szabo et al, Peter Atkins et al,
J.Keeler et al. as well as publications by the ORCA software authors and manual. 128.144-146
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4.1. The foundations of quantum mechanics

In the world of very small objects, particles like electrons behave in different ways than
objects in our everyday world, which is governed by classical mechanics (also called
Newton mechanics). On the other hand, the electrons are described by quantum
mechanics, which follows some postulates.

One of the most important results from quantum mechanics is that the energy levels of
particles like the electron is quantised. This means that energy cannot take any values and
is restricted to certain values called energy /evels. The second important idea is that we
cannot tell or measure precisely the position of an electron. All we can do is give the
probability of that electron being in a particular position. Both quantisation of energy and
the idea of the probability of a position are closely related to the notion of the
wavefunction.

a) Wavefunction

In quantum mechanics, the wavefunction contains everything there is to know about the
particle. If we know the wavefunction, we can extract properties like energy and the
probability of finding the electron. It is a mathematical function of relevant variables such
as the electrons’ position coordinates (such as vector ri=(x1,y1,z1) for electron 1,
r2=(x2,y2,z2) for electron 2, and so on). It is usually denoted with the Greek letter ‘psi’, W.

b) Probability density

The probability of finding an electron at position r=(x,y,z), in a small volume dV, is
defined as the square of the module of the wavefunction: dP= |¥(x,y, z)|2dV=|¥(r)|2dV.

The probability of finding an electron in all space is certain, so the integral of dP over the
volume is equal to 1. This is why the wavefunctions are normalised by a constant.

The probability density is the previous probability divided by the volume dV.

The wavefunction can be complex, so the probability density can be written as WV *
(r)¥(r)dv.

c) Energy

Transition between different levels of energy gives rise to different spectra. Energy comes
from many forms, but the two we are most concerned with are kinetic and potential
energy. Kinetic energy is the energy related to motion. Potential energy is the ‘energy
stored’ and is present in diverse forms: gravitational potential energy, elastic potential
energy in a spring, for example, or charged particles, there is the electrostatic potential
energy. This last one is considered for electrons.

d) Introduction to Schrédinger equation

Now that we have introduced the key concepts, such as energy and wavefunctions, the
question is, how do we find or compute them?
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Quantum mechanics tells us that they can be found by solving the Schrédinger equation.
This equation depends on the system we are studying. Its time-dependent () and time-
independent (2) forms can be written, as:

AHY(r,t) = ih%‘}’(r, t) (1)
HY = E¥Y (2)

where W(r,t)is the time-dependent wavefunction of the system, His the total
Hamiltonian operator, r =ry, rz, r3.. the position coordinates all electrons, and h is the
reduced Planck constant, E is the energy. The details of this equation and the notion of
operator are explained in the following sections.

This equation can be solved exactly in simple cases, such as for example the hydrogen
atom. Calculating the eigenvalues E of this equation gives access to energy levels, and the
eigenvector gives the wavefunction V. But it cannot be solved exactly for atoms or
molecules that contain more than one electron. We have to resort to approximations and
computer-based solutions as the mathematics becomes rapidly complicated. For big
molecules like alizarin and other anthraquinones, a powerful computer is needed, such as
a supercomputer. In this thesis, we use the MESU supercomputer from Sorbonne
University and the Jean Zay French national supercomputer.

e) Operators

An observable is any variable that can be measured, such as position, momentum, energy,

or spin. In classical mechanics, they are represented by functions, for example, the

function position as a function of time. In quantum mechanics, they are represented by

operators. In mathematics, an operator is a symbol for an instruction to carry out an
: . d

action such as an operation é. The operators are often represented by the symbol

‘uppercase omega’, Q, associated with the observable . But other letters with a hat can
be used, such as H,V,T, f etc. The Hamiltonian operator H, potential ¥, or kinetic
operators T are detailed in the following section.

Before delving into more complex equations for the approximation of the solution, we
need to first put some postulates

f) Postulates of quantum mechanics

Like many theories, quantum mechanics is based on postulates. A postulate is a
theoretical statement that cannot be proved but is consistent with experimental results.
They may seem rather distant from the application to the molecules, which we are
interested in, but it serves as a better comprehension about what those theories are based
on.

The postulates in quantum mechanics can be formulated simply as below: 145
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1) The state of a quantum mechanical system is completely described by the
wavefunction W(r,t) that depends on the coordinates of the particle, r and the
time, t.

2) For a system described by the wavefunction W(r), the probability of finding this
particle in the volume dV is |¥(r)|2 dV.

3) To every observable in classical mechanics there corresponds a linear, Hermitian
operator in quantum mechanics.

4) In any measurement of the observable associated with operator { the only values
that will ever be observed are the eigenvalue, w, that satisfy the eigenvalue
equation: Q¥ = V¥

5) When the value of an observable () is measured for a system that is described by a
linear combination of eigenfunctions of Q, with coefficients ck, each measurement
gives one of the eigenvalues wk of {), with a probability proportional to |ck|2.

g) The Hamiltonian operator

For the remaining parts, atomic units (a.u.) will be used, in which fundamental constants
such as (h), (m,), and (e) are set to 1, simplifying the mathematical expressions.

The Hamiltonian H represents the total energy of the system and includes several terms:
the kinetic energy of electrons T,, the Kinetic energy of nuclei Ty, the electron-nucleus
interactions Vy, , nucleus-nucleus repulsions Vyy, electron-electron repulsions ¥, and, if
applicable, an external potential V..

A=T,+Ty+Vye+Van+ Vie + Vere (3)

In Equation  (3) above, (T,) and (Ty) represent the kinetic energy operators for the
electrons and nuclei, respectively. These are defined as (in a.u.):

— 1z o 1
Te——' EVI and TN__ZMVA (4)
=1 A=1

Where V is the nabla operator, (with partial derivatives). For this equation and
throughout the remainder of this manuscript, the system under consideration will consist
of (N,) electrons, each with mass (m,) and charge ( —e ) where e denotes the elementary
electric charge, and (N,) nuclei, each with mass (M,) and charge (Z,e). The spatial
coordinates of the electrons are denoted by (r;) and those of the nuclei by (R,).

The potential energy of attraction operators (Vy.), (Vyn), and (¥,,) correspond to the
nucleus-electron, nucleus-nucleus, and electron-electron Coulomb interactions,
respectively. They are expressed as (in a.u.):

Ne N‘i‘l Nn n Ne Ne
ZuZg .
T =io ). Dl o = 2 Y e T mio ). D (9
i=1 A= L A i=1 j>i i —
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Where (|r; — Ry4|) is the distance between electron (i) and nucleus (A4), (|R4 — Rg|) is
the distance between nuclei (A) and (B), and (|ri - rj|) is the distance between
electrons (i) and (j) , j,=e?/4me, is a constant encountered in computational chemistry.
The final term, (V;;t), represents the interaction potential between the system (electrons
and nuclei) and any external field, such as an applied electric or magnetic field. If this term
is equal to zero, the system is considered isolated, and the Hamiltonian becomes time-
independent.

h) The Born-Oppenheimer approximation

As stated before, the exact solution of the Schrédinger equation (Eq. 1) of molecules
cannot be solved, except for the Hydrogen atom. Therefore, all theories about molecular
structures make some simplifications and approximations to solve this equation. Here we
adopt the Born-Oppenheimer approximation, which supposes that the nuclei, being much
heavier than the electrons, move relatively very slowly and can be treated as stationary,
while the electron moves. This simplifies the Schrodinger equation by treating the nuclear
kinetic energy term (T,;) and the nuclear-nuclear repulsion term (V/N\N) as constants. The
Hamiltonian operator is then reduced to electronic Hamiltonian: H, = T, + Vy, + V..

4.2. Computational chemistry methods

Computational methods use the power of computers to predict molecular structure and
reactivity, as well as spectroscopic properties. This section introduces some of the
computational techniques to solve the Schrodinger equation. We present the equations
that are used and describe some of the approximations that make the computation
feasible, as well as the different methods used.

The starting point is the Born-Oppenheimer approximation and the focus on finding the
solution of the electronic Schrédinger equation: H¥ = E¥. (2)

There are two main approaches for the solution of the Schrodinger equation: ab-initioand
semi-empirical method. The Density Functional Theory (DFT) has become a dominant ab
initio procedure. 103106147DFT methods are the foundation of the methods used in this
thesis.

4.2.1. Ab initio methods

In this method, a model is chosen for the electronic wavefunction and equation (2) is
solved using as input only the values of the fundamental constants and the atomic
numbers of the nuclei (the term ab initio means ‘from the beginning’). Its accuracy
depends on the model chosen for the wavefunction. For large molecules, accurate ab initio
is computationally expensive and semi-empirical methods have been developed to study
those molecules.
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4.2.2. DFT methods

Contrary to other methods which relies on wavefunctions, Density Functional Theory
relies on the electron density p. This drastically reduces the computational complexity
and still capturing essential quantum behaviour. It is now the most used computational
procedure for molecular electronic structure calculation. This method is fully detailed in
a following subsection.

4.2.3. Semiempirical methods

This method uses a simplified form of the Hamiltonian, approximations and adjustable
parameters, derived from experimental data to improve accuracy and reduce
computation time. They are mixed between ab initio methods (which rely only on theory)
and empirical methods (based entirely on data). One example of semiempirical method is
extended Tight Binding (xTB), developed by Grimme and co-workers. Commonly used
versions are GFN-xTB, GFN2-xTB. xTB method is used in this thesis for molecular
quantum dynamics and conformers generation.

4.2.4. Computing electronic molecular energy

We will first begin by computing the electronic energy. From that, many other properties
can be determined like the potential energy surface (PES), and from that we can find the
equilibrium structure of a molecule. Vibrational frequencies can be determined from
gradients or PES, and from that we can extract spectroscopic properties.

To compute molecular electronic energy and geometry optimisation necessary before all
computations, the self-consistent field (SCF) method is the starting point of many of the
ab initio molecular methods used in this thesis. Therefore, we introduce it here briefly.
We begin by first presenting the Hartree-Fock approach and basis set before the SCF
iteration procedure. Then we will move on to the DFT and TD-DFT methods along with
vibronic spectra methods.

4.2.5. Hartree-Fock method: a brief overview

The electronic wavefunction of many-electron molecules W(ry, ry, ...) is a function of the
positions of all the electrons. In the orbital approximation, it is supposed that each
electron occupies an orbital, allowing the wavefunction to be rewritten as ¢, (ry) ¢, (13)...
or more simply ¢, (1)¢,(2)... Here we suppose that electron 1 occupies orbital ¢, with a
spin o, electron 2 occupies the same orbital with a spin [, and so on. Hence, the overall
wavefunction W can be written as a product: ¥ = ¢;"(1)¢§(2) ... where each spinorbital
such as ¢ (1) is a product of the spatial wavefunction and the spin state, for example:
¢5F(1) = d,(1)a(1). To ensure that the wavefunction follows the Pauli principle, it can be
written as a sum of all possible permutations. It can be formulated as a Slater
determinant148:
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fl (1) 32 (r) .. (P;N (ry)
¥(1,2,..,N,) = % 11:(7'2) 22:(7'2) ¢NN:(T'2) ,with o; € {a, £}

Lol oy ¢ ' oN [ (6)
11(rNe) ¢22(rNe) ¢NN(rNe)

1

JN!

Following the variational principle, the form of W is the one with the lowest energy,
as the spin-orbitals ¢ are varied. D.R. Hartree and V. Fock showed that the
minimisation of the energies of each ¢ leads to:

fQ)1pr) = exldr) (7)

The ensures the wavefunction is normalised.

Where f(i) is the Fock operator, which is defined in terms of Coulomb operator J;, and
exchange operator, K;:

) Ve Z Ci o
(=5~ ) =g+ L0 - RO (%)
a ! 1
N e (9)
o0 = LEOH O
R i) = L2 (i)‘f,f, . 27?{‘“ Ll (10)

The Coulomb operator considers the Coulombic repulsion between the electrons, and the
exchange operator represents the modification of this energy that can be attributed to the
effects of spin correlation. The sum in (&) represents the average potential energy of
electron 1 due to the presence of other Ne -1 electrons. Each molecular orbital must be

obtained by solving equation (7) by adopting an iterative type of solution, it starts
by guessing the initial form of the wavefunction ¢, and use them to defince J; and K.
Then the HF equation (7) are solved. This process is iterated using newly found

wavefunctions until the cycle of calculation leaves the energies €, and wavefunctions ¢y
unchanged within a chosen criterion. This is the origin of the term Self-Consistent Field
(SCF) in general and of HF-SCF for the approach based on the orbital approximation.

4.2.6. The Roothaan equation

The difficulty of HF-SCF procedure is that its numerical solution is a complex task, even
for powerful computer. Therefore, a modification must be used to be applied for large
molecules. In 1951, Roothaan developed LCAO-MO (Linear Combination of Atomic Orbital
for expressing Molecular Orbital). 14° He found a way to convert the HF equations for the
molecular orbitals into equations that appear in LCAO to simulate molecular orbital. He
wrote:
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Np

br = Z ComXo (0

o=1

Where c,,, are unknown coefficents and y, are atomic orbitals. N, is the number of basis
sets, which corresponds to the number of atomic orbitals (such as 1s, 2s, 2px, 2py, 2pz,

etc.) This formalism leads to a set of simultaneaous equations for the coefficients called
the Roothaan equations.

This led to equation:

Np Np
?(l) Z ComXo = €k Z ComXo (12)
o=1 o=1

These equations can be reformulated as the following form:
K K
ZFquvk = 8kzswc\;k (]3)
v=1 v=1

With the overlap integral S,,,, and Fock integral F,, defined as:
S;w:()(u |Xv> (14)
Fov = (tulfly) (15)

4.2.7. SCF procedure
To solve equation (13), which could be written as its matrix form

FC=eSC, a iterative procedure is used because the Fock operator depends on the
coefficients c,,, . The solutions are non-trivial only if the following equation is satisfied:

16
det|F — €S| =0 (16)
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This is the SCF procedure and is summarised in the illustration below.

Choose set of
basis function y,

Overlap matrix S Fock matrix F
(eq.14) (eq.15)

Formulate set of trial coefficients
com and therefore wavefunctions ¢y

Energies g
Coefficients c,m

(G

Figure 19. lllustration of the iteration procedure for Hartree-Fock SCF calculation.

4.2.8. Basis sets

In theory, a complete basis function (an infinite number) must be used to represent the
molecular orbital exactly. However, this is not computationally feasible and a finite
number of basis sets is always used. The error due to the incompleteness of the basis is
the basis-set truncation error. The goal is to choose the basis set effectively to have a low
number of basis sets but also a small truncation error. There are many types of orbitals.
One of the first choices of orbitals is the Slater-type Orbitals (STO), and then later came
the Gaussian-type orbitals (GTO), which are used in this thesis. The Slater orbital centred
on each of the atomic nuclei has the following form:

Unim(r,8,0) = N -r"1e~S"1™(6, d) (17)

With N the normalisation constant, r,6,¢, the spherical coordinates, (n,l,m ) the
quantum numbers { (“zeta”) is the Slater constant, an Y/"(0,¢) is the spherical
harmonics. The use of STO in HF-SCF calculations on molecules is computationally heavy.

The introduction of the GTO by Samuel Francis Boys in 1950 has played a major role in
making ab initio computations feasible.150 Cartesian Gaussians are functions of the form:

gijk = Nxiyzke-are (18)
Where the origin of the coordinate is the nucleus of atoms, i, j and k are non-negative

integers, N is a normalisation constant, and « is a positive exponent. A s-type GTO has
i=k=0; a p-type GTO has i+j+k=1, a d-ype GTO has i+j+k=2, etc. (see Figure 20).
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s-type Orbital p-type Orbital (px) d-type Orbital (dy2_2)

Figure 20. lllustration of contour plot of Gaussian-Type Orbitals (GTO): s-type, p-type and d-
type. Red means positive, and blue is negative.

The central advantage of Gaussians is that the product of two GTOs at different centres is
equivalent to a single Gaussian function centred at a point between the two centres.
Therefore, two-electron integrals on three and four different atomic centres can be
reduced to integrals over two different centres, which is easier to compute.

Two Gaussian Functions and Their Product

g1(x)
m— g2(X)
g1(x) - g2(x)

Figure 21. lllustration for the product of two gaussians, situated at the centre of the two
contributing gaussians. The scale of the product has been increased for better visualisation.

However, GTOs give a poorer representation of the orbitals at the atomic nuclei; a larger
basis set must be used to achieve higher accuracy. This is done by grouping together
several GTOs, which gives contracted Gaussian functions, centred on the same atomic
nucleus. The molecular orbitals are then expressed as a combination of the contracted
Gaussians. The use of this type of contracted functions rather than the primitive ones
decreases the number of unknown coefficients and saves computer time without a loss of
accuracy if they are well chosen.

Improvements in the agreement between electronic structure calculations and
experiment can often be achieved by increasing the size of the basis set.
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a) N-zeta basis sets

In a double-zeta (DZ) basis set, each basis function in the minimal basis is replaced by two
functions; in a triple-zeta (TZ) basis set, by three functions, and so on. For example, a
double-zeta basis function for H20 consists of 14 functions: 2 basis sets for each 1s of
Hydrogen orbitals (total is 4), 2 basis sets for each orbital of the Oxygen, 1s, 2s, 2px, 2py,
and 2pz (with a total of 10).

b) Split-Valence (SV) basis set

In a Split-Valence (SV) basis set, each inner-shell (core) atomic orbital is represented by
one basis set function and each valence atomic orbital by two basis set functions.
Logically, the valence electrons are more responsible for the molecules’ reactivity and
properties, so they are more precisely described. It means that for C atoms, for example,
there is one contracted function representing the 1s orbital and two representing the 2s
orbital, and two for each 2p orbital.

c) Polarisation functions in basis

Further improvements to the accuracy of the electronic structure calculations can often
be achieved by including polarisation functions in the basis. For instance, the polarisation
function in a calculation of CH4 includes basis functions representing d orbitals on carbon
or p orbitals on hydrogen. Polarisation functions often lead to improved results because
atomic orbitals are distorted (or polarised) by adjacent atoms when bonds form in
molecules. The addition of polarisation functions to a DZ basis set results in a double-zeta-
plus polarisation basis (DZP basis). For example, in a DZP for CH4, a set of three 2p-
functions is added to each H atom, and a set of six 3d-functions is added to the C atom.

d) def2-TZVP basis set

In this thesis, we use a def2-TZVP basis set, which corresponds to a triple-zeta-valence-
polarisation basis. 151-154 The def2 term corresponds to the 2nd generation of the default
basis set of the Ahrichs group. It is a Gaussian-type orbital with three functions per
valence orbital, optimised for valence electrons and with diffuse polarised functions (p-
orbital on H atoms and d-orbital on C atoms). In this thesis, auxiliary basis sets are also
used, such as def2-tzvp/C, def2/]. The /C stands for correlation fitting, and /] stands for
Coulomb fitting. They are used to speed up expensive parts of the calculation. They are
part of the Resolution of Identity (RI) approximation. Further details can be found in the
original articles. 155156

4.2.9. Electron correlation

The ground-state HF wavefunction is not the ‘exact’ wavefunction because it does not
consider instantaneous Coulombic interaction between electrons, but rather treats them
as an average field of electrons. This approximation ignores the electron correlation. The
difference between the exact energy E, and the HF limit is the correlation energy:
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Ecorr = EO - EHF (19)

Many theories have been developed to take electron correlation into account such as:
configuration interaction (CI), multiconfigurational methods, Mgller-Plesset (MP)
perturbation theory, coupled-cluster (CC), Complete Active Space Self Consistent Field
(CASSCF), etc. They are not detailed here.

4.3. Density Functional Theory (DFT)

DFT is one of the primary computational methods used in recent years. Its advantage
resides in lower computational time, and in some cases, like d-metal complexes. The
central focus of DFT is not the wavefunction but the electron probability density p(r) and
has its roots in the Thomas-Fermi model. This model assumes that the electron density
determines the properties of the molecules and that energy is correctly given by a
variation principle. A functional is a function of a function. Hence, the term ‘functional’
refers to the fact that the energy of the molecule E[p(r)] is a function of electron density,
which itself is a function of the position of electrons p(r).

DFT was put on a solid theoretical footing by Pierre Hohenberg and Walter Kohn in 1964,
starting with the following theorems157.158;

1. Hohenberg and Kohn's existence theorem: The ground-state energy and all other
ground-state electronic properties are uniquely determined by the electron
density

2. Hohenberg and Kohn'’s variational theorem: For a trial density function p’(r), the
energy functional Eo[p’(r)] cannot be less than the true ground-state energy of the
molecule.

The Hamiltonian of many-electron is repeated here:

vi- ZZ +ZZ
ZZ Ty — RA |rl—r]|

i=1A=

The interaction between the electrons and nuclei (second term) will be noted v(r) for

each electron:
Z V — Z v(r) + Z Z
|ri =]

i=1 j>i

The first theorem implies that there exists a one-to-one correspondence between the
external potential v(r)(and thus the Hamiltonian and wavefunction) and p(r). It is
possible to compute v(r) from p(r), then the Hamiltonian A, and finally the energy E. It
follows that the ground-state electron density determines (in principle) all properties of
the molecules.
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The second theorem follows the variational principle that implies that the minimisation
of the energy functional E[p] gives the ground-state energy Eo:

Ey = mian[p] (20)

We have seen previously that the total energy can be written as the sum of the kinetic
energy (T) of the electrons and the potential energy V. We can express T and V as
functionals of the electronic density p.In 1964, Hohenberg and Kohn were able to prove
that that the exact ground state of energy of Ne electron molecule is uniquely determined
by the electron probability density p 158 :

E[p] = E[p]classical + E, [p] (21)
with E[p]¢1assical defined as:
B[p]15ea! = T [p] + Vhelp] + Ve ! [p] (22)

Where V;,.[p] is the electron-nucleus potential energy, and V,.[p] the electron-electron
potential energy, T;[p] being the Kinetic energy of non-interacting electrons, and:

E.clpl = Veréon-classical[p] + AT (23)

E.c[p] is the exchange-correlation energy. It considers all the non-classical electron-
electron effects due to spin and applies a small correction to the kinetic energy due to
electron-electron interactions. The AT =T — T, it accounts for the difference between the
true kinetic energy and that of non-interacting electrons. The Hohenberg-Kohn theorem
proves the existence of E,.[p] but does not show how to compute them.

The first step is to compute electron density p. In 1965, Kohn and Lu Jeu Sham?>8, showed
that p can be expressed as a sum of each electron contribution as:

N
p= Z¢k*-¢k (24)
k=1

with ¢y the Kohn-Sham orbitals, which are solutions of the Kohn-Sham equations. These
are Schrodinger-like equations:

fksdr = [Ts + Vexeldr = ex Py (25)

We find ourselves in the same situation as with the Hartree-Fock method. Therefore, we
can use a self-consistent field procedure to solve these equations.

4.3.1. The exchange-correlation challenge and functionals

The challenge is to find the functional E,.[p]. Numerous approaches have been developed
to obtain approximate forms of the functional exchange-correlation energy. The main
source of DFT errors comes from the approximate nature of E,.[p].
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Currently, there exist around hundreds of different exchange-correlation functionals, and
the search for more accurate functionals is still under research: Local Density
Approximation (LDA), Generalised Gradient Approximation (GGA), meta-GGA (mGGA),
hybrid functionals, double-hybrid functional, etc.143147.159

It is common to classify functional in a ladder called the Jacob’s ladder of approximations
to the exact exchange-correlation functional. 160161 This ladder progresses from the
Hartree world, with no exchange-correlation, toward the “heaven” of chemical accuracy
(within 1 kcal/mol for energetics).

Heaven of chemical accuracy

Examples of functionals:

+Dependence on Double-hybrid / B2PLYP, wB97X-2, ...
o +Dependence on Hybrid PBEO, B3PLYP, ...
S exact exchange
=l Vip(r)
§F +Dependence on
g5f,. T o q ‘Meta-GGA rSCAN, MO6-L, ...
gg kinetic energy density
B E» Vp(r) .
A +Dependence on GGA "\ PBE, BLYP, ...
25
A=
[
B
Q
=

density gradient
LDA

Density dependence PWV, VPN, ...

Figure 22. [llustration of Jacob's ladder of DFT functionals.

LDA was one of the first functional, derived from Monte Carlo simulations for the uniform
gas. It assumes the E,.[p] depends only on the local electron density. Then GGA
functionals were developed to improve upon LDA. It includes gradient of the density and
captures spatial variations, which better describes molecules. The meta-GGA brought
about a massive improvement by an order of magnitude of binding energies.160 It
incorporates Kkinetic energy density or second derivatives of the density. Hybrid
functionals is the last big advance in exchange-correlation functionals. It includes some of
HF-exchange. The energy can be expressed as:

roo (26)

Blol = | (w]7|) dn

A fixed percentage of exact exchange is then chosen to be included in the functional being
constructed. The two most widely used hybrid functionals are B3LYP and PBEO. Then
later development came to double-hybrid (or hyper-GGA) functionals which involves
unoccupied virtual orbitals. Hybrid (like PBEO) and double hybrid functionals (like
B2PLYP) are used in this thesis and is detailed in the following sections.
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4.3.2. Hybrid functional

a) PBEO hybrid functional

PBEQ 162163 was established by Adamo and Barone, and at the same time Ernzerhof and
Scuseria.164 It is created using GGA, Perdew-Burke-Ernzerhof (PBE) functionals and %
Hartree-Fock exchange. It is a purely theoretical functional, and does not rely on any fitted
parameters. It is used in this thesis for optimization of molecular structure geometries
and TD-DFT (which is presented in a later section).

Exc™lp] = Exc®lpl + 1/4(E{" [p] — EZPF [p]) (27)

With EFBE[p] the total exchange-correlation energy in PBE functional, EXF[p] the exact
exchange energy calculated using HF theory and EFBE[p] the exchange energy from the
PBE GGA functional.

b) B3LYP hybrid functional

Another hybrid functional B3LYP165, combines Becke’s three-parameter exchange
functional (B) 166 with 1/5 Hartree-Fock exchange and the Lee-Yang-Parr correlation
functional (LYP)167.168 The general expression for the B3LYP functional is then given by:

EB3WYP = GEHF + (1 — @)ELSPA + b AEB®® + ¢ ELYP + (1 — ¢)ELSPA (28)

with coefficients a = 0.2, b = 0.72, and ¢ = 0.81. ELSPA s the Local spin-density
approximation exchange.

4.3.3. Double-hybrid functionals

a) B2ZPLYP / RI-B2PLYP double hybrid functional

In DFT, a double hybrid functional includes a certain amount of HF exchange and PT2
correlation (thus the term double hybrid). This idea was first proposed by Donald Truhlar
in 2004 and more well-known, by Stefan Grimme in 2006.16° It is based on a mixing of
standard generalized gradient approximations (GGAs) for exchange by Becke (B) and for
correlation by Lee, Yang, and Parr (LYP) with Hartree-Fock (HF) exchange and a
perturbative second-order correlation part (MP2) that is obtained from the Kohn-Sham
(GGA) orbitals and eigenvalues. This virtual orbital-dependent functional contains only
two global parameters that describe the mixture of HF and GGA exchange a, and of the
PT2 and GGA correlation a., respectively.

EB2PLYP — g ENF + (1 — a,)EB®® + (1 — a )ELYP + a EMP? (29)

Where EMP?2 is the Mgller-Plesset (MP) perturbative correlation energy, a, =
0.53 and a, = 0.27.

In this thesis, we use RI-B2PLYP, which has the RI( Resolution of Identity) approximation
that reduces computational cost of MP2 calculation.155156

81



4.3.4. Energy derivatives and Hessian matrix

Since 1969, when P.Pulay developed the first computer program for analytically
computing derivatives of self-consistent field (SCF) energies, gradient-based methods
have become fundamental in quantum chemical calculations. Determining a molecule’s
equilibrium structure involves locating the minimum on the potential energy surface
(PES), which corresponds to a point where the first derivatives of the energy with respect
to nuclear coordinates, meaning the derivatives equal zero. However, a zero gradient
merely indicates a stationary point and does not distinguish between a minimum,
maximum, or saddle point. To make this distinction, the second derivatives must be
evaluated. These second derivatives, taken with respect to nuclear coordinates, are
collectively represented in the Hessian matrix. When there is one negative frequency, the
molecule is at its minimum (equilibrium) or maximum (transition state TS). When there
are two negative frequencies, the system is at a saddle point.

4.3.5. Molecular properties and gradient method

Once the electronic energy is obtained by solving the Schrédinger equation, various
molecular properties can be computed. One of them is the equilibrium structure, which is
the first step to most of the computations in this thesis. To do so, we must first compute
the derivatives of the PES with respect to nuclear coordinates. It can be done numerically,
but it is onerous in computation time. On the other hand, the gradient method, which
computes derivatives analytically, is more accurate and faster than numerical
differentiation. Energy derivatives can also be used to compute the normal mode
frequencies within the harmonic approximation.

4.4. Time-Dependent DFT (TD-DFT)

DFT methods are used to solve the time-independent Schrédinger equation. However,
predicting spectroscopic properties requires accounting for time-dependent phenomena,
such as light, which is studied in this thesis. Indeed, when a molecule is exposed to
electromagnetic radiation which oscillates continuously during exposure, it undergoes a
time-dependent perturbation. Therefore, a time-dependent theoretical framework, such
as Time-Dependent DFT (TD-DFT), becomes necessary to compute spectral properties
and excited states.

The Schrodinger time-dependent equation (1) is reminded here:
~ )
HY(r,t) = Lhall’(r, t)

The time-dependent Hamiltonian is:

ﬁ(t) = T; + V/N\N + 171-\/\6 + V(; + Vpert(t) (30)
H,
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where the first part is defined in equations (3)-(4), and V. (t) is the external
perturbation operator. Only the last term is time-dependent and can represent a
perturbation like light exposition. It is expressed as:

N (31)
m(t) = Z Upert (ry,t)

i=1

where v, (1, t) is the potential describing the perturbation experienced by an electron i:
vpert(ri; t) = Eq(t).a.1; (32)

with E,;(t) the periodic field time-dependent and a the associated polarisation.

Each Kohn-Sham monoelectronic orbital can be expressed as:
YT t) = @ (r)dr(t) (33)

By analogy, the electronic density time-dependent can be expressed as:

N
p(rl" t) = 2 lpk (ril t)* lpk (ril t) (34)
k=1

a) Runge and Gross theorem

The Runge-Gross theorem is the foundational theorem for Time-Dependent DFT(TD-
DFT), much like the Hohenberg-Kohn theorem is for ground-state DFT. In 1984, Runge
and Gross has proven the that the electronic density time-dependent can be used to solve
the Schrodinger time-dependent equation (1 ). 170 This has led to the formal foundation
of of TD-DFT theory.

This theorem states that there is a one-to-one mapping between the potential vy, and

the electronic density time-dependent p(r;, t). If two external potential vy,e,r and vper’
differ by a constant c(t), then those potentials generate two electronic different densities.

vpert 2 v{aert = p(ri't) * p’(ri: t)

In TD-DFT, the time-dependent Kohn-Sham equations can thus be written as:

Elp,t] = Tslp, t] + Vexelp. t] (35)

?KSq)k(t) = [Ts + Vext(t)]q)k(t) = skq)k(t) ( 36)

It is possible to solve this equation using the linear response approximation.

This approximation assumes that the system is subjected to a small-amplitude
perturbation V. Under this assumption, one can analyze the linear response of the
electron density to the perturbation, as well as the response function of the Kohn-Sham
orbitals.
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By performing a first-order expansion of these equations, one can determine the
excitation energies, and thus obtain the energies of the system’s excited states.

4.4.2. Linear response theory

Linear response theory is central to TD-DFT as it describes how quantum system
responds to a weak, time-dependent perturbation. For instance, in absorption
spectroscopy, we study how a molecule in its ground state responds to a weak external
electromagnetic field. When the perturbation is small, the system’s response can be
approximated using Linear Response Theory (LRT). The time-dependent electron density
p(r,t) is expanded in a Taylor series around the ground-state density py and for a weak
perturbation, only the first-order term is retained p(y) as it is greater than higher orders:

p(T, t) ~ pO(r) + P(1)(rr t) ( 37 )

According to the Runge-Gross theorem, there is a one-to-one correspondence between
the time-dependent external potential and the time-dependent density. Thus, the first-
order density response is written as:

py(r,t) = f fos(r,r’, t —t)Ov(r', t") dr'dt (38)

where ks is the density-density response function in the Kohn-Sham scheme. In TD-DFT,
this response is computed using the Kohn-Sham scheme, where the interacting response
function is built from the non-interacting response y, and the exchange-correlation
kernel fi.:

X=X0+X0'fxcx (39)

Transforming to the frequency domain gives access to the system’s excitation energies.
These are determined by the poles of the response function and correspond to transitions
between occupied and virtual orbitals. In the Kohn-Sham framework, the non-interacting
response is given by:

Xo@) = D Y — I ) ()i ) (40)

= —=ow- (sk - sj) +in

where j and k run over occupied and virtual orbitals, respectively, € the orbital energies,
n a postive infinitesimal, and f;, fi are occupation numbers. (ek — ej) represents the
energy gap between the occupied and unoccupied orbitals.

4.5. Absorbance spectra simulation

Modelling electronic absorption or emission spectra involves computing two key
quantities: the excitation energies and the corresponding oscillator strengths for
transitions from the ground to excited states. The excitation energies give the electronic
transitions and therefore the position of the peaks, and the oscillator strengths of a peak

84



are proportional to the intensity of that peak. Solving the Schrédinger time-dependent
equation (1) seen previously in the TD-DFT section yields the electronic energies
between the ground state and excited states, known as the vertical energies (VE). These
values are represented in the form of discrete spectral lines. However, real absorption
and emission bands are not infinitely sharp; instead, they span a finite wavelength range.
This line broadening arises primarily from three factors: natural (lifetime) broadening,
environmental effects such as solvent interactions, and vibronic (vibrational) coupling.
The following subsections discuss these quantities, and the theoretical equations are
inspired by the thesis of Bernardino Tirri and the Orca software manual. 104146171

4.5.1. Oscillator Strength (or Oscillator force)

Once the vertical energies are computed, we then compute the oscillator force (fosc)
which tells how strongly a molecule absorbs light. A high oscillator force for a certain
vertical energy means a high probability of absorption at that energy. It is therefore
proportional to the intensity of each absorption peak. The fosc is proportional to the
absorption coefficient € in the Beer-Lambert Law:

I
A=log10<70)=£-l-C (41)

where [ is the cuve length, C, the molar concentration. I, and I the incident and
transmitted light intensity respectively.

fosc is related to the transition probability between the initial state (i) to a final state (j),

as:
8m3e?
= (i) 0 )

where e is the electron charge, h the Planck constant, Gj the statistic weight of the final
state j and D;; the transition dipole intensity, defined as:

Dy = ] <¢ilu|¢j>dr)2 (43)

If the molecule or chromophore possesses a dipole moment y that can oscillate at the
same frequency as the incident electromagnetic radiation, absorption or emission can
occur.

The relation between computed oscillation force f and experimental absorption molar
coefficient is:

f=1-1,= 4.315.10-9f e(v) dv (44)

4.5.2. Spectra intensity with vibrational effects

When we predict the full spectra, we need to add the vibrational energies, with their
corresponding intensity. Those intensities are computed in Orca software using the
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Excited States Dynamics (ESD) module. The vibrational effects are presented in the later
subsection. Here, we will present how the rates are computed. The idea behind fosc
started with the equation from the quantisation of the electromagnetic field for the
transition rates between an initial state W;and a final state¥;. It can be calculated using
Fermi’s Golden rule:172.173

w3n?

4 r iy \ |2
k(@)ip = ——5 (Wil a1¥)|"6(E; — Ef + hw) (45)
with Aw being the energy of the photon, /i the dipole operator and n the refractive index

of the solvent, as suggested by Strickler and Berg. 174

One approach is to compute it in the frequency domain by evaluating the Franck-Condon
factors between all initial and final states that satisfy the Dirac delta condition in equation
( 45) while appropriately weighting the thermally accessible initial states.

if

_&i
where P;(T) = e *8T/Z isthe Boltzmann population of a given initial state at temperature
T, €; is the total vibrational energy of state i and Z is the vibrational partition function.

This approach can require the inclusion of a very large number of states, especially in the
presence of low-frequency modes. Orca Software adopt an alternative strategy by
transitioning to the time domain, using the Fourier transform representation of the Dirac
delta function:

1 (.
§(w) = —j elwtdt (47)
2T )_ o
The equation to solve in atomic units can be written as:
2(1)3 _i sy -y — '(E' E )t 48
K©) = goo Y e R (01 [,) oy 016) [ efFrrdar  (48)
Lf

with u€ the electronic transition dipole and |®) the vibrational wavefunction of the initial
or final state.

After additional steps, including change of time variable and the insertion of the
resolution of identity, the equation ( 48 ) can be simplified to a discrete Fourier transform
of a correlation function x(t) with a timestep At, multiplied by a prefactor a:
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k(w) = af Tr (uee—iﬁtﬁé’e—iﬁf) pIAEL p—iwt jy

= ocfx(t)e‘i‘“tdt

(0]

= Za%ef x(t)e totdt
0

(49)
=~ 20At Re DFT{x(t)}

and this correlation function is then calculated using path integrals analytically at each
time point ¢.172175

If the electronic component of the transition dipole moment is allowed to vary with
nuclear displacements, then it can be expressed as:

(50)

ouf
00Q;

() =lTS+Z Qi+,
i Q=0

This approach also allows for the inclusion of vibronic coupling, specifically the so-called
Herzberg-Teller (HT) effect. The corresponding correlation function for HT can be
efficiently derived recursively from the Franck-Condon (FC) case, enabling an effective
computational treatment.

a) Franck-Condon (FC) Principle

The Franck-Condon (FC) principle states that electronic transitions occur much faster
than nuclear motion, meaning that during an electronic transition (e.g., absorption or
emission), the nuclei in the molecule are essentially "frozen" in place. As a result, the
transition probability is highest between vibrational states whose nuclear configurations
(geometries) overlap the most.

b) Herzberg-Teller (HT) Effect

While the Franck-Condon principle assumes that the electronic transition dipole moment
is independent of nuclear coordinates (the Condon approximation), this is not always the
case. The Herzberg-Teller (HT) effect accounts for the vibrational dependence of the
electronic transition dipole moment. In situations where the transition is symmetry-
forbidden or weak under the Condon approximation, the Herzberg-Teller effect can
introduce intensity to otherwise forbidden transitions. This occurs when the transition
dipole moment varies linearly (or higher order) with nuclear displacements, effectively
allowing vibronic coupling to "borrow" intensity from nearby allowed transitions.
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Together, the FC and HT effects provide a more complete description of the intensity
distribution in electronic spectra, particularly for systems with weak or forbidden
transitions.

c¢) Duschinsky rotation

Another point in this theory is that, to solve the path integrals172175, we need to choose a
single set of coordinates either for the initial state Q or the final state Q (where the bar
marks the final coordinates). Because we’re dealing with a transition between two states,
we have to convert one coordinate system into the other. In 1930s, Duschinsky proposed
that the two sets of coordinates are related by:

Q=Jo+K (51)
where rotation matrix J and the displacement vector K defined as:
J =L, K = LY(do — q0) (52)

with Ly being the matrix containing the normal modes, here described in Cartesian
coordinates (X), and qo the mass weighted coordinates (q; = \/m;x;).

The program starts by reading the initial and final geometries and their Hessians. It then
calculates the Duschinsky rotation matrix and the displacement vector. Next, it computes
the transition dipole derivatives and uses them to calculate the correlation function. After
that, a DFT calculation is performed, and the transition rates are computed and printed if
needed.

Predicting transition rates requires at least the geometries and Hessians of both the
ground state (GS) and an excited state (ES). In ORCA, there are seven available methods
to approximate the excited-state potential energy surface (PES): AHAS, VH, VG, HHBS,
HHAS, UFBS, and UFAS.

4.5.3. Vibronic couplings

To model absorption or emission spectra, vertical excitation energies and oscillator
strengths are required. However, to accurately capture spectral shape and broadening,
vibrational (or vibronic) couplings must be included. Vibronic couplings are responsible
for the shape of the absorbance spectra, and therefore to the colour of the compound.

As discussed before, vertical electronic transitions give rise to absorption lines. These
transitions, however, are often accompanied by vibrational transitions. In absorption, a
vibrational transition involves a vertical excitation from a vibrational state in the ground
electronic state (Sy) to one in an excited electronic state (S,), as illustrated in Figure 23.
Conversely, during emission, the vibrational transition corresponds to a vertical
transition from an excited vibrational state back to a vibrational level in the ground
electronic state.
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Vibrational energy states

Figure 23. Scheme of the vibrionic transitions between two singlet states. Absorption (solid
green line) and emission (solid blue line).

For many chromophores commonly used in the dye industry, such as anthraquinones,
vibrational coupling significantly influences the spectral band structure. In this context,
we examine the key factors required to derive the vibrational fine structure based on the
molecule's vibrational modes.

It can be modelled via several approaches. A simple method involves placing a Gaussian
function centred on vertical energies, but it neglects the computed vibrational
contributions. Another option is molecular dynamics, where hundreds of snapshots are
computed to average vertical energies and consider the surrounding explicit water
molecules. While this method is more accurate, it is very computationally expensive.

In this work, we adopt a stationary method to compute vibrational energies, offering a
good balance between accuracy and efficiency. A comparison with the dynamic method is
presented in Article 1.

All vibrational effect calculations were carried out using the Excited State Dynamics (ESD)
module in ORCA. This thesis focuses on three vibrational coupling approaches: Vertical
Gradient (VG), Adiabatic Hessian After a Step (AHAS), and Adiabatic Hessian (AH). These
methods differ in how they treat the potential energy surfaces (PES) of the ground and
excited electronic states and how vibrational normal modes are computed. The details of
the methods can be found in reference papers and are described below. 117.172,175-178

a) Harmonic approximation and vibronic models

The theoretical framework of vibrational coupling relies on an accurate description of the
potential energy surfaces (PES) associated with the electronic states involved in a
transition. However, for large molecular systems (hundreds to thousands of nuclear
coordinates), a full PES mapping through high-level electronic structure calculations is
computationally out of reach. As a result, approximate models based on local Taylor
expansions around key geometries are used to represent these surfaces. Quadratic
expansions are the simplest and physically acceptable description of PES and is the basis
of harmonic approximation. These approximations remain the most practical option for
handling large systems.

89



Two main harmonic models are used: the adiabatic (A) and vertical (V) approaches. Both
share the same initial-state description, obtained through equilibrium geometry
optimisation and normal mode analysis, but differ in how the final-state surface is treated.
The Adiabatic Hessian (AH) model involves a full harmonic expansion around the excited-
state minimum, while the Vertical Hessian (VH) model builds the final surface using data
(energy, gradient, Hessian) evaluated at the ground-state equilibrium geometry. The
“adiabatic” refers to the adiabatic Born-Oppenheimer approximation BO), thus
neglecting direct nonadiabatic couplings. These models account for normal modes
rotation upon electronic transition, the Duschinsky effect. To reduce computational
demands, simplified alternatives such as the Vertical Gradient (VG), also known as LCM
(Linear Coupling Model) and Adiabatic Shift (AS), also called Adiabatic Hessian After a
Step (AHAS), models have been proposed (Figure 24). These assume shared normal
modes between states and require only minimal data, such as energy gradients or
equilibrium shifts. The idea behind these approximations is to do a geometry update
step (AS = —gH™! for Quasi-Newton and AS = —g(H + S)~! for Augmented Hessian,
where g is the gradient and H the matrix Hessian.

Method Step on the ES* geometry ES Hessian in Orca

Vertical Gradient, VG 1 Augmented Hessian* step GS hessian is used
on the ES PES
Adiabatic Hessian After 1 Augmented Hessian*step ES hessian is computed on

Step, AHAS on the ES PES the new ES geometry
Adiabatic Hessian, AH Relaxed geometry onthe ES ES hessian at the relaxed
PES geometry

*ES means Excited Stated, GS means Grounds State, the Augmented Hessian step
corresponds to a very small displacement on the ES PES

Adiabatic Adiabatic Vertical
Hessian Hessian Gradient

(AH) \ ; Aftera Step _ . (VG)
\ /| (AHAS)

Figure 24. lllustration of the difterent methods for vibronic couplings: Vertical Gradient (green),
Adiabatic Hessian After a Step (purple), and Adiabatic Hessian (red).
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Intermediate schemes like VG and AS allow frequency changes while maintaining mode
alignment.

We will now present the theoretical details behind those computations. They can be found
in the original article.177

Let us consider a molecular system undergoing an electronic transition from an initial
electronic state, denoted |eq) to a final state |e;). From this point onward, a prime (") will
be used to label quantities associated with the initial state. The nuclear configuration of
the system is described by a 3N-dimensional column vector x (cartesian coordinates of all
nuclei). We denote by x,’ the equilibrium geometry of the initial electronic state. Within
the harmonic approximation, the PES of initial state V’ can be expressed in matric as: 177

1 (53)
V@) =50 %

where () is the diagonal matrix of the normal frequencies of vibration and Q' is the vector
of the N associated normal coordinates (N = 3Na-6 except for linear molecules where N =
3Na-5, with Na is the number of atoms) defined as:

54
L’Q' — M1/2(x _ xb) ( )

M being the diagonal matrix of the atomic masses.
b) Adiabatic Hessian (AH)

The Adiabatic Hessian (AH) method involves optimising the geometries of both the
ground and excited electronic states and computing the Hessian (second derivative
matrix) at each equilibrium geometry. The PES of final state V is expanded around its own
equilibrium geometry x,. By definition, the gradient of V at xois zero, so only the Hessian
of V is computed to construct its harmonic approximation, analogous to the procedure
used for the initial state:

1 (55)
V(Q) = Eq+50"0%Q

56
LQ = MY?(x — x;) (56)

Where the adiabatic energy Ead represents the minimum energy of the final state PES with
respect to the energy of the initial state PES in its own minimum taken as a reference. It is
possible to express Q' as a function of Q (or vice versa), by extracting x from ( 56 ) and
inserting it into ( 54 ). We obtain:
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57
¢ =Je+K e

. (58)

-1paq1/2 ! (59)
K = L' IMY?(x — x})

where ] is the rotation matrix known as the Duschinsky matrix, and K is the equilibrium
position displacement vector. It is worth noting that while the 3 translational coordinates
can be rigorously eliminated in ( 58). In general, this is not possible in an exact way for
the rotational coordinates.

The final state PES can be written as a function of the normal coordinates of the initial
state, Q:

1 1 . (60)
V(@) = B + 5 K'JQY'K — KT]Q%)Q - Q"] Q'

This latter is a quadratic function but not in canonical form, exhibiting linear terms and a
force constant matrix F, = J2?]7 that is, in general, non-diagonal.

1 (61)
EQH = EKTJQZJTK

is the reorganisation energy on the final state PES at the ground state geometry, and
therefore

EAH — E EAH (62)
) = Laa + L)

r is the estimate of the vertical excitation energy at the initial state geometry according to
the AH model. Being based on a harmonic PES, Eégis in general an approximation of the

exact value Ev (by “exact” we mean the value computed directly at x; with the same level
of electronic theory adopted at x).

Although highly accurate, the AH method is computationally demanding due to the need
for excited-state geometry optimization and Hessian evaluation. If the molecule is large
and flexible, this can lead to difficulty in convergence.

c) Adiabatic Hessian After a Step (AHAS)

The Adiabatic Hessian After Step (AHAS) method simplifies the computation by avoiding
excited-state optimizations. Instead, it uses the ground-state normal modes and computes
the gradient of the excited-state PES at the ground-state equilibrium geometry. So instead
of evaluating the excited-state properties strictly at the ground-state geometry, the
system is first displaced along the excited-state potential energy surface (PES) through a
step of geometry optimization. At this new excited-state minimum, the excited-state
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Hessian is computed. By definition, (49 = 1 and Q®9 =Q’, K retains the same expression
given in ( 59 ) while the reorganization energy becomes

(63)

and

EA =E , + EAS (64)
() = Ead T £(7)

The AS expression for V PES is simplified, and its difference with respect to V' is just a
linear function of Q’:

(65)
V(@) =V(Q)+Ey) + KTQ2Q

d) Vertical approach

Vertical Hessian

Vertical gradient is based on the Vertical Hessian approach. This approach assumes that
the shape of the potential energy surface does not change significantly upon excitation,
neglecting Duschinsky rotation. As a result, the Vertical method is less computationally
intensive but generally less accurate, especially for systems with significant geometric
changes upon excitation.

An quadratic model for the final-state potential energy surface (PES), V, can be
constructed using exclusively vertical data, that is, quantities evaluated at the equilibrium
geometry of the initial state, x;. Specifically, this includes the vertical excitation energy Ev,
the gradient (gx) and Hessian (Fx) of V, where x means cartesian coordinates. Using these
quantities, a harmonic approximation of the final-state PES can be formulated as follows:
1 (66)

V(x) =Ey + gix + EXTFXX

and, exploiting, it can be expressed in terms of the ground state normal coordinates Q’ as:

’ TAr 1 /T ’ (67)
IKQ)=Ev+gA?+§Q FyQ
(68)
g=M"Lg,
F =L"MY2E 1'M"/? (69)

This model is named VH and the expression in ( 67 ) can be easily put in canonical form
by determining the orthogonal transformation Q” = (J(V®)TQ’ that diagonalizes the force
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constants matrix F, JVOFJ(VEDT = (Q(VH))2 and then simply locating the minimum by setting
to zero the first derivatives and solving for Qj variables,

) (_gT](VH))j (70)

Qjo - (QWH))Z
J

Final state normal coordinates are then obtained by a translation of the origin Q;(Vh=Q;"-
Qjo”, where ‘VH’ indicates that Q(V/) coordinates of the final state are in principle different
from those obtained with AH model for the same state Q. They coincide where the
harmonic approximation of V is exact.

A relationship between Q(Y®) and Q’ can be written as:

KVH = —jVm U _ 5T g (72)

Vertical Gradient (VG)

In analogy with the adiabatic models, a simplified alternative to the Vertical Hessian (VH)
model can be defined by assuming that the normal modes of the initial and final states are
identical, differing only by a displacement. This approach leads to a model that requires
only the gradient of the final-state potential energy surface V, evaluated at the equilibrium
geometry of the initial state, x0’.

We refer to this approximation as the Vertical Gradient (VG) model, also commonly
known in the literature as the Linear Coupling Model (LCM). In this model, the final-state
normal coordinates and frequencies are taken to be the same as those of the initial state,
i.e., Q(VH) =Q’ and Q(VG)*Q’, then J(VG)=1 and K(VG) = -(Q")-2g.

Overall, these methods yield a new set of vibrational normal modes and frequencies,
characteristic of the excited state. These excited-state vibrations directly influence the
vibronic progression in the simulated spectrum, often improving the accuracy of spectral
features. In particular, AHAS can recover fine spectral details, such as shoulders or
relative intensities, that simpler models like VG might miss. Each method represents a
trade-off between computational cost and accuracy, and the choice depends on the
molecular system under study and the level of detail required in the spectral simulation.
This is discussed in the results section.
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4.6. Modelling the environment

In computational chemistry, solvent models are essential for accurately simulating
chemical systems in environments that resemble real-world conditions. In the presence
of solvents, molecular behaviour can be influenced by various interactions, including
hydrogen bonding, electrostatic forces, steric repulsion, and proton transfer processes, all
of which can affect molecular geometry and conformational stability. We have to take
these effects into account to accurately model reality. There are several ways to model the
solvent. These models vary in complexity and computational cost, ranging from simplified
to highly detailed representations. The ones used in this thesis are vacuo, implicit,
microsolvatation (1 or 3 explicit solvent per OH) or explicit solvation with a box of 100
water molecules. (Figure 25). They are detailed in the following subsections.

Vacuo Implicit solvation Microsolvation
(0 water) A
' i o
+1 water/OH +3 water/OH
® coc

Explicit solvation (100 waters)

. )

o
©Linh TRAN

Figure 25. Different solvation models used in this thesis: vacuo, implicit solvation,
microsolvation, and explicit solvation.

4.6.1. Vacuo

In vacuo calculations entirely neglect solvent effects, treating molecules in isolation
within a vacuum, which can be computationally efficient but often lacks realism for
reactions occurring in solution. It can be used to model experiments done in a vacuum. In
this thesis, it is used to compare the results with other solvent models to understand the
environmental effects.

4.6.2. Implicit model

In computational chemistry, implicit solvation models simulate the effect of a solvent on
a solute without representing individual solvent molecules. Instead, the solvent is treated
as a continuous, homogeneous dielectric medium characterised by its dielectric constant
(€¢). This € constant varies for each solvent. The Polarizable Continuum Model (PCM) is
among the most widely used implicit models and serves as a conceptual and mathematical
framework for many others, including COSMO and SMD.179180 Models using a

95



homogeneous medium are grouped in the self-cohering reaction fields (SCRF) category.
This approach captures bulk solvent effects while maintaining low computational cost.

In this thesis, the CPCM (solvent) keyword in Orca is used for implicit solvation and is
detailed here. In CPCM, the solute is placed in a cavity (typically defined by overlapping
van der Waals spheres) within a dielectric continuum representing the solvent. The
solvent modifies the electrostatic potential experienced by the solute by polarising in
response to the solute's charge distribution. This polarisation induces a reaction field,
which in turn interacts with the solute, altering its energy and properties.

In this model, the free energy of solvation, which can be assimilated to all the average
interactions between the solute and the solvent, can be written as:

AG = AGy + AGeyy + AGrep + AGgss (73)

In this equation the electrostatic energy (AG,) represents the interaction between the
solute’s charge distribution and the polarization charges induced in the surrounding
dielectric medium at the solute-cavity boundary. The cavitation energy (AG.,,) accounts
for the work required to form cavity in the solvent continuum to accommodate the solute.
The repulsion (AG,,) and dispersion energies (AGgys) describe non-electrostatic
interactions at the solute-solvent interface, specifically short-range Pauli repulsion
between overlapping electron clouds and long-range London dispersion forces,
respectively.

The use of this model requires defining the shape of the cavity that encloses the solute
(Figure 26). Ideally, this cavity should closely follow the solute’s molecular surface while
remaining simple enough to model efficiently. A common approach is to represent each
atom in the solute as a sphere cantered on its nucleus, with a radius typically
corresponding to its van der Waals radius. In this framework, the solvent is modelled as
a probe sphere that "rolls" over the surface formed by the solute atoms. Two key surfaces
are then defined: the Solvent Excluded Surface (SES) and the Solvent Accessible Surface
(SAS). The SES corresponds to the surface formed by the contact points between the
solvent probe and the solute atoms, effectively marking the boundary that the solvent
cannot penetrate. The SAS, on the other hand, traces the path of the centre of the solvent
probe as it moves around the solute surface. Additionally, the van der Waals Surface
(vdWS) can be used as an alternative approach, providing a smooth and continuous
representation of the molecular surface.
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e Van der-Waals Surface (vdWS)
Solvent Accessible Surface (SAS)
= = = = Solvent Excluded Surface (SES)

Figure 26. Definition for different surfaces: Van der-Waals Surface (vdWS) in bold violet,
Solvent Accessible Surface (SAS) in bold blue, and Solvent Excluded Surface (SES) in dashed
red.

4.6.3. Microsolvation model

Alternatively, the solvent can be represented using explicit solvents, in which individual
solvent molecules are included in the simulation. This approach enables the accurate
description of specific solute-solvent interactions, such as hydrogen bonding, ion pairing,
T-T interactions, and solvent structuring. The primary advantage of explicit solvation lies
in its ability to capture these detailed, localised effects that are inaccessible to continuum
models. However, this increased realism comes at a considerable computational cost, as
it requires handling a much larger number of particles and performing extensive
conformational sampling to obtain statistically meaningful results.

In this thesis, a hybrid explicit-implicit microsolvation approach was employed,
combining both solvation models to balance computational efficiency with chemical
accuracy. In this framework, the regions of the solute involved in strong solvent
interactions, particularly functional groups such as hydroxyl and carboxyl, were treated
explicitly by placing water molecules in their neighbourhood to capture specific
interactions like hydrogen bonding. The other parts of the solute and surrounding
environment was modelled using an implicit continuum solvent CPCM, allowing for the
inclusion of bulk solvent effects without significantly increasing computational cost. Two
configurations were tested: one with one water molecule per hydroxyl group, and another
with three water molecules per hydroxyl group. The latter configuration, involving three
water molecules per OH group, was found to provide greater accuracy and is discussed in
detail in the Results section. This hybrid strategy provides a more realistic representation
of solvation phenomena while maintaining manageable computational demands.
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4.6.4. Explicit solvation

An alternative strategy was also investigated, which involved incorporating a greater
number of explicit water molecules (e.g., 100) into the system and performing ab initio
molecular dynamics (AIMD) simulations. By coupling these simulations with quantum
dynamics techniques such as QM/xTB (extended tight-binding), various solvent
conformations could be effectively sampled. In this approach, the environment is
represented by a molecular mechanics (MM) force field the solute and a portion of the
solvent are treated quantum mechanically. In this thesis the QM region is the dye and 3
neighbouring waters making hydrogen bonds with the hydroxy groups (Figure 27).
Subsequently, multiple snapshots were extracted from the trajectory to compute the
desired properties, and an average over these configurations was used to obtain the final
result. This solvation model is more realistic but is more expensive in computation time.

ALY
.
g

Other solvents:
MM

‘ Solute+ some solvents
L

QM/xTB

Figure 27. Hybrid QMxTB/MM solvation model. The QM/xTRB is alizarin with 3 water/hydroxy
groups, and the other remaining water are treated with MM.
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CHAPTERS5 | ARTICLES

This thesis is structured around five scientific articles, three already published, one
currently under review, and the last one under preparation. They all collectively articulate
the research trajectory and key findings around the prediction of spectral and
colourimetric properties of complex mixtures of colourants in madder, as well as their
photodegradation behaviour.

This thesis contributes to the study of madder (Rubia tinctorum L.), a natural dye
historically important since antiquity for its red colourants. Madder roots contain 30-68
colourants that vary by species and age. Many are unstable, photosensitive, not available
commercially, or difficult to synthesise. Therefore, there is a lack of reference standards,
complicating spectroscopic analysis. Meanwhile, understanding how these dyes degrade
under light exposure requires precise identification of the molecules present and their
spectroscopic signatures. Each compound interacts differently with light, and the
presence of multiple substances can affect individual behaviour. In this thesis, we chose
to combine experimental methods with computational chemistry, which is underused in
heritage science.

This study has two main objectives: first, to develop a predictive computational method
for colour and spectral properties to aid in dye identification and characterisation. This
allows access to the missing experimental database; second, to deepen the understanding
of photodegradation mechanisms of madder dyes, which are not yet elucidated. This
approach supports preservation strategies in cultural heritage and is also applicable to
other fields that use colourants.

With this goal in mind, we first established a computational protocol specifically adapted
to madder dyes, guided by literature benchmarks (Article 1 published). Using this
validated computational protocol, we then compute optical properties and build a
complete database including spectroscopic signatures for 31 colourants identified in 6
different madder species, at different pH levels (Article 2 published). However, in reality,
like many natural dyes, madder is a complex mixture of multiple colourants. Therefore,
the next step focused on modelling the spectral properties of this mixture, using a madder
extract of the species Rubia Tinctorum L. To our knowledge, this represents a novel
contribution in the field of theoretical chemistry. It can be applied to predict properties of
other complex mixtures: mixtures of different colourants, tautomers, photodegraded
products, impurities, etc. (Article 3 published). With the spectroscopic properties of the
dyes elucidated, we finally turned to study photodegradation mechanisms using alizarin
solution as a model, focusing on the basic conditions (Article 4 submitted). Those
mechanisms could be confirmed by computational chemistry to study reactivity, reaction
pathways and energy barriers. (Article 5 under writing). The summaries of each article
are presented below, before each article.
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SUMMARY

Article 1: “Rapid and complete prediction of alizarin in solution by combining
experimental data with computational methods.”

In the context of this thesis, we first developed a computational protocol tailored to
madder dyes, based on literature benchmarks, particularly from Adéle Laurent, Denis
Jacquemin, Carlo Adamo. '%!!2 Density Functional Theory (DFT) and its time-dependent
analogue (TD-DFT) were identified as well-suited for anthraquinone systems, with PBEO
and B2PLYP as best functionals. This computational protocol can predict the absorption
spectra, colourimetric coordinates, and 1H and 13C NMR of alizarin, one of madder's
principal colourants. The protocol enabled accurate prediction of alizarin’s colour across
different pH levels, incorporating solvent effects. It includes conformer analysis and
deprotonated forms based on molecular single-point energy (SPE) calculations. Solvent
effects can change the molecules’ geometry, participate in proton transfer or form
hydrogen bonds, particularly with water solvent. The effects of water solvents were
evaluated using different theoretical models: implicit, explicit, and hybrid QM /MM (xTB),
the latter coupled with quantum dynamics simulations to model multiple water molecule
configurations.

The results showed that the optimal solvent model depends on the molecular form and
its interaction with the solvent. For example, the protonated form of alizarin (acidic pH),
which interacts less with water, can be modelled efficiently using an implicit approach.
For deprotonated forms, which form hydrogen bonds with water, a combined model using
implicit solvent and three explicit water molecules per hydroxyl group offered the best
compromise between accuracy and computational cost. The most accurate model across
all pH conditions was the QM/MM(xTB) approach with 100 explicit water molecules,
though it was computationally intensive. Following ab initio molecular dynamics
simulations, about 100 snapshots were extracted to compute vertical excitation energies
using QM/MM(xTB), treating alizarin and three water molecules per hydroxyl group
quantum-mechanically, and the remaining solvent molecules with xTB.

These calculations yielded excellent agreement with experimental results. Vibrational
effects were included using both the Vertical Gradient (VG) and Adiabatic Hessian (AH)
approaches to model the visible absorption spectra, later converted into CIELAB colour
coordinates. The AH method was found to be more consistent with experimental spectra.
This led to highly realistic colour predictions, with a colour deviation AE < 13 for alizarin
(less water-soluble) and AE < 8 for alizarin red S. This validated the computational
protocol for accurate prediction of both absorbance spectra and colours, as well as 13C
and 1H NMR chemical shifts, critical for pigment identification and structural elucidation.
These findings were presented in a first published article.
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ABSTRACT

In the field of cultural heritage, understanding the nature of pigments and dyes is of great
importance for conservation issues. Among the many natural dyes used in paintings or
textiles, madder was one of the most important sources of red color at the time and was
present in a wide variety of objects. However, due to extraction challenges, impurities,
and high costs, alot of information are not easily available. In this publication we designed
a computational protocol able to reproduce the spectroscopic properties of two dyes,
alizarin and alizarin red S. This framework allows us to compute both Ultraviolet-Visible
absorption spectra and Nuclear Magnetic Resonance (NMR) with good accuracy as well
as reproduce with precision the CIELAB color. We have also explored different types of
interactions that impact these properties, notably the solvation effect. We found that
microsolvation is sufficient to reproduce the experimental measurements made in water.
The high accuracy of the computation method makes this technique particularly
promising for a non-destructive study of dyes on works of art and the preservation of
cultural heritage.

1. INTRODUCTION

The analytical investigation of dyes is considered of utmost importance in the field of
cultural heritage. Indeed, through the identification of the corresponding dye, we are
often able to gain insight into several important aspects: the characterization of the dye
and the artist’s techniques, the degradation pathways, the preservation state of the
artifact, the dating and the determination of the provenance of objects >%181-183
Furthermore, it provides precious details to plan correct restoration, conservation, and
display strategy in museums and art galleries.

Both traditional and cutting-edge techniques such as ultraviolet-visible (UV-VIS), infrared
(IR), and Raman spectroscopies, as well as nuclear magnetic resonance (NMR), mass
spectrometry (MS), liquid chromatography, Fiber Optics Reflectance Spectra (FORS), X-
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Ray diffraction (XRD) or hyperspectral spectroscopy have been reported for the analytical
investigation of dyes ©19374554184-185  While the accuracy and sensitivity of these
techniques have allowed researchers to gain a huge amount of insight into these systems,
most of the technologies are sampling-based and need complex dye extraction and
chemical preparation methods. Moreover, sample collection, preparation, and chemical
analysis are often challenging due to material complexity, limited sample sizes, dye
degradation, and lack of appropriate standards needed for UV-VIS detection 1922:3442:44,190,
Therefore, the identification of historical dyes is still one of the most challenging tasks in
the realm of heritage preservation. In this context, computational methods have emerged
as an appealing tool to decipher complex experimental data %%, These theoretical methods
aid in the interpretation of individual contributions to the experimental spectrum.
Unfortunately, their application in the field of cultural heritage is not as widespread as
other fields of research (such as catalysis, astrochemistry, electrochemistry, etc).

Representing one of the most famous natural dyes since antiquity, madder was selected
as the focus of this study >°>°L, From the roots of this plant, around 36 red colorants
derivating from the anthraquinone family can be extracted in various quantities. We will
focus here on alizarin, one of the main constituents of madder 8°°.

In order to study the associated dyes, the combination of NMR with UV-VIS is often used
in the heritage science field because of their complementary nature. While UV-VIS is good
at characterizing the environmental effect of the dye or its degradation (color fading),
NMR can differentiate analog molecules. It is also very precise in attesting chemical
modifications, notably when lake or pigment structures are created by association of a
colored dye with a metallic ion.

For the computation of spectroscopic properties, density functional theory (DFT) and
Time Dependent-DFT are often the methods of choice due to their reasonable costs and
good precision. In fact, there have been many reports regarding the prediction of Alizarin
color and properties using these methods 107:117:126:192=200_Gtj]] the role of the environment
is not clearly understood or deciphered. Furthermore, some key properties like
reproducing the UV-VIS or NMR spectra are not always present.

When examining molecules using spectroscopic analysis, a significant portion of their
observable characteristics displays varying degrees of sensitivity to the surrounding
environment (solvent, pH, binding partners, mordant, substrate, temperature, light, etc)
101,201 This influence of the solvent on spectroscopic properties arises from multiple
factors such as the polarity of the solvent or the presence of hydrogen bonds. It is
therefore crucial to find the optimal solvation model in order to correctly predict the UV-
VIS spectrum or other properties of these organic molecules.

In this study, our attention will be directed toward the impact of solvents on a precious
dye, alizarin. The aim is to introduce a holistic computational protocol designed to predict
color and chemical properties, developed through a collaborative effort with
experimental data. The protocol integrates multiple facets, including the exploration of
conformers and deprotonated forms, effective selection of optimal solvation models
based on the solute-solvent system of study (implicit, microsolvated, or multilevel),
prediction of UV-VIS spectrum, color prediction with CIELAB coordinates and 13C and 'H
NMR shift predictions. This protocol will be applied to two dyes: alizarin and alizarin red
S.
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2. MATERIALS & METHODS

2.1. EXPERIMENTAL METHOD

UV Spectrum

Alizarin (97% purity) was purchased from Sigma Aldrich and used without further
purification. Alizarin red S pure (sodium alizarinsulfonate) was purchased from
Thermoficher.

10 mg of alizarin were dissolved in 40 mL of deionized water (MilliQ). The alizarin
solution was then heated for 2 hours at 90°C, and filtered using a Buchner funnel. 5mg of
alizarin red S was added to 80 mL of distilled water and stirred for 10min. The obtained
solution was used directly without heating or filtering. Then, the pH was adjusted using
either hydrochloric acid (HCI, 0.1M) or sodium hydroxide (NaOH, 1M). Three pH values
were considered for alizarin (pKai1=5.5 and pKa2=10) : 3, 8, and 12. For alizarin red S
(pKa1=5.8 and pKaz=10.8), the following pH were used: 2, 7 and 12 202:203,

The UV-VIS spectra were measured directly after each preparation. It was done using an
Ocean Optics Flame spectrometer (Model: FLMS00699) with a wavelength range from
300 to 850 nm. The integration time for each measurement ranged from 5 milliseconds
to 10 milliseconds. The light source used was a Deuterium-Tungsten Halogen lamp
covering the range of 300 nm to 850 nm. The blank was done using deionized water. This
light source was coupled to the spectrometer using 400pm diameter optical fibers and
positioned through a 1 cm quartz cuvette holder. The acquisition of spectra was facilitated
by the Ocean View software.

NMR Spectrum

NMR spectra were acquired with a Bruker Advance Neo 500 spectrometer at the
frequency of 500.07 MHz for 1H and 125.76 MHz for 13C equipped with a 5 mm double
resonance broadband prodigy probe use nitrogen-cooled RF coils and preamplifiers.
Chemical shifts were calibrated using the Tetramethysilane (0 ppm). For 1H, we used a
one 90° pulse with 64 scans and with a recycling time of 1s. For 13C, we used a one 90°
pulse with a 1H decoupling waltz16 with 4096 scans and with a recycling time D1 of 2s.
The 1H and 13C spectra were recorded in exactly the same conditions at room temperature
and processed with a zero-filling factor of 2 and without an exponential decay. 5mg of
either alizarin or alizarin red S were dissolved in 0.5mL of acetone-Ds. The 1H and 13C NMR
spectra were also measured for alizarin red S in D20 as it was more soluble than alizarin.

2.2. COMPUTATIONAL METHOD

All calculations were carried out using the version 5.0.3 of the ORCA quantum chemistry
program package and the version 6.5.1 of XTB 204205,

Optimization Procedure

Ground and excited states properties were computed using density functional theory
(DFT) and its time-dependent (TD-DFT) extension 1672%,  Qptimized Geometries and
Hessians were obtained using the PBEO functional !** complemented by the D3(B]J)
dispersion correction 272%, Tight thresholds were employed for the self-consistent field
(SCF) and optimization (tightSCF and tightopt keywords in ORCA nomenclature) 207.2%,
The triple zeta def2-TZVP basis set, coupled with matching auxiliary basis sets, was
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consistently employed throughout all the computations 1297209 A]l the optimized
geometries can be found in the supplementary data S.I. 14.

Conformer and deprotonated Forms Search

Using Grimme’s open-source Conformer-Rotamer Ensemble Sampling Tool (CREST),
which relies on the xTB method, the exploration for deprotonated forms and conformer
for the fully protonated form was conducted 252!, The geometries of the generated
conformer or deprotonated forms were then subjected to optimization using the PBEQ
functional. Finally, their single point energy (SPE) were obtained by using DLPNO-
CCSD(T) computations with def2-TZVP basis sets with matching auxiliary basis sets and
CPCM (water) 1. Their SPE energies are then compared for each deprotonated or
conformer forms to identify the most energetically stable forms (the one with the lowest
SPE energy). By comparing the SPE energies, we can calculate the Boltzmann population
distribution of each form. The identified stable forms correspond to the highest
Boltzmann distribution. Those forms are dominant and are therefore selected for the
following computations.

Solvation Models

Different solvation models were evaluated for UV-VIS and NMR spectra prediction. These
models included the following:

-In vacuo: the molecule is studied in the absence of any solvent.

-Implicit solvation (water or acetone) using the linear response Conductor-like
Polarizable Continuum Model (C-PCM) 212, No solvents appear but it treats the solvent as
a continuous medium surrounding the solute. This model accounts for the electrostatic
and non-polar interactions between the solute and the solvent without explicitly
representing individual solvent molecules. Their bulk properties are replaced by some
macroscopic quantities (dielectric constant or solvent radius).

-A combined approach involving both implicit and explicit water molecules (either 1
water molecule per hydroxyl (OH) group or 3 water molecules per OH group). The water
molecules were positioned to make hydrogen bonds with each hydroxyl group.
-Furthermore, a hybrid approach called Quantum Mechanics/Molecular Mechanics-2
(QM/QM?2) 105213214 ca]culations were conducted by engaging between 70-100 water
molecules It combines quantum mechanics (QM) for a region of interest (here the dye
molecule) and the semi-empirical GFN2-xTB method 205210 for the rest of the system (here
the surrounding water molecules). The optimization was accomplished using the
multiscale module in ORCA 14204 together with the QM/QM2 ONIOM procedure. This
allows detailed treatment for the electronic structure of the solute while considering the
surrounding solvent at a less computationally expensive level. To consider the solvent
effect, we also performed a Quantum Molecular Dynamics simulation of 25,000 steps with
a 0.5 fs time step (other parameters selected as default such as a NHC (Nosé-Hoover
chains) thermostat of 300K) 2%°, An ellipsoid repulsive wall was added to keep the water
molecules close to the substrate during the MS. From this simulation, 50 snapshots were
selected, each 200 steps starting at 800. They were then optimized and the mean Vertical
Energy (VE) of these snapshots calculated.

UV-VIS Spectrum computation
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For Time-Dependent Density Functional Theory (TD-DFT) calculations concerning the
UV-VIS spectrum, the B2PLYP functional was used with the resolution of identity method
(RI) 107,208,166 This choice is justified by previous theoretical benchmarks and preliminary
calculations (see supplementary data S.I.2) 196110 The UV-VIS VE calculations were done
with the first 15 roots. The experimental spectra of the dyes studied (alizarin and alizarin
red S) has only one band on the visible region. In all calculations, only the first excited
state was considered for the VE calculation, as it can be compared to the experimental
maximum absorption of the Visible region of the UV-VIS spectrum. The topology and form
of the experimental spectra are due to vibrational and solvent effects which are not
present when calculating the VE but will be accounted using another calculation. The
color of the compound depends on the form of the spectra, it is therefore necessary to
take it into account.

The vibrational contributions, including Herzberg-Teller effects 176178216 was
accomplished using the Excited State Dynamics (ESD) module within ORCA 7>, Within
this framework, the Adiabatic Hessian (AH) and Vertical Gradient (VG) approaches were
used. As AH is a more complete and accurate method, computed spectra within the main
text will be performed using this scheme 2%, VG spectra can be found in supplementary
data S.I.5. The AH calculations require the geometry of both Ground State (GS) and the
first singlet excited state (S57) geometries and frequencies, the VG ones only required the
GS parameters, all of them computed at the DFT PBEO level + CPCM. The VE energy and
transition dipole moments were computed using the most accurate values ie. RI-B2PLYP
together with the appropriate solvation scheme (3 water molecules per OH). The
linewidth was created using a Gaussian distribution and was fine-tuned to align with the
Full Width at Half Maximum (FWHM) parameter of the experimental spectra, which
depends on the concentration and other experimental parameters. To reduce the impact
of experimental parameters like concentration, the computed and experimental spectra
were normalized. This allows a direct comparison between the two spectra.

The CIELAB color coordinates was calculated for the UV-VIS spectra with an in-house
script with illuminant D65 134218219 To quantify the quality of the color prediction, the
color difference was quantified with AE2000 which is the latest ISO standard by CIE 138140,

NMR Spectrum computation

Geometry optimization of tetramethylsilane (TMS), alizarin, alizarin red S molecules was
conducted within vacuo, an implicit acetone or water solvent environment using the
CPCM method or with explicit acetone or water molecules as described before.
Subsequent computation of 'H-NMR and 13C-NMR shielding employed the revTPSS
functional with D4 correction °2159220, Basis set pcSseg-3 was selected for these
calculations. Next, the isotropic shifts were used to compute the shifts that are
comparable to the experimental by using this formula:

Ocalculated = OTMS — O-targetmolecule

A summary of the computational protocol is summarized in a flow chart in the
supplementary data S.I.1.
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3. RESULTS AND DISCUSSION

Fig.1 presents the structure of the studied molecules: alizarin (later referred as A24) and

alizarin red S (later referred as AH24RS). Both alizarin and alizarin red S have two acidic
protons which can be subject to deprotonation depending on the solutions’ pH. Alizarin
(alizarin Red S) has pKai1=5.5 and pKa:=10 (pKa1=5.8 and pKa2=10.8) respectively.
Therefore, in this study, we have chosen the following pH for each form: pH=3, pH=8, and
pH=12 for alizarin and pH=2, pH=7 and pH=12 for alizarin red S 202203,

O OH O OH
SOCANNC oY
S(
O O
Alizarin Alizarinred S
= il - - «
Madder plant, root and powder pH=3 pH=8 pH=12 pH=2 pH=7 p

Fig 1. (Left) Madder plant, its roots and powder. (Middle) Chemical structure of alizarin,
abbreviated as H-A and its alternative more soluble in water, alizarin red S (right), abbreviated
as H2ARS. The color of each molecule for different pH level are depicted below each structure.

This study aims to establish a reliable computational protocol in order to reproduce their
spectroscopic properties (UV-VIS spectra, color and NMR spectra) and provide us with
relevant chemical information.

3.1. ALIZARIN
3.1.1. UV-VIS spectra

3.1.1.1. Conformer and deprotonated forms search

The initial step involves exploring the conformer and deprotonated forms of alizarin for
each pH range in order to identify the most stable forms.

In the protonated form (neutral) at pH=3, various studies have addressed the presence
of different conformers 126221, We first generated the conformer of the neutral protonated
form of alizarin and computed their Single Point Energy (SPE). The one with the lowest
SPE energy after optimization is the most stable and is taken as a reference. The other
conformer forms are listed by energy (in kcal/mol) with respect to the most stable form
in Fig 2. We have found that the dominant form is the one with the hydrogen of both the
a and B-hydroxyl groups making hydrogen bonds with the neighboring oxygen. It will be
later referred to as HzA. Furthermore, for the ground state, the forms with the proton
transfer on the ketone as reported in previous publications are much higher in energy
(14.07 kcal/mol respective to H24), meaning that in the ground state, there is likely no
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proton transfer for the neutral form in water. The remaining conformer forms do not exist
in solution as they are higher in energy than the most stable one.

For the mono-deprotonated form (monoanionic) at pH=8, two potential forms are
possible due to the presence of two deprotonation sites (see Fig. 2). However, by
comparing the computed SPE, the most stable configuration is the one with the 3-hydroxyl
being deprotonated. The other form with the a hydroxyl deprotonated is higher in energy
by 0.9 kcal/mol. This corresponds to the Boltzmann distribution of 82% in favor of the
most stable form. This can be explained by the formation of intramolecular hydrogen
bonds between the ketone and the a hydroxyl group, making it more stable and therefore
less favorable to deprotonation than the 3-hydroxyl group. Furthermore, the hydrogen in
the B position can be more accessible to the surrounding solvent, making it more
susceptible to deprotonation. The most stable form will be used to do further calculations
as it will be the most dominant. We will denote it as HA-

For the di-deprotonated (dianionic) form at pH=12, there is only one stable form without
other conformers. It will be denoted as 4.

sutral (pH=3) Monoanionic (pH=8) Dianionic (pH=12)
_H
O O
0
T+6.3 kcal/mol
O H‘O (6] O(9 Tp
SO0 I
0 (o]
T+1.2 kcal/mol T+O.9 kcal/mol
| Ha\o |;|ﬁ e~y o o o° :
[
I | /O (@] (e} 1
- 908 |
I 1
I o} o) :
| HA- Az |
Most stable

Fig 2. Alizarin rotamers and deprotonated forms for each pH range and their relative energies.
For the fully protonated form at pH=3. The geometries are sorted from the most stable form to
the less stable form. The most stable forms are denoted H2A (neutral form), HA- (monoanionic
form), and A? (dianionic form).

3.1.1.2. Vertical energy and choice of solvation model

In computational chemistry, the choice of solvation model is critical as it determines the
accuracy of the predicted UV-VIS spectra 222, In fact, the geometry of the molecules can be
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influenced by the surrounding solvent via specific interactions like hydrogen bonds, ion
pairs, -interactions, etc. Here, we have tested different solvation models to compute the
VE between the electronic ¢S and Sz and compare it to the maximum absorption of the
experimental visible spectra. The calculations were first done in vacuo, then with implicit
water, a combined implicit and explicit, and finally with a multi-level approach such as
QM/QM2 in combination with Molecular Dynamics. All computational details of those
solvation models are outlined in the Methods section. Fig.3 presents a condensed view of
the different models used in this study and the associated results for the alizarin forms
H24, HA-and A% (Additional information can be found in data S.1. 3).

Absolute Error deviation (Calc.-Exp in eV) of S1 UV-Vis energy (without vibrationnal effects)
for different solvation models
0.57

mHA- m A%
0.28 0.28

I 0.19 Accuracy limit
(STH | Y U

0.05 0.03 0.04. 0.0 0.02 0.09 0,07 ..

— 0.00 E [ [

Vacuo Implicit water Implicit + 1 water/OH Implicit + 3 water/OH Explicit (100 water)
® o .

Fig. 3. (Top) Absolute energy difference between the calculated VE and the experimental
absorption energy for the different solvation models of alizarin. The yellow stands for the H->A
form, the red for HA- one and the purple for A%. The accuracy threshold is fixed at 0.2 eV
according to the literature. (Bottom) Difterent solvation models were used. From left to right:
alizarin in vacuo, implicit water, implicit with 1 water per hydroxy group, implicit with 3 water
per hydroxy group, QM/QM?2 with 100 explicit water (over 50 snapshots).

We first did the calculations in vacuo, without any solvent as a study case. However, it
does not provide insights into the effects of a surrounding medium, which is often crucial
for realistic scenarios. Here, it was observed that for the neutral form, the vacuo model is
accurate enough (the error deviation falls below the 0.2eV accuracy limit which is the
standard in the literature). However, for the deprotonated forms (monoanionic HA-or
dianionic 4%), the vacuo model is not accurate enough (error deviation of 0.57eV for AH
and 0.28eV for 4%). It is therefore necessary to include solvent effects for these forms.

A first approximation of the solvent effect can be done by using an implicit model. For
alizarin, implicit solvation gives better agreement with experimental data by reducing the
error by at least half (it falls to 0.05eV for H24, 0.28eV for HA-and 0.03eV for 4%). It can
be used to test different solvent environments while being computationally efficient. This
approach is useful for the case where there is no apparent interaction between the solvent
and the dye, like the neutral form H24 in water or for apolar solvents. However, the HA-
form is still above the accuracy limit (with 0.28 eV error deviation) in implicit calculation.
Therefore, we need to account for specific solvent effects. For those forms, the model can
be refined by adding some explicit solvent molecules near the hydroxyl sites. Explicit
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water molecules (either 1 or 3) per hydroxy group were tested. This considerably reduces
the calculated and experimental energy difference for the deprotonated forms. Among
them, the best model is the one with 3 explicit water molecules near the OH sites (error
deviation of 0.01 eV for HA-and 0.02 eV for A%). This shows that for the deprotonated
forms, solvent interactions like hydrogen bonds are mandatory to accurately model the
absorption energy. Therefore, this combined model can be a good compromise to
accurately predict the UV-VIS energies for a low computational cost. It can be used when
there is a specific solute-solvent interaction.

Finally, the last model tested was QM/QM?2 with 100 explicit water which represents a
theoretical best estimate for our protocol. For each form, a quantum molecular dynamic
was performed followed by computing the VE of 50 snapshots. Here, it was observed that
across all the forms, the QM/QM2 results consistently fall below the 0.2 eV accuracy
threshold (0.09 eV for H24, 0.07 eV for HA-and 0.03 eV for 4. This implies that QM /QM2
is a reliable method for predicting the properties of new molecules for which the solute-
solvent interactions are predominant but requires a much higher computational cost, at
least 50 times higher. More information about the MD and the selected snapshots can be
found in supplementary data S.1.4.

From the previous paragraphs, it is clear that the accuracy of the VE is tightly bound to
how the environmental effects are modeled. As water is a highly polar solvent and
involved in multiple inter-molecular interactions, one should expect that explicit
molecules have to be added. Interestingly, for some forms, implicit solvation is accurate
enough, notably for A%, where two charged oxygens are present. However, only the
microsolvation with 3 added water molecules per OH is sufficient to get close to the
experimental measurements for all forms. This model also gives similar results in
comparison to a full explicit model, allowing us to ensure that it is reliable and
transferable to similar dyes.

HA- A%
Fig. 4. Difference in electronic densities for the GS-> S; transition for alizarin for different

protonation states. The blue orbital represents a decrease in electronic density. The red one
represents an increase in electronic density. The isovalue is 0.02 a.u.

To further delve into the nature of electronic transitions, the difference in electronic
densities has been calculated for the transition GS — $1 (which corresponds to the
absorption in the visible part of the UV-VIS spectrum). The result for each alizarin form is
depicted in Fig.4.

For the neutral form H:2A, the transition involves a combined n->m (owing to the presence
of oxygen) and m-> m* transition, with a more pronounced m-> m*character. As we
progress to the deprotonated form, HA- and A?;, the transition nature shifts more towards
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1-> 1* transition rather than n->m* as the deprotonated hydroxy groups become part of
the conjugated system.

3.1.1.3. Computed absorption spectra and CIELAB color

Absorbance (a.u.)
e o o o P = -
N E= [=)] =] o N E=Y

o
o

Exp. pH=3
Calc. spectrum for H.A

== Exp. pH=8
= Calc. spectrum for HA~

14
1.2
1.0
0.8
0.6
0.4
0.2

== Exp. pH=12
= Calc. spectrum for A2~

400 450 500

Wavelength(nm)

550

00 450 500 550

Wavelength(nm)

600 650

0.0

700 450

500 550 600

Wavelength(nm)

650 700

Experimental (normalized) Calculated (normalized) AE, 000
Form L* a* b* color L* ax b* color

99.0 -134 68.4 90.7 6.9 80.4 13.3
HA- | 675 533 0.9 59.1  45.5 32 | 78
A2 541 519 -500 | 570 617 -53.6 | 41

Fig. 5. (Top) The calculated and experimental UV-VIS spectra for alizarin at different pH. The
dotted line is the experimental one. The full lines are the calculated spectrum with the Adiabatic
Hessian (AH) method. The vertical lines correspond to the computed VE. (Bottom) Predicted
and computed colors of difterent alizarin forms with CIELAB coordinates (L* a* b*) and the
calculated color variation between computed and experimental color coordinates with AE 2.

The VE alone is not enough to predict the full spectrum because it does not consider
vibrational effects which can be responsible for the UV-VIS spectra topology (shape). In
Fig.5. we have computed the absorption spectrum of alizarin at different pH and
compared them with their experimental UV-VIS spectra. First, if we look at the different
pH forms of alizarin we can see that their UV-VIS spectra shape and color differ. When the
pH increases, we see a red shift of the spectra together with a hyperchromic shift (increase
in absorption intensity). For pH=3, the spectrum has a maximum absorption peak at
430nm, resulting in a yellow solution. For pH=8, the solution turns red, with the
maximum absorption at 530 nm. For pH=12, the solution takes a violet hue, with a
maximum peak at 570 nm and two shoulders at 530 nm and 610 nm. These additional
features could be attributed to several electronic transitions or a combination of
electronic and vibrational effects. To discern the nature of each transition, we used the
Adiabatic Hessian method (AH). The details of the computation can be found in the
Methods section.

Overall, the computed spectra with AH are in good agreement with experimental data for
both the maximum and topology, in particular for HA- and 4<%. For HzA, the computed
spectrum is shifted by about (27 nm) but it can be explained by the low solubility of the
neutral form in water, preventing us from having a reliable UV-VIS spectrum.

The A4 replicates the experimental topology with three distinct shoulders. The VE
corresponds to one electronic transition from GS — Sz The middle peak is therefore
attributed to one electronic transition, while the shoulders around 540 nm and 610 nm
result from vibronic effects.
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While the absorption spectra are really useful in spectroscopic studies, in the cultural
heritage or dyeing field, the color of the molecule is the key property. In order to gain
access to this information we can convert the UV-VIS spectra to color CIELAB coordinates.
CIELAB color space is a color model introduced by the Commission Internationale de
I'’Eclairage (International Commission on Illumination or CIE) to provide a uniform and
consistent representation of colors 28, It is designed to be independent of devices and
illuminants, making it useful for comparing colors across different conditions. Here, we
will use it to compare the computed and experimental color. The colors are expressed in
L*a*b* coordinates. L stands for Lightness and corresponds to the perceived brightness
of the color. The values range from 0 (black) to 100 (white). The a* stands for the position
on the red(positive) to green (negative). b* stands for blue (negative) to yellow (positive).
The CIELAB color space is represented in supplementary data S.I.6. The bottom part of
Fig.5 illustrates the predicted and experimental along with their respective CIELAB
coordinates. AE2000 is the latest standard created by the CIE and quantifies the color
difference. E stands for “Empfindung” which is the German word for sensation and 2000
stands for the version of standard (older versions exist like AE76 or AEo4) 134138, The
standard perception ranges as follows:

e <= 1.0: Not perceptible by the human eye

e 1-2:Perceptible through close observation

e 2-10: Perceptible at a glance

e 11-49: Colors are more similar than the opposite
e 100: Colors are exactly the opposite

The computed color closely resembles the experimental ones. A higher AE2000=13.3 is
observed for the H2A4 form and HA- (AE2000=7.57), possibly attributed to the lower
solubility of alizarin in water, where a non-negligible precipitate can be observed. In
contrast, for A% which is more soluble in water, its computed color is similar to the
experimental (AE2000=4.1). That means that the color is similar but the difference can be
perceptible to the human eye at a glance. While the CIELAB colors are predominantly used
for non-liquid systems, our approach shows that computations can be modeled with a
reasonably good accuracy.

3.1.2. NMR shift prediction

Another key property of chemical systems is their NMR spectra. It is often used to
decipher the structure of molecules in a complex environment, like pigments used in
paintings, which are composed of a dye complexed with a metallic cation. Our protocol
will aim at reproducing with good accuracy the experimental peaks.

Here, we present a study case with alizarin. The computed 1H shift values were compared
to the experimental spectra of alizarin in acetone-De¢ (chosen because alizarin is not
soluble in water) in Table 1. We tested the influence of the solvation model with implicit
and 3 explicit acetones following the UV spectrum protocol. The calculated 1H NMR shift
differs by less than 0.16 ppm on average with respect to the experimental one for aromatic
hydrogen in implicit acetone and 0.22 ppm on average for explicit and implicit acetone.
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This suggests a good level of accuracy for the prediction of proton chemical shifts for both
solvation models. The prediction of the 1H shifts for hydrogen H3, H4, H6, and H7 are
better with implicit than explicit. However, it is noted that the accuracy is worse when
dealing with the labile hydrogen in the hydroxy (-OH) group (H1 and H2) with implicit
solvation. Labile hydrogen is prone to exchange with the surrounding solvents, it is
therefore necessary to add explicit acetones near the hydroxy groups. For labile hydrogen,
the explicit solvation model yields better accuracy. Furthermore, H5-H8 are better with
explicit than implicit models. Explicit solvation is therefore more suited for labile
hydrogen. The experimental spectra are depicted in supplementary data S.I.7, along with
its attribution, which was done by confronting the computed shifts.

Table 1. Computed and experimental 1H chemical shift of alizarin in acetone-Ds with the
respective error deviation in ppm or % for implicit or implicit and explicit solvation model.

Hg O OH;,
Hy OH,
H H;
Hs O Hy
Exp. (ppm) ‘ Calc. (ppm) Calc.-error (ppm) Calc.-error (%)
Attribution | In acetone-Dg | Implicit Explicit Implicit Explicit Implicit Explicit
1 12.8 15.1 11.5 2.3 -1.3 18.2 10.2
2 £)E ‘ 7.2 10.0 =il 0.6 22.5 7.0
3 7.3 7.4 7.6 0.1 0.2 1.3 3.4
4 7.8 ‘ 8.0 8.2 0.2 0.4 3.0 5.4
5 8.3 8.5 8.5 0.2 0.1 2.2 1.6
6 8.0 ‘ 8.1 8.1 0.1 0.1 1.6 1.9
7 8.0 8.0 8.2 0.1 0.2 1.0 2.7
8 8.3 ‘ 8.5 8.4 0.3 0.1 3.0 1.5

3.1.3. Experimental uncertainty due to solubility
As raised multiple times in this part, alizarin has a poor solubility in water. The color of
alizarin in solution is highly sensitive to experimental conditions such as concentration,
pH and temperature. The maximum absorption remains constant but the shape can
potentially alter. Consequently, the measured color may vary and a higher delta E can be
calculated with respective to the computed color. To address this experimental obstacle,
we opted for its alternative, alizarin red S which exhibits greater solubility.

3.2. ALIZARIN RED S

As we have seen, the limited solubility of alizarin in water can pose challenges when
measuring their experimental UV-VIS and NMR spectra due to the potential formation of
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precipitates. To address this concern, a more soluble analogue, alizarin red S, has been
studied.

3.2.1. Conformer and deprotonated forms search

For the acidic form (pH=2) of alizarin red S, different conformer forms can exist. We
computed the energies of the possible conformer and sorted them in Fig. 6. Like alizarin,
we do not observe any proton transfer for the ground state. The most stable form shows
a hydrogen on the a position pointing towards the ketone, making a hydrogen bond, while
the B-hydrogen is pointing on the opposite side towards the negatively charged sulfonic
group. It will be noted as H2ARS. The other conformer forms do not exist as they are much
higher in energy (hence low Boltzmann distribution).

For the mono-deprotonated form (pH=7), two possible forms can exist (see Fig.6). The
comparison between energies point out that the -hydroxyl deprotonated is the most
stable configuration, the a-hydroxyl making a hydrogen bond with the ketone and is
less susceptible to deprotonation. This form will be noted as HARS. For the di-
deprotonated form (pH=12), there is only one form that will be denoted as ARSZ.

sutral (pH=2) Monoanionic (pH=7) Dianionic (pH=12)
(@] O'H
QO
503_
(@]
?+3.27 kcal/mol
oMo H o |'||B
9004 4084
Slefy soP
(@]
T+0.02 kcal/mol f+1-51 kcal/mol
I Hav g oHasg o oo . :
' L_o. o® o®
| S 408 L !
1
I SO3® 3036 |
| HARS- ARSZ |
Most stable

Fig. 6. Alizarin red S rotamer and deprotonated for each pH range, along with their relative
energies. For the acidic form, the other forms are much higher in energy (>17 kcal/mol) and
are not considered. The most stable forms are denoted H-ARS (acidic form), HARS (mono-
deprotonated form), and ARS?* (di-deprotonated form).

3.2.2. UV-VIS spectra prediction

The experimental spectra have maximum absorption energy at 425nm for H2ARS, 521nm
for HARS and 560 nm for ARS?- with two shoulders at 600nm and 530nm. The computed
spectra were done considering the method and protocol used for alizarin. The results are
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depicted in Fig.7. There is a better agreement between the experimental and computed
spectra for the H24RS and HARS" form than alizarin, which can be explained by a higher
solubility of alizarin red S. The computed VE matches perfectly the experimental one.
Similarly, the AH spectra of the HARS and ARS? are in adequation with the experimental
ones, in both the topology and position of the spectra.

1.4 Exp. ARS pH=2 1.4 == Exp. ARS pH=7 1.4 == Exp. ARS pH=12

12 Calc. spectrum for H>ARS 12 m Calc. spectrum for HARS ~ 12 == Calc., spectrum for ARS?~
310 g 1.0 g 10 .
Sos Sos Sos ’ (A
K 3 3 /
506 508 5os Y 1
<04 <04 \ <04 K/ '
\ 7 \Y
0.2 0.2 \ 0.2 -7 \
~ f o = \
0.0 0.0 2s 2 0.0 =
400 450 500 550 60 400 450 500 550 600 650 70 400 450 500 550 600 650 700
Wavelength(nm) Wavelength(nm) Wavelength(nm)
Experimental (normalized) Calculated (normalized) AE, 00
Form L* a* b* color L* a* b* color
99.6 -10.8 77.3 99.2 -14.0 68.0 3.3
HARS | 654 548  -3.2 59.1 57.7 -17.8 MM | 83
ARS* | 544 51.0 -509 M| 570 617 -536 M| 40

Fig. 7. (Top) The calculated and experimental UV-VIS spectra for alizarin red S at difterent pH.
The dotted line is the experimental one. The full lines are the calculated spectrum with
Adiabatic Hessian (AH) method. The vertical lines correspond to the computed VE. (Bottom)
Predicted and computed colors of different alizarin red S forms with CIELAB coordinates (L%
a* b*) and the calculated color variation between computed and experimental color
coordinates with AEz200.

To assess the quality of the color prediction, the calculated and experimental color CIELAB
are represented in Fig.7. The calculated color matches the observed experimental color,
with higher accuracy for the H2zARSform (3.31 for alizarin red S and 13.32 for alizarin, see
Fig.5). This can be explained again by its higher solubility compared to alizarin.

HARS- ARS?

Fig. 8. Difference electronic densities for the GS-> S; transition for alizarin red S for different
protonation states. The blue orbital represents a decrease in electronic density. The red one
represents an increase in electronic density. The isovalue is 0.02 a.u.

The additional sulfonic group does not change the color of the compound compared to

alizarin. This can be explained by the difference densities plotted in Fig.8. The sulfonic
group does not participate in the electron delocalization for the GS — S transition.
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3.2.3. 1H and13C NMR prediction

Thanks to the higher solubility of alizarin red S in water, the measure of NMR spectra in
D20 is possible. We have obtained the 1H NMR spectra of HA24RSin acetone-Ds only as the
one in water gives very broadened signals, probably due to exchange processes at room
temperature which is consistent with other publications %2. Following the best
computational protocol for alizarin, the calculations were done using an explicit solvation
scheme. All the geometries are accessible in the supplementary data S.I.14. The
comparison between the computed 'H chemical shifts is represented in Table 2 (in
acetone-De) and 13C in Table 3 (for both acetone-Ds and D20). The error deviation of
aromatic hydrogen (H3 to H7) is less than 0.2 ppm in average (which represents 2.1% in
mean error deviation). This error is less than for alizarin (which has 2.8% mean error
deviation). There is a better agreement with experimental data for alizarin red S, again
explained by its higher solubility compared to alizarin. The labile hydrogen are less
accurate with 17% of error deviation for H2 and 11% for H2. The experimental and
computed shifts can be found for different alizarin red S forms in data S.I.8 to S.I1.13.

Table 2. Computed and experimental chemical shift of alizarin red S in acetone-Ds with the
respective error deviation in ppm or %.

H, o) OH;,
He OH,
(0]
H S//
5
/ o-
H, o) H, O
_—— Exp. (ppm) in Calc.-error Error deviation
Attribution acetone-D, Calc. (ppm) (ppm) (%)
H1 12.8 15.0 2.2 17.1
H2 11.9 13.2 1.3 11.1
H3 8.2 8.4 0.2 2.7
H4 8.3 8.5 0.2 2.7
H6-H5 7.9 8.0 0.1 1.3
H6-H5 7.9 8.0 0.1 1.3
H7 8.3 8.5 0.2 2.5

The comparison between the computed and experimental 13C shifts in D20 for alizarin red
S is represented in Table 3. It shows that the error deviation of Carbons C4-C14 are less
than 6 ppm on average (which represents 4.4 % in mean error deviation). There is a

117



higher error deviation for carbons that are next to a hydroxy or sulfonic group (C1-C3)
with up to 5.5% error deviation.

Overall, there is a good agreement between the computed and experimental chemical
shifts for both 1H and 13C NMR spectra. This protocol proves to be efficient in predicting
NMR spectra.

Table 3. Computed and experimental chemical 13C shift of alizarin red S in acetone-Ds or D20
with the respective error deviation in ppm or %.

Acetone-Dg D,0
Attribution Calc.-error  Error deviation| Calc.-error  Error deviation
(ppm) (%) (ppm) (%)
1 8.2 5.5 9.8 6.5
2 7.9 5.2 8.6 5.7
3 6.7 5.0 4.7 3.5
4 5.0 4.2 3.9 3.3
5 4.0 3.3 5.5 4.5
6 6.9 3.8 6.7 3.7
7 4.2 3.1 6.5 4.9
8 4.4 34 4.7 3.7
9 3.5 2.5 5.2 3.9
10 34 2.5 6.2 4.7
11 3.9 3.1 4.4 3.5
12 4.4 3.3 6.7 51
13 5.3 2.8 7.0 3.7
14 4.3 3.7 4.8 4.1
T
11 13 1 OH
10/ \\1 2/ \14¢\2/
| I I I | B
NN N
I {/ o
0

4. CONCLUSION

Deciphering experimental spectra of natural dyes is a persistent challenge due to the
presence of impurities, extraction difficulties, solubility issues, fast degradation, and so
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on. In this context, computational spectroscopy appears as a solution for the elucidation
of complex structures of pigments. Here, we focus on Madder, a natural dye with historical
importance. By combining computational insights with experimental data, our study has
demonstrated the great efficiency of the optimized computational protocol for accurately
predicting UV-VIS spectra, CIELAB color coordinates, and NMR shift of alizarin, the main
coloring molecule of Madder, and its analog alizarin red S. In particular, we have found
that the incorporation of conformer, deprotonated forms for each pH, solvation models,
and careful consideration of solvent interactions resulted in accurate description when
compared with experimental measurements. The computed spectra closely match the
experimental data, providing a reliable foundation for the prediction of other
hydroxyanthraquinones and numerous colored dyes. The computation of CIELAB
coordinates of these 2 molecules also yields good results despite some issues due to
solubility. This approach can be of interest to extracting the contribution of each dye in a
mixture or for predicting new hues of colored molecules. By overcoming experimental
complexities, this protocol accelerates the development of compounds tailored to specific
needs by predicting with accuracy several properties. This optimized computational
protocol outlined here offers a versatile tool for designing novel molecules across a wide
variety of coloring industries, such as textiles, cosmetics, food, pharmaceuticals, and art.
Furthermore, it can set the stage for deeper exploration into more complex structures of
pigments, which are often challenging to elucidate by experimental methods.
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ALIZARIN RED S

H2ARS implicit
HARS- implicit
ARS2- implicit
HARS- explicit

ARS2- explicit

ALIZARIN

H2A implicit
HA- implicit
A2- implicit

HA- explicit

A2- explicit

S.L2. Comparison between computed VE with B3LYP and B2PLYP functional for alizarin red S

and alizarin.

Calc. eV(nm)

2.81(441.3)
2.12(584.8)
2.19(565)

2.28(543.5)

2.29 (542.5)

Calc. eV(nm)

2.82(439.7)
2.08 (595.7)
2.17 (571)

2.38(584.8)

2.25 (565)

B3LYP
Absolute Error
deviation (eV)
calc.-exp.

0.11
0.26
0.02
0.10

0.07

B3LYP
Absolute Error
deviation (eV)
calc.-exp.

0.06
0.30
0.01
0.00

-0.07

Calc. eV(nm)

B2PLYP
Absolute Error
deviation (eV)

calc.-exp.
2.93 (425.4) -0.02
2.17 (521.7) 0.21
2.17 (559.7) 0.05
2.33 (533) 0.05
2.27 (545.6) -0.06
B2PLYP

Calc. eV(nm)

2.94(422.2)
2.11(587.9)
2.14(579.1)
2.39(518.5)

2.2 (564)

Absolute Error
deviation (eV)
calc.-exp.

0.06
0.27
0.04
-0,01

0,02

Exp.

eV(nm)

2.91(425.4)
2.38(521.7)
2.22(559.7)
2.38(521.7)
2.22 (559.7)
Exp.

eV(nm)

2,88 (430)
2,38 (520)
2,18 (570)
2,38 (520)

2,18 (570)

Solvation model HA- A%
Vacuo 0.10 -0.57 -0.28
Implicit water 0.05 -0.28 -0.03
Implicit + 1 water/OH -0.04 -0.19 0.00
Implicit + 3 water/OH 0.07 0.01 0.02
Explicit (100 water) 0.09 -0.07 0.03

S.L3. Error (Calc.-Exp) of S1 UV-VIS energy of alizarin (without vibrational effects) for difterent
solvation models
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HA A*
Calc.nm  Calc.-exp | Calc.nm  Calc.-exp | Calc.nm  Calc.-exp
(eV) (eV) (eV) (eV) (eV) (eV)

416.4 (2.98) 0.10 527.4(2.35) -0.03 569.5(2.18) 0.00
416.3 (2.98) 0.10 542.9(2.28) -0.10 566 (2.19) 0.01
405.3 (3.06) 0.18 548.7 (2.26) -0.12 577 (2.15) -0.03
409.7 (3.03) 0.15 584.2(2.12) -0.26 568.2(2.18) 0.00
411.9 (3.01) 0.13 579.3(2.14) -0.24 569.2 (2.18) 0.00
405.8 (3.06) 0.18 541.4(2.29) -0.09 575.1(2.16) -0.02
431.6 (2.87) -0.01 535.6(2.32) -0.06 573.9(2.16) -0.02
428.9 (2.89) 0.01 526.8 (2.35) -0.03 575.5(2.15) -0.03
428.9(2.89) 0.01 566.2 (2.19) -0.19 569.5(2.18) 0.00
425.6(2.91) 0.03 546.4 (2.27) -0.11 563.2(2.2) 0.02
403.4 (3.07) 0.19 585.8(2.12) -0.26 560.3 (2.21) 0.03
410.8(3.02) 0.14 564 (2.2) -0.18 568.2(2.18) 0.00
423 (2.93) 0.05 557.3(2.23) -0.15 565.7 (2.19) 0.01
412.8(3) 0.12 540.9 (2.29) -0.09 559.4 (2.22) 0.04
417.8(2.97) 0.09 594.4(2.09) -0.29 583.6(2.12) -0.06
412.4(3.01) 0.13 562.3(2.21) -0.17 554.9(2.23) 0.05
413.9(3) 0.12 535 (2.32) -0.06 554.9 (2.23) 0.05
418.3 (2.96) 0.08 511.5(2.42) 0.04 559.6(2.22) 0.04
418.3 (2.96) 0.08 533.7(2.32) -0.06 553.7 (2.24) 0.06
406.8 (3.05) 0.17 521.3(2.38) 0.00 555.2 (2.23) 0.05
427.3(2.9) 0.02 541.3(2.29) -0.09 550.6(2.25) 0.07
427.3(2.9) 0.02 522.9(2.37) -0.01 554.9(2.23) 0.05
435.5 (2.85) -0.03 546.5 (2.27) -0.11 557.9(2.22) 0.04
437 (2.84) -0.04 541.9(2.29) -0.09 539.8(2.3) 0.12
438.3 (2.83) -0.05 539.2(2.3) -0.08 542.4(2.29) 0.11
431.8(2.87) -0.01 519.3(2.39) 0.01 544.8 (2.28) 0.10
431.8 (2.87) -0.01 504.2 (2.46) 0.08 540.3 (2.3) 0.12
417.6(2.97) 0.09 522.7(2.37) -0.01 563.4(2.2) 0.02
434.1 (2.86) -0.02 524.5 (2.36) -0.02 570.7 (2.17) -0.01
416.5(2.98) 0.10 512.5(2.42) 0.04 549.2 (2.26) 0.08
424.9(2.92) 0.04 525.9(2.36) -0.02 575.2(2.18) -0.02
403.3 (3.07) 0.19 545.1(2.27) -0.11 557.2(2.23) 0.05
415.6 (2.98) 0.10 535.6(2.32) -0.06 550.3 (2.25) 0.07
422.7(2.93) 0.05 521.9(2.38) 0.00 562.7 (2.2) 0.02
430.7 (2.88) 0.00 529.1(2.34) -0.04 559.7 (2.22) 0.04
412.7(3) 0.12 533.4(2.32) -0.06 569.9 (2.18) 0.00
415.6(2.98) 0.10 503.1(2.46) 0.08 545.7 (2.27) 0.09
383.3(3.24) 0.36 529.1(2.34) -0.04 559.8 (2.22) 0.04
383.3(3.24) 0.36 487.8 (2.54) 0.16 565.2 (2.19) 0.01
406.4 (3.05) 0.17 552.3(2.25) -0.13 565.1(2.19) 0.01
399.8 (3.1) 0.22 548.6 (2.26) -0.12 553.2 (2.24) 0.06
411.7 (3.01) 0.13 518.1(2.39) 0.01 544.9 (2.28) 0.10
415.9(2.98) 0.10 479.5(2.59) 0.21 555.2(2.23) 0.0
402.9 (3.08) 0.20 555.4(2.23) -0.15 552.4(2.24) 0.06
402.9 (3.08) 0.20 514.6(2.41) 0.03 551.4(2.25) 0.07
433.1(2.86) -0.02 541.6(2.29) -0.09 577.2(2.15) -0.03
421.4(2.94) 0.06 550.5 (2.25) -0.13 568 (2.18) 0.00
432.5 (2.87) -0.01 539 (2.3) -0.08 552 (2.25) 0.07
430.4(2.88) 0.00 522.6(2.37) -0.01 558.7 (2.22) 0.04
426.2 (2.91) 0.03 579.2 (2.14) -0.24 569.6 (2.18) 0.00
Mean 0,09 Mean -0,07 Mean 0,03

S.L2 Computed VE and its error deviation with 50 QM/MM snapshots for different alizarin
forms.
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S.L3. (Top) Computed UV-VIS spectra of alizarin with AH or VG methods (dotted lines) and

experimental data (full line). The vertical line is the VE. (Bottom) Predicted and
colors with VG of different alizarin forms with CIELAB coordinates (L* a* b*) and the
color variation between computed and experimental color coordinates with AE2p00.

L=100 {white)

-a* (green}

-b* (blue)

+a* {red)

L=0 (black)
S.1.4. CIELAB color space
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S.L6. Computed and experimental chemical shift of alizarin red S in acetone-Ds with the
respective error deviation in ppm or % for the two most stable tautomers.
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S.L7. Table of computed 13C shifts for alizarin red S for different forms.
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SUMMARY

Article 2: “In-silico colour prediction process for natural dyes in Madder.”

In this article, we used the previously optimised protocol to build a database of
colourimetric characteristics and spectroscopic signatures for 31 colourants found in
various madder species at different pH levels. This enables access to a theoretical
standard that is missing due to experimental difficulties. There are six main species of
madder: Rubia peregrina L., Rubia tinctorum L., Rubia cordifolia L., Rubia Akane, Rubia
sikkimensis Kurz, and Rubia yunnanensis Diels. While these species share similar
molecules, their compositions differ in proportions. Roughly 30-68 distinct colourants
have been identified in the literature. Our previous protocol was validated on about ten
colourants for which experimental data were available, consistently showing a
calculation-experiment deviation of less than 0.2 eV, within the accepted theoretical error
margin.

Using the list of 31 colourants identified by Richard S. Blackburn and the validated
protocol, we established a comprehensive database including absorbance spectra, Amax
values, and colour predictions under the two most common conditions used in madder
extraction or application: acidic and neutral aqueous solutions. This enabled us to obtain
spectral and colour information for molecules that are otherwise difficult to characterise
experimentally due to instability, synthetic challenges, or commercial unavailability, such
as munjistin and pseudopurpurin.

This work highlighted structure-property relationships such as the influence of pH and
glycosidic hydrolysis on spectral shifts. At acidic pH, madder colourants tend to be
yellowish or colourless, while at neutral pH, some exhibit a redder hue due to
bathochromic (red) shifts in their absorption spectra. Glycosidic hydrolysis also induces
slight red shifts, potentially explaining the traditional maceration step in madder
preparation, where natural enzymes hydrolyse glycosides, enhancing the red colouration.
These findings were published in the second article.
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ABSTRACT

In the field of cultural heritage, accurately identifying the colors produced by madder root
dyes without alteration is critical. In fact, textile dyeing using extracts from their roots has
been performed for centuries. Many examples of madder dye remain today in museum
and conservation collections. Madder is an interesting natural source of dye because it
contains up to 68 different colorants. However, many of these dyes are extremely
sensitive to hydrolysis, decarboxylation, and degradation from enzymes, extraction
chemicals, and processing temperatures. The valuable chemical information embedded in
the dye structure may be lost if extraction and analysis are too harsh, resulting in
inaccurate color prediction with large color differences. Thus, they are often overlooked
as colorants in historical textiles. Over the past decades, traditional extraction techniques
have been used to analyze textiles but they are invasive and destructive. As a result, this
method is expensive, time-consuming, and in some cases is not suited for the analysis of
artwork. Butin the last decades, computer techniques have been presented as a powerful
tool that enables the prediction of UV-VIS signature spectra and color coordinates with
high accuracy using Time-Dependent Density Functional Theory. The aim of this study is
to elaborate an efficient color prediction process of madder's root without any chemical
degradation of dyes. It will enable the creation of a robust analytical database to identify
madder colors in heritage objects. Here, we provide a rapid method to obtain a complete
database of predicted UV-VIS spectra and color of anthraquinone derivatives found in
Madder. In the context of historical textiles, the detailed color of natural colorants present
in the artwork is of paramount importance for conservation and restoration purposes.

1. INTRODUCTION

For centuries, colorants extracted from the roots of various Rubia species have been used
as dyestuffs, collectively known as “madder”, which are frequently encountered in
archaeological analyses of prehistoric and historic textiles as well as classical texts and
alchemical writings. For example, we have listed in Table 1 of supplementary information
(S.1.) the identified madder species used for dyeing textiles and pigments fabrication.
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Although madder has been a well-known dye plant since ancient times, its cultivation,
processing, trade, molecular properties, and recipes were not well documented until
recent history. The earliest occurrence of publication about madder dye was done by the
Greek philosopher Democritus (c.460 - c. 370 BC) is believed to have written four texts
on dyeing methods, though these texts are now lost. Another Greek, Pedanius Dioscorides
(around 50-70 C.E), documented the madder's dyeing properties. 9798 Overall, little is
known about how lake pigments were made in the ancient world. In the 16t century,
madder recipes were more comprehensively documented and became part of national
heritage. This historical color is created through a laborious dyeing process that has been
shrouded in mystery and secrecy for centuries, due to their commercial value. It was not
until the 19t century that these secrets were gradually decoded.> The best recorded
madder dye data at that time was handwritten in a manuscript by Arthur Henry Newton,
between 1846 and 1858, focusing on pigment manufacture. In this book, he named
Madder under various names, like Madder Rose, Madder Lake, and Madder Carmine, but
their molecular structures were not recorded. 3° Documenting about the identification of
colors derived from madder roots is a challenging task and remains an active area of
research to this day. Some articles from the state of the art highlight the lack and need for
information on minor components or glucosidic molecules.3>3839 Indeed, identifying
madder components in textiles or lake pigments is difficult due to their complex
composition, low dye concentrations, and degradation.182033,4244,57,59,181,182,185,187,190,223
Thanks to efforts to improve detection, many modern techniques have emerged, which
can be classified into two groups: non-invasive techniques, such as Raman Microscopy,
vibrational spectroscopies, Fiber Optic Reflectance Spectroscopy (FORS), and reflectance
with Hyperspectral Imaging 454953182189190 or jnvasive techniques to determine
composition like HPLC-DAD (Diode Array Detector) coupled with mass spectra and
Surface-enhanced Raman spectroscopy (SERS). 36:384653,187 Thanks to the development of
those techniques, researchers have been able to study the composition of madder roots
more precisely. In particular, Ram Singh et al reported up to 68 anthraquinonoid
compounds extractable from madder roots, although they noted that many may be
artefacts of the extraction process. 224 E. S. B. Ferreira et al. summarized compounds in six
main Rubia species, excluding those formed during extraction (S.I. Table 2). 225 Some
compounds are present in low concentrations or result from harvesting and processing,
with levels varying by age. 33 Another study reported 36 anthraquinones in R. tinctorum
L .33 But most of the studies are published with up to 15 molecules because they are the
main ones, other are present in small amounts and are degraded easily. 33°7:5%.100

The analysis and characterization of these molecules can significantly enhance the
identification of plant origins and unveil the hidden secret of historical artworks, aiding
curators in uncovering information about the origin of artwork, the trade routes of dyes,
the techniques used, and developing a suitable conservation strategy and restoration by
understanding the original material. 181,182

Unfortunately, in these studies, a complete database of UV-VIS spectroscopic signatures
and the corresponding color of all madder molecules is still lacking. The complexity of
experimental extraction techniques, which often degrade components, especially
glucosides, contributes further to this gap. 338
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[t is important to note that experimentally identifying the molecules responsible for color
is not always an easy task because madder molecules contain glucosidic counterparts
which degrade and hydrolyze easily by either enzyme present in the plant or by the
employed extraction techniques. Furthermore, some madder dyes cannot be purchased
or synthesized which makes difficult its characterization. With the rising power of
computers and the development of quantum chemistry, computational chemistry has
appeared as an appealing tool to circumvent experimental difficulties 1 and many
molecules have been easily studied in vacuo on a computer. 20:22:33,35,44,56,147

Several studies have focused on the prediction of UV-VIS spectra properties of rigid dyes.
D. Jacquemin et al., Fehér et al. and Anouar et al. are well known for their extensive
benchmarking on functionals for predicting UV-VIS spectra of organic chromophores
including anthraquinones. 108117226229 These benchmarks have confirmed that hybrid
functionals (such as B3LYP or PBEO) often perform well for anthraquinones using Time-
Dependent Density Functional Theory (TD-DFT). C. Ilaria, C. Adamo et al. have extended
this analysis of rigid dyes by focusing on the perceived color and the vibrational effects.
118,199,200 Byt few studies have reported the prediction of UV-VIS spectra of molecules with
glucosides. Giordano Mancini et al. have reported the prediction of emission and
absorption spectra of flexible dye in solution by using General Liquid Optimized Boundary
(GLOB) model and Molecular Dynamics followed by averaging of TD-DFT after multiple
snapshots. 12 But none of these studies have reported the prediction of UV-VIS spectra
properties or color of glycosidic anthraquinones, which are one of the main molecules in
madder plant.

In this study, we aim to close the gap caused by the above-mentioned issues, by using
computational methods to generate the spectra, providing a more complete and
accessible resource. We used the Density Functional Theory (DFT) and its Time-
Dependent variant (TD-DFT) for about 31 molecules present in Figure 1.

Thanks to this protocol, we have obtained a comprehensive database of UV-VIS
spectroscopic signatures and the corresponding color codes of the main madder
molecules giving a more complete theoretical reference standard for rapid and efficient
madder species identification.

2. MATERIALS AND METHODS

2.1. COMPUTATIONAL METHOD

2.1.a. Modeling the UV-VIS spectra

The Figure 1 presents all the molecules computed in this study.

All calculations were carried out using the version 5.0.3 of the ORCA quantum chemistry

program package. The version 6.5.1 of XTB was used for deprotonated forms exploration.
204,205

For the neutral forms, implicit water solvation using the linear response Conductor-like
Polarizable Continuum Model (C-PCM) was chosen. 22 For deprotonated forms, a
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combined approach involving both implicit and explicit water molecules (3 water
molecules per hydroxyl group and/or carboxy group) was used. The water molecules
were positioned to establish hydrogen bonds with each hydroxyl group and carboxyl
group. For purpurin, the di-deprotonated form was chosen to be closer to experimental
data. For quinizarin, the molecule is symmetric and has the same pKa, so the two groups
were both deprotonated.

For TD-DFT calculations concerning the UV-VIS spectrum, the PBEO functional was used.
108,114,166 This choice is based on previous benchmark studies and is more computationally
efficient than RI-B2PLYP or B3LYP without much deviation (see S.I. Table 3).
107,168,208,226,230,231 The triple zeta def2-TZVP basis set, coupled with matching auxiliary
basis sets, was consistently employed throughout all the computations.**!

The computed Amax corresponds to the Vertical Energy (VE) of the first bright transition
with the highest oscillation strength. It corresponds to an So—=>S1 electronic transition
mainly between the HOMO and LUMO and corresponding to a mixture of a m=>m* and n->
m*transition (depending on the deprotonation state).

The vibrational contributions, including Herzberg-Teller (HT) effects 176178216 were
computed using the Excited State Dynamics (ESD) module within ORCA. ’> The impact of
the HT effects on the spectra as well as their computation timing is provided in S.I.4. The
Adiabatic Hessian (AH), a more complete and accurate method, where both GS and ES
geometries and frequencies are considered ?'7, was used (unless stated otherwise). For
some molecules containing sugar moieties, the AH spectra were computed by substituting
the sugar with a methoxy group. This approach is explained in the discussion section. The
linewidth was created using a Gaussian distribution and was set to 700 cm-! for the whole
database in Table 1. The maximum intensity of the computed spectra was scaled to match
the maximum intensity of the experimental data, allowing for a more effective comparison
of the spectral shapes.

2.1.b. Modeling the color

The CIELAB color coordinates were calculated for the UV-VIS spectra with an in-house
script with illuminant D65. 134218219 The computed colors were normalized with respect
to the molecule that has the most intense absorbance. The AE2000 formula (see S.I1.5) was
used to compute the color difference between the computed and experimental results. A
AE2000 value below 2 indicates no visible difference, 2-10 suggests a noticeable but subtle
difference, and values above 10 imply a more pronounced difference.

2.1.c. Modeling the mixture

To validate this computational protocol, we have computed the spectra of a mixed ratio
of alizarin and purpurin and compared them to experimental spectra. The linewidth was
created using a Gaussian distribution and was set to 2000 cm-1. Three mass ratios of
alizarin: purpurin tested were: 30:70, 50:50, and 70:30. The experimental pH and
pKa=5.5 of alizarin (AH2/ AH-) and purpurin (pKai1=4.6 for HsP/ H2P- and pKa2=5.5 for
H2P-/HPZ) were taken into account in the percentage following this equation:
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[Base]
pH = pKa + IOg([Acid])
For the ratio 50:50, the percentage contributions in the computed spectra are 25% AHz,
25% AH-and 50% H2P-. For the ratio 70:30, there is 16% AHz, 54% AH-, 7% H2P-and 23%
HP2-, For the ratio 30:70, there is 8.5% AHz, 21.5% AH-, 20% H2P-, and 50% HP?2- The
computed spectra were added by multiplying the intensity with these ratios, then added

together and finally scaled to the maximum intensity of experimental data.
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Figure 1. Madder’s anthraquinones (AQ) structures and numbering used in this article. The red
hydroxyl groups are the ones that are deprotonated (carboxyl groups are always deprotonated

as we are in water).

2.2. EXPERIMENTAL METHOD

2.2.a. Reagents
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Alizarin (97 % purity), purpurin (90%) and lucidin primeveroside (Phyproof) were
purchased from Sigma Aldrich and used without further purification.

2.2.b. Procedure

30 mg of either alizarin (1,2-dihydroxyanthraquinone) or purpurin (1,2,4-
trihydroxyanthraquinone) was dissolved in 75 mL of deionized MilliQ water and then
boiled at 90°C for 2 hours. Then, the solutions were centrifuged for 15 minutes at 6000
rpm and room temperature. The supernatant from each preparation was collected, and
then mixed in different mass ratios: 30:70, 50:50, and 70:30. The solutions were stirred
for 5 min. Lucidin primeveroside was diluted in water at 0.5mg/mL.

2.2.c. UV-VIS spectra

Their UV-VIS spectra were measured immediately using an Ocean Optics Flame
spectrometer (Model: FLMS00699) with a wavelength range from 300 to 850 nm. The
integration time for each measurement ranged from 5 ms to 10 ms. The light source used
was a Deuterium-Tungsten Halogen lamp covering the range of 300 nm-850 nm. The
blank was done using deionized water. This light source was coupled to the spectrometer
using 400 um diameter optical fibers and positioned through a 1 cm quartz cuvette holder.
The acquisition of spectra was facilitated by the Ocean View software.

3. RESULTS AND DISCUSSION

3.1. Madder coloring molecules belong to the anthraquinone (AQ) family.

Molecules from the Anthraquinone family exist in two primary forms in planta: glycosidic
(see Figure 1: AQ10,11,24 to 27), where a sugar moiety is attached, and aglycones (all
other molecules in Figure 1), where the glycoside is replaced by a hydrogen atom.
Glycosidic compounds are more concentrated in younger madder plants and are more
soluble in water. 33445259 As the plant ages or during dye preparation, glycosides are
hydrolyzed by enzymes or during chemical extraction to enhance the dye color, as
aglycons produce a redder hue.20

Some extraction techniques for madder dyes imply using an acidic solvent or water.
19,55,202,223,232 Therefore, we have chosen to compute the colors and Amax at two pHs: in
acidic conditions pH <5 and close to the one of distilled water where the carboxylic group
is deprotonated as well as 1 hydroxyl group.

First, as a case study, we predict the spectrum of lucidin primeveroside, one of the main
glycosidic molecules present in madder, and discuss the different methods used. Then,
using the most accurate computational procedure available, we will provide a complete
database (Table 1) on the color properties and UV-VIS spectroscopic signatures of the 31
most encountered madder molecules (Figure 1). Our protocol will be validated by
comparing our results with available experimental data for 10 molecules (see S.1.6), and
by mixing various ratios of alizarin and purpurin to simulate the different proportions
found in madder species (Figure 4).
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3.2. Computation method for glycosidic, molecules with sugar moieties (lucidin
primeveroside as a study case)

Madder contains several glycosidic anthraquinones together with their corresponding
aglycones form (without sugar moieties). Among these, lucidin primeveroside, AQ24, is
particularly interesting, as it is prone to degradation when extracted.>®233In addition, due
to the challenges in its synthesis, it is both very expensive and available in limited
quantities, making its manipulation and experimental study complicated. This section
explores various computational protocols for predicting its UV-VIS spectra and color.

The vibronic spectrum was modeled using the Vertical Gradient (VG), Adiabatic Hessian
After Step (AHAS) and Adiabatic Hessian (AH) model.?3* However, the large flexibility of
the sugar moieties results in a large geometry difference for the GS and ES minima thus
breaking the harmonic approximation of the AH model and the spectrum itself. The VG
and AHAS model, computed by only performing a small displacement on the Excited State
Potential Energy Surface (ES PES), were however successful. In order to reach the best
accuracy, the sugar moieties were replaced with methoxy groups, a reasonable
approximation for the glycosidic groups, allowing successful AH spectrum calculation.
The results, including deviations from the experimental spectrum, are shown in Figure 2.
The experimental spectrum of lucidin primeveroside in water exhibits a peak at 3.02 eV
(411 nm). The VG method predicts a peak at 3.22 eV (385 nm), while the AHAS and AH
methods predict maxima at 3.10 eV (399 nm) and 3.14 eV (395 nm), respectively. The VG
method shows the largest deviation from the experimental value (0.20 eV), whereas the
AH (without sugar) and AHAS methods yield smaller deviations (0.12 eV and 0.08 eV,
respectively). The AH method, which approximates sugar moieties with a methoxy group,
is therefore validated by its close agreement with both the experimental data and the
AHAS method.
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Lucidin
primeveroside

VG
AHAS

AH (without sugar)

Exp.

Calc. A,

3.22 eV (385nm)
3.10 eV (399 nm)
3.14 eV (395 nm)
3.02 eV (411 nm)

Error deviation
(calc-exp.)

0.20 eV (-26 nm)
0.08 eV (-12 nm)
0.12 eV (-16 nm)

Figure 2. (Left) Calculated VG (red full line), AHAS (vellow full line), AH without sugar (pink full line), and
experimental (black dotted line) UV-VIS spectra for lucidin primeveroside AQ24. The AH spectrum was
done by replacing the sugar moieties with a methoxy group. (Right) The scheme shows the molecule
structures with or without sugar. The table below shows the error deviation between the computed and
experimental spectra.

The computed color coordinates are shown in Figure 3. The AE2000 is 6.3 for VG method,
and is significantly lower for AHAS (0.8) and AH without sugar (0.9) methods. The
computed color done with AHAS and the approximated AH (without sugar) is therefore
closer to the one perceived experimentally.

CIELAB coordinate Calculated | Experimental ‘ di f?:::;ce
Method L* a* b*  color | L* a* b*  color AE,00
VG 98.8 -119 388 97.9 -13.1 58.4 6.3
AHAS 97.4 -120 57.7 | 979 -13.1 584 | o8
AH (without sugar) 97.4 -11.7 56.1 | 979 -13.1 584 CE

Figure 3. Calculated and experimental CIELAB color coordinates for lucidin primeveroside
AQ24. The color deviation was computed with AE2p00.

3.3. Color and Amax of madder compounds

In this section, we aim to further validate our computational results by comparing them
with the experimental data. The computed Vertical Energy (VE) values have been
compared to the experimental data available in the literature>®, showing an error
deviation of less than 0.10 eV. Details are provided in the S.I.6. This proves the accuracy
of this method, even for more complex and bigger molecules containing glucosidic parts.

Understanding and predicting the color of these molecules involves considering various
factors such as solvent effects, substituents, conformers, and pH conditions. The
calculated Amaxand color for the acidic and first deprotonated form of 31 madder dyes, are
shown in Table 1. Anthraquinone (AQ) is provided for reference. The numbers
correspond to structures in Figure 1.
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Table 1. Computed color, Amax of madder molecules in their acidic and basic form (first
deprotonation). The numbers correspond to the structures in Figure 1. The corresponding color
and their L*%a*b* color coordinates are presented. Anthraquinone (AQ) is provided for
reference. *stands for AH computation with sugar moieties replaced by a methoxy group.

ACIDIC FORM DEPROTONATED FORM
N° Ao Color coordinates A Color coordinates
nm (eV) Color L+ 3 b* nm (V) Color T a* b*

AQl | 325(3.82) 100 0 0| 325(3.82) 100 0 0
AQ2 | 405 (3.06) 100 0 0 - - - - -
AQ3 | 402 (3.08) 100 -1 1| 409(3.03) 100 -7 16
AQ4 | 370(3.35) 100 0 1| 480(2.58) 94 5 55
AQ5 | 361(3.43) 100 0 0| 467(2.66) % -9 91
AQ6 | 356(3.48) 100 0 0 | 469 (2.64) 95 -7 88
AQ7 | 363(3.42) 100 0 0| 454(2.73) 97 -15 88
AQ8 | 360 (3.44) 100 0 0 | 455(2.73) 98 -12 57
AQ9 | 371(3.34) 100 0 0| 458(2.71) 98 -13 56
AQ10 | 388 (3.20)* 100 -1 2 | 486(2.55) 8 20 64
AQ11| 411 (3.02)* 99 -19 62 | 484(2.56)* 90 15 83
AQ12 | 453 (2.74) 95 -11 127 | 529(2.34) N 64 84 -18
AQ13 | 456 (2.72) 95 -8 129 | 523(237) I 68 77 -2
AQ14 | 455 (2.73) 95 -11 126 | 448(2.77) 97 -15 107
AQ15 | 402 (3.08) 99 -16 43 | 520(2.38) 76 60 10
AQ16 | 396 (3.13) 100 -9 19 | 499(2.48) 90 22 24
AQ17 | 401 (3.09) 100 -12 28 | 477(2.60) 93 9 44
AQ18 | 403 (3.08) 100 -10 24 | 478(2.59) 92 11 44
AQ19 | 403 (3.08) 100 -11 26 | 422(2.94) 99 -11 33
AQ20 | 332(3.73) 100 0 0| 438(2.83) 100 -9 24
AQ21| 401 (3.09) 100 -11 25| 458(2.71) 97 -9 70
AQ22 | 399 (3.11) 100 -12 27 | 457(2.71) 97 -12 69
AQ23 | 413 (3.00) 100 -14 34 | 443(2.80) 99 -17 69
AQ24 | 407 (3.05)* 100 -13 32 | 467(2.66) 93 5 65
AQ25 | 419 (2.96)* 99 -19 59 | 493(2.52) 8 32 28
AQ26 | 362 (3.43)* 100 -4 10 | 400 (3.10)* 99 -10 32
AQ27 | 396 (3.13) 100 -12 30 | 409(3.03) 99 -10 34

- AQ28 | 449 (2.76) 95 -10 125 | 532(2.33) N 55 93 -21
= AQ29 | 379(3.27) 100 -3 6 | 538(2.30) 78 45  -17
£ AQ30| 438(2.83) 98 -21 101 | 490 (2.53) 81 39 68
© AQ31| 415(2.99) 99 -17 47 | 469 (2.64) 96 0 43

Impact of substituents’ nature and position

For acidic forms, the results indicate that the color hue is predominantly yellow, with
varying intensities (from transparent to deep yellow). The most intense yellow hues are
observed for AQ12 to AQ14,28,30. These compounds share a common feature: the
presence of hydroxyl groups at the 1 and 4 positions, adjacent to the ketone groups.
Anthraquinones bearing hydroxyl groups at the 1 and 4 positions exhibit a pronounced
redshift in their absorption spectra compared to analogs lacking these groups, which
accounts for their more pronounced yellow hues. This effect arises from the formation of
intramolecular OH---O=C hydrogen bonds at the peri positions of the anthraquinone.
These hydrogen bonds enhance the electron-accepting character of the quinone unit and
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promote a hydrogen bond-assisted charge transfer interaction, thereby inducing a
significant bathochromic shift in the UV-Vis spectra. This explanation is supported by
studies showing that the intramolecular hydrogen-bonded derivatives have altered
frontier orbital energies leading to a redshift.23>

The S.I.7 shows the difference densities of these molecules during the absorption
transition. On the other hand, compounds lacking hydroxyl groups at the 1 or 4 positions
exhibit the least intense hue, appearing almost transparent. This is the case for molecules
AQ1 to AQ10. This underscores the importance of these specific positions on the color of
AQ compounds in acidic environments.

A different behavior is observed for deprotonated forms at higher pH. When the dyes are
deprotonated, the mostintense hues are not always observed for the dyes with a hydroxyl
group in positions 1 and 4 since the loss of hydrogen breaks the pseudo-cycle made by
the hydrogen bond with the ketone. For example, the deprotonation occurs at the position
1 for AQ30.

Other substituents like methoxy or carboxy groups influence the Amax values. For instance,
for acid forms, AQ5,6 are red-shifted compared to AQ8,20. The presence of carboxy
groups as seen in AQ7 also leads to redshifts, likely due to the increased electron-
withdrawing effects enhancing the conjugation. For basic forms, molecules with hydroxyl
and carboxyl groups at specific positions, such as AQ12,28,29, show significant redshifts
upon deprotonation. These groups facilitate extensive m-conjugation and stabilization of
the excited state. AQ6 shows one of the most significant redshifts, from 356 to 469 nm,
highlighting its strong electron-donating properties when deprotonated. Similarly, AQ29
has the most intense red-violet color with a Amax of 538 nm and show a shift of 159 nm
upon deprotonation. Its most stable form is when the hydroxyl at position 2 is
deprotonated.

Impact of hydrolysis of glycoside

As stated before, the glycosidic molecules hydrolyze to aglycone and tend to give a redder
hue. The table 2 represents the shift in maximum absorbance and color before and after
hydrolysis and in acidic or basic form.

At acid pH (glycosidic form), the red hue is not observed, and the m-conjugation system
remains unchanged after hydrolysis, resulting in similar colors. However, a slight redshift
is noted in the computed Amax for some of the aglycones. For instance, AQ10 with two
glucoside groups has a Amax of 388 nm, while the corresponding AQ17 without sugar has
a Amax of 401 nm. AQ24 with a sugar moiety has a Amax of 407 nm, the corresponding
molecule without sugar AQ18 has a Amax0f 403 nm. AQ25 has a Amax of 419 nm, and AQ30
has a Amax of 438 nm. AQ27 with a disaccharide has a Amax of 396nm and shifts to 415nm
after hydrolysis (AQ31). AQ24 is reported to be less prone to hydrolysis compared to
AQ10 or AQ25. %622 Qverall, aglycones exhibit a slight redshift compared to their
glycosidic counterparts.
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Impact of deprotonation (at higher pH)

For basic forms, both glycosidic and aglycone forms exhibit redshifts upon deprotonation.
For instance, AQ11 shifts from 411nm to 484nm. AQ10 shifts to 486 nm from 388 nm, and
AQ24 shifts to 467 nm from 407 nm. AQ25 has a Amax of 419nm and 493nm upon
deprotonation. AQ27 goes from 396 nm to 409 nm at higher pH. This can be explained by
the extension of the conjugation system after deprotonation. This can lower the HOMO-
LUMO energy gap, shifting the absorption towards a longer wavelength.

Overall, deprotonation generally causes a redshift (longer wavelengths) in Amax values and
color.

Table 2. Effect of hydrolysis and pH on Amax (nm) and color.

OH OH
AQ11 Hol)iOH AQ11 HOL)IOH AQ15
o o 9o O OH 0" ™o O OH
CoO L CLCT L, e GO
HO OH HO OH
o) OH o) OH (o]
Effect of pH Effect of hydrolysis

Deprotonated form Glycosidic form Aglycon form
AQ10: 486 AQ10: 388 AQ17:401
AQ24: 467 AQ24: 407 AQ18:403
AQ25:493 AQ25:419 AQ30: 438
AQl1: 484 AQl1:411 AQ15: 402
AQ27:409 AQ27:396 AQ31:415

3.4. Modeling mixtures of different compound to simulate Garancine (50%
Alizarin: 50% Purpurin).

To go further, we extended the analysis by comparing the measured spectra of an alizarin
and purpurin mixture with the computed one using the same procedure (AH) as before.
This mixture simulates the proportions found in different madder species. As within the
same plant species, the amount of anthraquinone can vary depending on the plant’s age,
soil, and pH, making it difficult to predict the absolute color of one specific plant. We
account for the presence of different deprotonated forms, considering the pKa values and
experimental pH of the mixture (Figure 4).

As detailed in S.I.8, Garancine is a pigment obtained by treating the roots of Rubia
tinctorum L. with sulfuric acid, which removes sugar moieties and impurities, leaving
concentrated anthraquinone compounds, primarily alizarin, and purpurin. The
experimental solution containing a 50:50 ratio of alizarin and purpurin has a pH of 5.5,
aligning with the first pKa of alizarin. At this pH, there exists an equal concentration of
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alizarin in its protonated form (AH2) and its first deprotonated monoanionic form (AH-).
Consequently, the computed spectra were derived by combining contributions from 25%
alizarin in its neutral state (AHz) and 25% alizarin in its deprotonated monoanionic state
(AH"). For the 50% purpurin component, only its monoanionic form (Hz2P-) was
considered, given that the pH is nearly one unit above purpurin’s first pKa of 4.6. The
computed mixed spectrum (indicated by the red bold line) and the experimental
spectrum (represented by dark, dotted lines) are depicted in Figure 4. The details of the
individual computed spectra contribution are in S.I.9. This analysis confirms the absence
of contribution from the purpurin di-anionic form HP?- at pH 5.5, as its spectra is much
more redshifted compared to the experimental one. The computed spectra demonstrated
significant agreement with the experimental one.

Alizarin
AH
OH O OH
L_on *.llo
(o]
Purpurin
H.P HP2
O OH
soe
O OH
Alizarin + Purpurin (ratio 50:50) Alizarin + Purpurin (ratio 70:30) Alizarin + Purpurin (ratio 30:70)
Energy (eV) Energy (V] nergy (eV)
3.26 285 253 228 207 326 2.85 253 2.28 207 326 2.85 253 228 2.07
0.6 .
----- Exp. pH =5.5 ---— Exp.pH =6 ——— Exp. pH =5.9
05{— Calc. 06— Calc. — Calc.

0.4

03] .7

T 420 440 460 480 500 520 540 560 . 460 480 500 520 540 560 580 600 460 480 500 520 540 560 580 600
Wavelength (nm) Wavelength (nm) Wavelength (nm)

Figure 4. Computed and experimental absorbance spectra of mixed ratios of alizarin and
purpurin in different ratios (50:50, 30:70 or 70:30). The molecular structure of alizarin and
purpurin forms are also represented.

Similar calculations were conducted for different ratios of alizarin to purpurin,
specifically 70:30 and 30:70, with the outcomes presented in Figure 4. The proportions of
the molecules were adjusted in accordance with the pH. The computed spectra for these
ratios also exhibited good agreement with the experimental ones. The Figure 5. presents
the CIELAB color coordinates of the computed and experimental mixtures for different
ratios and the color deviation AEz2000. Overall, the color difference AE2000is less than 5. This
deviation observed can be attributed to several factors. The increased deviation in AE2000
values, particularly for the 30:70 ratio, is mainly observed when the proportion of
purpurin is higher. This is likely due to purpurin’s lower purity (typically 90% when
purchased, compared to 97% for alizarin). Additionally, the L*, a*, b* color representation
does not fully reflect reality, as it depends on the choice of an illuminant (D65 in this case),
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which may not perfectly match actual lighting conditions. The difference between AE2000
values of 4.6 and 3.1 is not necessarily indicative of a meaningful perceptual difference.
Furthermore, experimental uncertainties contribute to variations in reproduced colors,
adding to the observed deviations. Lastly, other transitions, notably in the UV range can
also impact the shape of the absorption spectra but were not considered in our
calculations as the color in Anthraquinone mainly comes from the unique electronic
transition in the visible range. This validation serves to affirm the robustness of our
protocol, which can now be utilized to explore other compositional variations with
confidence.

. . Col
CIELAB coordinate Experimental ‘ Calculated ‘ diff:r:_-,l:ce
Mixture L* a* b*  color | L* a* b*  color AE;000
alizarin + purpurin 50%-50%| 85.5 11.7 20.5 884 12.0 25.1 3.1
alizarin + purpurin 70%-30%| 752  26.8 4.3 | 755 280 4.2 | o6
alizarin + purpurin 30%-70%| 81.7 20.6 7.2 | 806 225 038 | 46

Figure 5. Experimental and computed (normalized) CIELAB color coordinated of corresponding
mixed solutions, along with the color difterence AEzo00.

4. CONCLUSION

This study shows that our designed computational procedure is able to compute the
absorption spectroscopic signatures and colors of all dyes extracted from madder,
including their glycoside forms, with excellent accuracy. The ability to identify dyes inside
a pigment without the need to take samples is important in all cultural heritage research.
This work highlights that computational chemistry can provide precise identification of
AQs and offer deeper insights into the lake substrate. The accuracy of this computational
protocol was checked by comparing the computed Amax with the experimental values for
several madder compounds, and an error deviation of less than 0.10 eV was measured.
Furthermore, the nature and position of substituents significantly influence the color hues
and shifts of AQ compounds, with hydroxyl groups at positions 1 and 4 enhancing more
redshifted in acidic conditions through stabilizing intramolecular hydrogen bonds and
extending the m-conjugation. Additionally, the hydrolysis of glycosidic forms to aglycones
generally results in a slight redshift, with deprotonation intensifying the redshift. These
findings highlight the complex interplay of molecular structure, protonation state, and
substituent effects on the optical properties of these compounds. Moreover, we
experimentally measured the spectra of a mixture of alizarin and purpurin, finding good
agreement with the computed one which validates our computational protocol. We
believe that the proposed resource will aid researchers in historical and cultural
preservation by providing insights into historical dyeing practices and facilitating the
preservation and restoration of cultural artifacts, textiles, and artworks. The generated
database would also benefit professionals in various coloring industries, such as quality
control in dyeing processes in sectors like textiles, cosmetics, and food. The color database
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can also help designers produce new materials, catering to their artistic aesthetics and
color preferences.

5. ASSOCIATED CONTENT

SUPPORTING INFORMATION

List of compounds detected in different madder species, comparison of computed VE of
some madder compounds with experimental data. Difference densities for some madder
molecules. Relative percentage of compounds in madder Tinctorum, Peregrina species
and in Garancine. Individual spectra of 31 madder molecules in acidic and deprotonated
forms. Optimised geometries.
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SUPPLEMENTARY DATA

S.I Table 1. Various Rubia species for textile dyeing. Taxonomy verified through Kew Gardens
Medicinal Plant Names Services database?*® The Color Index name represents the mixture of

colorant compounds extracted from the plant roots. (Taken from Richard S. Blackburn).®

Plant common
name

Plant species

Scientific synonyms

Color Index Name

Dyer’s madder

Rubia tinctorum L.

R. acaliculata; R.
iberica; R. sativa; R.
sylvestris

C.l. Natural Red 8

Wild madder

Rubia peregrina L.

C.I. Natural Red 8

Indian madder

Rubia cordifolia L.

R. oncotricha; R.
manjith; R. munjista; R.

C. I. Natural Red

. 16
sylvatica
Naga madder Rubia sikkimensis None
Kurz
Xiao h'ong can (no | Rubia yu.nnanenSIs R. ustulata None
English name) Diels
Japanese madder | Rubia akane Nakai R. argyi None

Rubia Tinctorum

S.I. Table 2. Compounds detected in the roots of six main Rubia species studied in literature. ++
indicates major compound in planta, + significant amount tr. very low or trace amount. (Taken

Rubia Peregrina

from Richard S. Blackburn’s article). 6°

LAk @
o )

Rubia Cordifolia

Rubia Akae Nakai

pu

“L “

R.Tinctorum | R.cordifolia | R.peregrina | R.Sikkimensis R, . R. akane
Yunnanensis

1 Ruberythric  acid | ++ tr.

(alizarin

primeveroside)

Alizarin + tr. tr.
3 Lucidin ++ tr. ++ + +

primeveroside
4 Lucidin tr. +
5 Nordamnacanthal +/tr. +
6 Munjistin + ++ + ++ + ++
7 | Xanthopurpurin +/tr. + + + + tr.
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8 Galiosin + ++ tr.
(pseudopurpurin
primeveroside)
9 | Pseudopurpurin + + ¥
glucoside
10 | Pseudopurpurin + ++ ++ ++ + ++
11 | Purpurin + + ++ + tr.
12 | Rubiadin + +/tr.
primeveroside
13 | Rubiadin + tr. + +
14 | 1-Hydroxy-AQ +/tr. +
15 | 1-Hydroxy-2- + + + + +
methyl-AQ
16 | 1-Hydroxy-2- +
hydroxymethyl-AQ
17 | 1-Hydroxy-3- +
carboxy-AQ
18 | 1,4-Dihydroxy-2- + +
hydroxymethyl-AQ
19 | 1,4-Dihydroxy-2- +
methyl-AQ
20 | Anthragallol +
21 | 2-Hydroxy-AQ +
22 | 2- + ¥
(Hydroxymethyl)-
AQ
23 | 2- +
(Hydroxymethyl)-
3-hydroxy AQ
24 | 6- + ¥
Hydroxyrubiadin-
3-0-
neohesperidoside
diac
25 | 6- + ++ ++
Hydroxyrubiadin-
3-0-
neohesperidoside
monoac
26 | 6- + ++ ++
Hydroxyrubiadin-
3-0-
neohesperidoside
27 | 6- + ¥
Hydroxyrubiadin-
3-0-glucoside
monoac
28 | 6- +
Hydroxyrubiadin-
3-0-glucoside
29 | 6-Hydroxyrubiadin + +
30 | Rubianine +
31 | Munjistin-3-0- + ++

glucoside
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S.I. Table 3. Benchmark: computed VE with different functionals for alizarin and their absolute error
deviation.

B2PLYP

Absolute Error Absolute Error

Absolute Error

H“‘\'f T= Alizarin Calc. eV(nm) deviation (eV) Calc. eV(nm)  deviation (eV) Calc. eV(nm) deviation (eV) )
- calc.-exp. calc.-exp. calc.-exp.
Hoo Protonated 2.82 (439.7) 0.06 2.94 (422.2) 0.06 2.93 (423.2) 0.05 2,88 (430)
(m’ 1‘;’::;“““ 2.08 (595.7) 0.30 2.11 (587.9) 027 217 (572.7) 021 2,38 (520)
Comparison computed absorbance spectra with or without HT
1.4 AQ24
Lucidin primeveroside
Without sugar
121 'J--'-"\\ O OH OH
1.0 4 “\ - 1_AH no HT
® A o © — 2_AHHT
£ 081 ‘\\ 3_AHAS no HT
Ee 4_AHAS HT
2 —— 5_VG no HT
2 061 —— 6_VG HT
\‘ === EXp
0.4 \‘
0.2 ‘\“
001 — . . . . ; . - =
330 360 380 400 420 440 460 480 500
Wavelength (nm)
. - . m ion tim
Method Computation time with HT effect \?\zthgzza}?’[? e f?e cte
13min (opt)+14h (ES hessian)+ . .
. 16min (opt+VE)+3min(AH
AH 3min(VE) + 6h (AH) Totale (() ?f’h+ )+3min(AH)
Total=20h )
AHAS 16min (opt+VE)+7h(AHAS) 16min (opt+VE)+3min(AHAS)
Total=7.5h Total=0.3h
VG 16min (opt+VE)+9.5h(VG) 16min (opt+VE)+6min(VG)
Total=10h Total=0.4h
Comparison of VG absorbance spectra for Lucidin primeveroside with glucose
14 AQ24
Lucidin primeveroside
12 0
\ 'H\,\' H
10 \ ]
o \ 0 OH OH -
o 0.8 o OH
S
% 06 o OH
0.4
0.2
001~ v v ———=os =
350 400 450 500 550 600
wavelength (nm)
s . Computation time
Computation time with HT effect without HT effect
VG 8h (opt)+6 days 11h(spectra) 8h (opt)+1h(spectra)
Total=163h Total=9h

S.I 4. Effect of Herzberg-Teller Correction and Computation Time

(Top) Computed absorbance spectra of lucidin primeveroside (without sugar) using AH, AHAS,
and VG methods, both with and without Herzberg-Teller (HT) effects. The experimental
spectrum of lucidin primeveroside is shown as a black dashed line. A table below presents the
computation time for each method. (Bottom) Computed absorbance spectra of lucidin
primeveroside (with sugar) using the VG method, with and without HT effects. The
experimental spectrum is shown as a blue dashed line. The table below summarizes the
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computation time for each method. The cluster used is based on AMD EPYC 7443 (2.85 GHz)
with 16 processors.

- AL A '
ﬂﬂt—"ﬂunn = \/[: }" +( Ac ]-p +( AH )2

)f‘k-;_ S.f, i I\}"S{" i .!r\.-” S”
where:
T = (L, + Ly)/2, =
Al = .nf.;g—!.q, RE": +)e

sl X E 7+ 257
(_"L — ‘.F”.‘-l + lr.;lll,- RI — _2Rf-ﬂi“(2‘iﬁ}*
Cy = \Jai, + b3, K; =1 —default,

T =(Cy + Cy)/2, Ke =1 — default,
: Ky =1 —default.

”‘1 = (] (I.
a, = ax(1 + G),
Ci =/} +
Oy = \JaT T
= (C) + ()2

AC! ="y — (.

AH' = 2,/C"\(Jsin(AN /2),
S, =1+ 0.015(T = 50)?

\/ 20+ (L' = 50)?
Se =1+ 0.045C,

Sy =1+0.015CT,
H — 2750
Af = .'HMxp{—{#)}.
L}

S.I 5. AE2p00 formula for color difference. 138140

N° Molecule Calc. VE (eV) Exp. Amax (eV) Calc.-Exp (eV)
24 Lucidin primeveroside 3.03 3.05 -0.02
11 Ruberythric acid 291 2.97 -0.06
25 Galiosin 2.82 2.86 -0.04
10 Rubiadin primeveroside 3.08 3.01 0.07
29 Anthragallol 3.10 3.00 0.10
18 Lucidin 3.02 3.00 0.02
15 Alizarin 293 2.90 0.03
28 Purpurin 2.59 2.58 0.01
16 Xanthopurpurin 3.05 2.98 0.07
17 Rubiadin 3.05 3.02 0.03

S.L 6. Experimental and computed maximum absorption energies of some madder molecules
and their respective error deviation (in eV) which are less than 0.10 eV.
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S.I 7. The difference in electronic densities for the transition from the ground state (Sy) to the
first excited state (S;). This difference is obtained by subtracting the electronic density of the
ground state (Sy) from that of the excited state (S;), providing insight into the changes in
electron distribution during the excitation. The calculations were performed using ORCA and
the resulting electronic density difference is represented as a contour map to highlight the areas
of increased and decreased electron density between the two states with isovalue =0.002 a.u.
The blue (-) represents a decrease in electronic density and the red (+) an increase.

Alizarin . .
o - Rubiadi
rusiadn  R.Peregrina pri;;:er‘cr:si o R.Tinctorum Garancine

primeveroside Lucidin de  Lucidin Purpurin _lUC"di“_ Rubiadin  Lycidin
4% 19 25 1% primeverosi 2% %

_34%

3% de
Lucidin Galiosin
primeverosid 11%
€ Purpurin

S.I 8. Pie chart showing the color and the percentage of molecules in different madder species (R.
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S.I 9. Computed (red) and experimental (dotted lines) absorbance spectra of mixed ratios of
alizarin and purpurin (50%:50%). The individual spectra of each molecule are also represented,
along with the molecule structure and individual percentage.

S.1 10. Computed UV-VIS spectra and geometries of studied molecules (xyz files) for neutral (NT)
and deprotonated (DP) forms.
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Deprotonated (DP) forms UV-VIS computed spectra of madder molecules
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SUMMARY

Article 3: “Progress in modeling complex dye mixtures: a case study for

cultural heritage.”

In reality, like many natural dyes, madder is a complex mixture of multiple colourants.
The next step involved modelling the spectral properties of dye mixtures. We successfully
predicted the spectral properties of all dyes extracted from Rubia tinctorum L., the most
commonly used madder species in France. The results were presented in a third paper.
High-Performance Liquid Chromatography with UV and mass spectrometry (HPLC-UV-
MS) was used to identify the constituent molecules and their relative proportions in the
roots of available madder. We then applied the previously validated protocol to predict
the spectra of each compound. Different approaches were tested to incorporate
vibrational effects: AH (excluding sugars), VG, and AHAS. Some molecules containing
glycosidic groups, like lucidin primeveroside, failed to converge with AH. To overcome
this, the glycosidic group was replaced with a methoxy group (non-involved in electronic
transitions), allowing successful convergence. AHAS and VG approaches were also tested
with the sugar groups retained. Among these, AH (without sugars) and AHAS gave the
most accurate results, with deviations of AE = 3.7 and AE = 4.5, respectively, while VG
showed a larger deviation (AE = 10.4). This method thus offers promising new avenues
for modelling the spectra and colours of complex molecular mixtures. Its ability to
accurately predict UV-VIS spectra and colour makes it particularly valuable for non-
invasive analysis of heterogeneous cultural heritage objects. Beyond heritage, this
approach enables better control of colour palettes, reduces dye waste, and advances
research on natural dyes. It could also be extended to the study of tautomers, isomers,
degradation products, and other complex dye systems.
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ABSTRACT

Unlike synthetic dyes that produce a single hue, natural dyes offer a rich spectrum of
colors. In old times, artisans controlled these colors through their expertise, making the
results dependent on each dyer’s skill and subjectivity. Nowadays, modern computational
methods allow precise predictions of visible absorption spectra, enabling a more
standardized color control. However, most studies focus on individual molecules, while
natural dyes are made of complex mixtures. We address this gap by proposing improved
methods for predicting the spectra of a mixture of natural dyes, focusing on the madder
plant, a renowned source of complex colorants. Molecular compositions were determined
using liquid chromatography, and the visible spectrum of the mixture was computed,
converted to standard color coordinates, and compared with experimental data. Our
approach achieved high accuracy, with deviations within accepted theoretical error
margins, and successfully handled large molecules with sugar groups. Our workflow can
be used for other various chemical systems, notably dye mixtures.

1. INTRODUCTION

Historically, the focus of dyers and painters was on achieving vibrant colors rather than
on compound purity, resulting in a wide range of side products. They often used a blend
of supplementary agents, sometimes combined with mordants, further adding to the
system's complexity. 8 Moreover, even a single natural dye is a complex mixture of
multiple chromophores. Over time, these dyes and their by-products degrade due to
exposure to air, light, and humidity, while also interacting with each other and the
materials they are applied to. This dynamic and ever-changing nature makes their

accurate characterization challenging, particularly in the field of cultural heritage.
56,40,233,237,238

Hence, sophisticated analytical methods are required for their identification. Many
experimental methods for dye analysis exist and can be divided into two main groups:
invasive and non-invasive techniques.3”:38455054,182,193.23%  Non-invasive methods are
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generally favored in the field of cultural heritage, as they preserve the integrity of the
sample such as portable UV/IR or Fiber Optic Reflectance Spectroscopy (FORS).4>48182,240
On the contrary, invasive methods, like High-Performance Liquid Chromatography
(HPLC), and Mass Spectrometry (MS), are used to determine the composition of historical
samples but result in damaging them. For the last decades, HPLC combined with sensitive
and selective detection techniques such as diode array detector (DAD) and more recently
with MS has been widely applied to identify the colorants. 1%:3537.38100 However, HPLC-DAD
often requires reference standards that are often unavailable commercially, expensive,
difficult to synthesize or degraded quickly. 19:39:42,55-57,100,118,233,237

To overcome this gap, computational chemistry offers an alternative method for
predicting properties like UV-VIS spectra of inaccessible dyes, deconvolute overlapping
chromatographic peaks, and compensate for missing reference data.l03147,241242
Therefore, computational chemistry is widely applied in many different fields except in
cultural heritage, where standard chemical techniques are favored. The commonly used
computational approach is conducting classical molecular dynamics, and then refining the
results with dozens of single-point calculations to accurately capture the excitation
energy. These values are finally convoluted in a spectrum. While this approach is very
accurate, especially for polar solvents, it is computationally expensive, particularly for a
mixture of molecules. Another interesting approach is to compute the rates and spectra
by solving the Fermi golden rule based on a path integral approach. !’> Despite this,
computational studies predominantly focus on single-molecule properties, limiting their
applicability in predicting the spectroscopic behavior of historic dye mixtures due to their
complex composition, containing multiple molecules, impurities from historical dyeing
practices, and degradation by-products.

The aim of this study is to bridge that gap and go beyond the single molecule
approximation by introducing a novel approach for predicting the properties and colors
of historic natural dye mixtures. To achieve this, we combine experimental analysis with
computational modeling to accurately simulate both the color and absorbance spectra of
the dyes in the madder plant. Madder roots are known to be composed of a complicated
mixture.

2. MATERIALS & METHODS

HPLC-UV-MS and UV-VIS spectra

Alizarin (97%) and purpurin (90%) were purchased from Sigma Aldrich, while madder
extract powder (Rubia tinctorum L.) was obtained from Okhra; more details are in the S.I.
Samples were solubilized in MeOH/H,0 (50:50), sonicated for 10 minutes, and
centrifuged before LC-UV-MS/MS and UV-VIS analysis. Chromatographic separation was
performed on a Zorbax 300SB-C8 column with a 1290 Infinity II LC system coupled to a
Q-TOF 6540 mass spectrometer. UV-VIS spectra of madder extract were recorded using
an Ocean Optics Flame spectrometer with a Deuterium-Tungsten Halogen lamp.

Computational studies and modeling
Calculations have been performed using the ORCA quantum chemistry package. 146 A brief

overview of the computational workflow is presented here (all the detailed computational
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methods are provided in S.1.176178216 First, molecular structure geometries were
optimized using density functional theory (DFT) together with the PBEO functional and
dispersion correction and triple zeta def2-TZVP basis set.107:151,153,166,196,208,243 Thep, the
excited state geometries and vertical energies were performed using the same procedure
as before but with the time-dependent DFT algorithm. 107.117,176,:196,244 Qp]y one bright state
is present in the visible region of the spectra and was selected accordingly. This transition
can be described as a combined n->m* and m->m* located on the conjugated rings, with
the difference densities plotted in SI.8. 48

As the pH of the water solution is about 6.5, the considered madder dyes are either in
neutral or deprotonated forms, with the one used in our calculations listed in Figure 1.
For neutral forms, an implicit water model was used as it interacts less with the solvent.?3*
For deprotonated molecules, 3 explicit water molecules were added to take into account
the solvent effect, notably hydrogen bonds, as stated in a previous study. 2** For madder’s
molecules, the color derives from only one bright state The vibronic effects for each dye
were added following different methods (VG, AHAS, or AH) and using the Excited State
Dynamic module in order to have access to the computed absorption spectra.?107.117,178.245
AH requires geometry and frequencies at the ES minimum, while VG and AHAS
approximate the excited-state structure via a short displacement of the ES potential
energy surface. VG approach assumes that the GS is the same as the ES one, while AHAS
computes the frequencies at the new position. To model the absorption spectra of Madder,
each of the computed absorption spectra was weighted by the molecular proportions
from Table 1 (including oscillation force), taking into account the ratios of deprotonated
forms in function of pH, and then finally scaled to experimental data for effective
comparison. Finally, the absorbance spectra were converted to color using CIELAB color
coordinates. The color differences between the computed and experimental madder
colors were quantified using AEzo00 (details can be found in S.I.). A AE2000 value below 2
indicates no visible difference, 2-10 suggests a noticeable but subtle difference, and values
above 10 imply a more pronounced difference.

3. RESULTS AND DISCUSSION

We applied this protocol to madder (Rubia tinctorum L.), a natural red dye with a long
history of use. The anthraquinone colorants are extracted from its roots, which are
present either in glycosidic form or as their aglycones counterparts. The glycosidic forms
are known to be easily degraded by enzymatic hydrolysis or during chemical extraction
processes, which complicates their experimental characterization.>®1%

To determine the percentage of each molecule in our madder sample (Rubia tinctorum
L.), we performed sonication extraction in a 50:50 water-ethanol mixture and measured
the relative percentages using LC-UV-MS/MS. Table 1 compares our sample's percentages
with literature values for the same madder species. Lucidin Primeveroside (31.1%) and
Ruberythric Acid (31.8%) are the most prevalent in both, though Galiosin is lower in our
sample (2% vs. 10.4%) while purpurin is higher (11.4% vs. 1.2%). The variation may be
due to Galiosin hydrolyzing to Pseudopurpurin, which then decarboxylates to purpurin.
The slight decrease in Ruberythric Acid (31.8% vs. 36.2%) could result from its hydrolysis
to Alizarin.2%:39,94.246
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Table 1. Relative percentage (%) of main madder molecules in a madder extract (Rubia tinctorum
L.) measured by LC-UV-MS/MS compared to literature values?* The sum of relative percentage
of identified madder is 95.6%. The remaining 4.4% was attributed to several minor components
that could not be identified and was not taken into account. Below are their molecular structures.

Relative percentage (%)

Madder

Detected molecules extract Literature?3®
Lucidin primeveroside 31.1 31.1
Ruberythic acid 31.8 36.2
Galiosin 2.0 104
Rubiadin primeveroside 1.7 1.4
Alizarin 6.0 8.3
Purpurin 114 1.2
Lucidin - 2.7
Munijistin 8.6 -
Pseudopurpurin 0.4 -
Nordamcanthal 2.6 -
Remaining Unidentified 44 3.7
molecules ’ ’
Lucidin primeveroside Ruberythic acid
O OH OH O OH HO OH
O%OH
OO, s, \
o] 0" SO\ oH o) HO(o
HO OH o) OH
Galiosin Rubiadin primeveroside
O OH O O OH
00 QZZ H
oﬂ—on %0 HO o
0 O ODH OH—(O oH e} OHO B
$ NS
HO
Alizarin Purpurin
O OH ® o o o T
= o o
Oy -
) O OH O O
Lucidin Munjistin
O OH O OH O
OH o2
Pseudopurpurin Nordamcanthal
(o] OH 0 OH 9
OH C.
H
Q OH O (o]

Figure 1. Molecular structures used. The blue skeleton corresponds to the anthraquinone moiety.
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Figure 2. Calculated VG (pink full line), calculated AHAS (yellow full line), calculated AH (red full
line) and experimental (black dotted line) UV-VIS spectra for madder specie Rubia tinctorum L.
in water.

We have computed the absorbance spectra for madder molecules using the computational
protocol described, except for dyes that contain a glucose moiety (lucidin primeveroside,
ruberythric acid, galiosin, and rubiadin primeveroside). For these four, the sugar moiety
was first replaced with a methoxy group to ensure convergence for AH before proceeding
as above. The spectra were then summed based on the percentages from UV-LC-MS/MS
(Table 1). Figure 2 compares the VG, AHAS, and AH methods with the experimental
spectrum (black dotted line). The experimental peak is at 2.89 eV (429 nm) with
shoulders at 2.48 eV (500 nm) and 3.35 eV (370 nm). Both AH (red) and AHAS (orange)
closely match the experimental shape, while VG deviates more. VG peaks at 3.1 eV (400
nm), AHAS at 3.08 eV (402 nm), and AH at 3.07 eV (403 nm), with deviations of 0.21 eV
(29 nm), 0.19 eV (27 nm), and 0.18 eV (26 nm), respectively. The AH spectra align more
closely with the experimental data, particularly in the 480-550 nm shoulder region for
both position and intensity. We can notice that VG and AHAS fail to reproduce the
intensity of this shoulder. Figure 3 shows the individual contributions in the summed AH
spectra. The 400 nm peak is primarily due to ruberythric acid and lucidin primeveroside,
while the 480-550 nm shoulder is attributed to purpurin (monoanionic and dianionic
forms) and alizarin (monoanionic form). Molecules present below 2% have minimal
impact on the spectra
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Figure 3. Calculated UV-VIS spectra (not normalized) for madder with AHAS and the individual
contribution of each component,

The similarity of the UV-VIS spectra across different computational methods (VG, AHAS,
or AH) suggests that all three approaches provide a reliable prediction of the absorption
spectra and the resulting color. The choice of computational method can be tailored
depending on the specific needs of the study. For instance, if computational efficiency is
prioritized, the VG approximate method might be preferable due to its significantly
reduced computational cost, while maintaining reasonable accuracy and ensuring
convergence. This can be used for large molecules like glucosidic molecules or mixtures
with a large number of different molecules. Conversely, if a more refined molecular
description is required, the AH or AHAS methods might be more appropriate, as they
better account for changes according to the excited states. The spectra of glycosidic
molecules made with the AH protocol fail at first before substituting the sugar moieties
with a methoxy group. It has however no impact on the VE due to the sugar not influencing
the transition orbitals. AHAS, offers the best balance between accuracy and computational
efficiency, particularly for mixtures containing flexible molecules, as it ensures
convergence without significant loss of precision.

The shift in computed UV-VIS spectra may not be perceptible to the human eye due to
varying color sensitivity. To evaluate this, both spectra were converted to CIELAB
coordinates (L* a* b*) using an in-house script, with color difference measured by AE2000
(Figure 4). AE2000 values were 10.4 for VG, 4.5 for AHAS, and 3.7 for AH, indicating similar
results, with AH being the most accurate for color prediction. A AE2000 between 2 and 5 is
generally acceptable in fields like material science and art restoration
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Madder N
Rublo Tinctorum L. Calculated Experimental
CIELAB - ~ o . . -
e L a b color L a b color | AE,u
VG 87.0 16.1 61.1 74.6 27.6 67.3 10.4
AHAS 80.2 26.7 59.9 74.6 27.6 67.3 4.5
AH 79.3 298 65.3 74.6 27.6 67.3 3.7

05
CEx

Figure 4. Calculated and experimental color and CIELAB coordinates for Rubia tinctorum L. are
compared, with color difference assessed using AEzp0. The CIE chromaticity diagram follows
below.

4. CONCLUSION

In conclusion, this breakthrough allows the prediction of a complete madder spectrum,
including the contribution of several anthraquinones, which has never been achieved
before. This method paves the way for exciting possibilities in predicting the colors and
spectra of other molecular mixtures. Its precision in forecasting UV-VIS spectra and colors
for natural dyes makes it highly valuable, particularly for historical dyes in cultural
heritage, because it is non-invasive.

By predicting dye mixtures' spectra, we gain better control over color palettes, reduce dye
waste, and advance natural dye research. Additionally, this approach could guide future
studies on various chemical systems, including dye mixtures, tautomers, isomers,
degraded products, and other chemical mixtures

5. ASSOCIATED CONTENT
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Supporting Information available: Experimental and computational protocol and
workflow graph, details of LC-UV-MS spectra, ion chromatogram, functional benchmark,
difference densities, computation time, AE2000 formula, computed spectra and optimized
geometries coordinates.
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SUPPLEMENTARY DATA

1. Computational method

This computational protocol has been studied by us and compared with available
experimental data. We have reported the accuracy of this protocol in a previous article.
234 The computational details can be found in the original article.

UV-VIS Spectrum computation

The relative percentage of madder extract was measured by LC-UV-MS/MS method. Using
the measured percentages (Table 1), we computed the absorption spectra and color for
all detected molecules. All calculations were carried out using a development version of
the ORCA quantum chemistry program package.146 We first optimized all molecules with
the PBEO functional with the D3(B]) dispersion correction, along with def2-TZVP basis
and matching auxiliary basis. 151153166208 The same functional was used for time-
dependent DFT (TDDFT) calculations. There is no imaginary frequencies above 10 cm-1.
For the neutral form, implicit water solvation was used with the linear response
Conductor-like Polarizable Continuum Model (C-PCM). 234 For deprotonated forms, the
latest Grimme’s open-source Conformer-Rotamer Ensemble Sampling Tool (CREST),
which relies on the xTB method was used to generate different deprotonated
forms.205210212 Then, the geometry was reoptimized with PBEO and the single point
energy (SPE) was computed using DLPNO-CCSD(T). 211 The deprotonated form which
exhibit lowest SPE was taken into account for further computation. Then, a combined
approach involving both implicit and explicit water molecules (3 water molecules per OH
group) was used. The water molecules were positioned as to make hydrogen bonds with
each hydroxyl group or carboxyl groups. All optimized geometries and other details can
be found in the supplementary data. The same protocol was used to compute the vertical
absorption energies and excited state (ES) geometries. For madder’s molecules, only one
bright state (S0->S1) contributes to the visible spectra and was selected accordingly in
our calculations. The transition can be described as a combined n->1* and n->m* located
on the conjugated rings with the difference densities plotted in SI.7. The SI.6 shows the
computed vertical energy compared to experimental data found in the literature.8 Finally,
we have to take into account the pH of the solution of about 6.5 in water. For galiosin,
pseudorpurpurin, and munjistin, this leads to the carboxy groups being deprotonated,
and for alizarin and purpurin one of their hydroxy groups. The vibrational contributions,
including Herzberg-Teller effects, were done using the Excited State Dynamics (ESD)
module within ORCA. 176,178,216

Three methods were tested: Vertical Gradient (VG), Adiabatic Hessian After-Step (AHAS),
and Adiabatic Hessian (AH). For the computed spectra, the linewidth was created using a
Gaussian distribution and was set with keyword inlinew 2000 cm-1. AH requires geometry
and frequencies at the ES minimum, while VG and AHAS approximate the excited-state
structure via a short displacement of the ES potential energy surface. VG approach
assumes that the GS is the same as the ES one, while AHAS computes the frequencies at
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the new position. VG is efficient and reliable for mixture spectra prediction, but AH,
though theoretically more accurate, had convergence issues with sugar-containing
molecules due to large ES geometry displacements. To address this, sugar moieties were
replaced with methoxy groups. AHAS offers a compromise, resolving convergence issues.
For full spectra prediction, each computed spectrum (where the oscillator strength “fosc”
is proportional to the extinction coefficient) was weighted according to the percentages
in Table 1, summed without modifying the oscillator force, and then scaled against
experimental data for effective comparison. CIELAB color coordinates were then
calculated for the computed and experimental UV-VIS spectral34199.247 The CIELAB
represents colors with L* (lightness), a* (green-red), and b* (blue-yellow). AE measures
color differences, with AE2000 preferred for accuracy. This work will use AE2000 to compare
computed and experimental madder mixture colors. 6The experimental pH and pKa of
alizarin (pKai =5.2 and pKaz=11.5) and purpurin (pKai= 5.2 and pKa2=6.8) 248 were
taken into account in the percentage following the Henderson-Hasselbach’s equation.

Input AQ dye

— Solvent model selection ————» Geometry eptimization in

selected solvation model
. \ |
Is there a specificinteraction .
between the dye and the solvent? Compute V_E"t'cal Energy
| (Hydrogenbond, ion pairs, ..) | + oscillation strength
; S }
T Don't
< No > < Yes < know_— Compute ground state and
Geometry ‘ e i T ) excited state hessian
timizati lici ici ( )
optimization Implicit Implicit Explicit+ _— v :
model +3 explicit Molecular Add vibrationnal effect with
SPE energy solvent Dynamics AH|HT or AHAS|HT or
calculation with per ) VG|HT
CCSD(T) OH group v
Sum up the spectra
Energv sorting and _ Mmodel ] with tphe rel:tive
calculal;{ogl%fl:.oltzmann percentages and pH
- Istribution (deprotonated forms)
Selection of the most stable '
form (lowest SPE energy and
highest distibution)
|

S.L 1. Workflow graph for the computational protocol to compute dye mixture.

2. Experimental method

Alizarin (97 % purity), purpurin (90%) were purchased from Sigma Aldrich and used
without further purification. Madder extract powder (Rubia tinctorum L.) is purchased
from Okhra. Three samples were solubilized in MeOH/H20 50:50 and sonicated 10
minutes. The Madder extract was diluted at 5 mg/mL, and the standards of Alizarine and
Purpurin at 1 and 2 mg/mL respectively. Due to incomplete solubilization, samples were
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centrifugated and 100 pL of the supernatant was used for LC-UV-MS/MS analysis, 1.5 mL
is left for UV-VIS spectra measurement. Relative quantification was performed.

Liquid chromatography-UV-tandem mass spectrometry (LC-UV-MS/MS) experiments
were performed on a 1290 Infinity II LC system coupled to a Q-TOF 6540 mass
spectrometer equipped with an ESI source operated in the negative and positive
ionization mode. The chromatographic separation was carried out on a Zorbax 300SB-C8
(150 X 2.1 mm, 5 um) column heated at 35 °C at a flow rate of 300 pl/min with water at
0.1% of formic acid as solvent A and acetonitrile as solvent B. Five microliters of samples
in MeOH/H20 50:50 were injected using the following gradient: 0 min (10% B), 25 min
(55% B), 30 min (100% B), 35 min (100% B), 36 min (10% B)and 6 min of equilibration
time. lon source conditions were set for negative ion mode: capillary voltage 3.5 kV,
Fragmentor voltage 125 V, Skimmer 65 V, Drying gas at 10 1/min, 275 °C, and sheath gas
flow at 10 1/min, and 325 °C. UV detection was performed at 232 and 260 nm for
quantitation at 260 nm. The TOF was operated in the 50—1700 m/z mass range using a
medium isolation window and 20eV of collision energy for MS/MS. Data Acquisition 9.0
and Qualitative Analysis 8.0 software were used to process data.

The UV-VIS spectra of madder extract was measured using an Ocean Optics Flame
spectrometer (Model: FLMS00699) with a wavelength range from 300 to 850 nm. The
integration time for each measurement ranged from 5 ms to 10 ms. The light source used
was a Deuterium-Tungsten Halogen lamp covering the range of 300 nm-850 nm. The
blank was done using deionized water. This light source was coupled to the spectrometer
using 400 um diameter optical fibers and positioned through a 1 cm quartz cuvette holder.
The acquisition of spectra was facilitated by the Ocean View software.

o , Standards Purpurine

== Madder extract

o Alizarine

3 Standard impurity

2 3 4 5 6 7 8 9 10 n 12 13 1 15 16 17 18 19 20 21
Response Units vs. Acquisition Time (min)

S.L 2. Overlay of LC-UV experiments at 260 nm of Madder extract (in black) and Alizarine and
Purpurine standard solution at concentrations ranging from 420 yug/ml to 2 ng/mlL (in pink).
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S.I 3. Relative percentage, retention time, mass/z, chemical formula, and attributed molecule for

the madder extract (Rubia Tinctorum L.) using LC-UV-MS/MS.

PEAK RT AREASUM% M/Z CHEMICAL MOLECULE
[M—H]- FORMULAE ATTRIBUTED
1 14 04 387.1145 ND +46
2 1.7 0.05 377.0860 ND ND
3 21 097 431.1196 ND 251.0557 + Glc
4 2.7 0.07 459.1142 ND +46
5 3.2 0.04 387.1140 ND ND
6 39 0.04 729.2606 ND 521.2022+GlcGlc+46
7 44 0.03 583.2026 ND ND
8 49 2 593.1151 C26H25016 Galiosin
9 58 0.04 461.0719 C21H17012 255.0294+Glc+CO2
10 6.1 0.33 497.1299 ND ND
11 6.3 0.74 365.0875 ND +163
12 6.8 0.02 461.0719 C21H17012 255.0291+Glc+CO2
13 7.1 0.11 655.2238 ND +163
14 7.3 0.14 445.0772 C21H17011 239.0397+Glc+CO2
15 79 0.77 563.1405- C26H27014 239.0347+Glc-Glc
223:1222' C27H29015 (6-hydroxyrubiadin-3-
C28H31016 O-neohesperidoside)
253.0505+Glc-Glc  (6-
Hydroxyrubiadin-3-0-
neohesperidoside)
283.0606+Glc-Glc
16 8.8 30.22 563.1411 C26H27014 Lucidin primeveroside
17 9 31.75 533.1307 C25H25013 Ruberythic acid
18 96 04 401.0873 C20H1709 239.0339+Glc
19 10.1 0.69 563.1402- C26H27014 Lucidin primeveroside
593.1505 C27H29015 269.0460+Glc-Glc
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S.L 4. Extracted ion chromatogram of various isomers in the Madder extract.
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S.L 5. Deconvolution LC-UV experiments at 260 nm of Madder extract and fit of the peak at
retention time RT=14.2min.
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S.L 6. Benchmark of functional (B3LYP, BZPLYP and PBEO) for TD-DFT computation of Vertical
energy (VE). The table represents the absolute error deviation (calc.-exp.) for computed VE of
different deprotonated forms of alizarin.

Absolute error deviation (eV)

B3LYP B2PLYP PBEO
Alizarin neutral 0.06 0.06 0.05
Alizarin monoanionic 0.30 0.27 0.21
Alizarin dianionic 0.01 0.04 0.05

S.L 7. Experimental and computed maximum absorption energies of some madder molecules and
their respective error deviation (in eV) which are less than 0.10 eV. The experimental data is
extracted from the literature. 59

Molecules Calc. VE (eV) Exp. (eV) Abs. Calc.-Exp (eV)
Lucidin primeveroside 3.03 3.05 0.02
Ruberythric acid 2.91 297 0.06
Galiosin 2.82 2.86 0.04
Rubiadin

primeveroside 3.08 3.01 0.07
Anthragallol 3.10 3.00 0.10
Lucidin 3.02 3.00 0.02
Alizarin 2.93 2.90 0.03
Purpurin 2.59 2.58 0.01
Xanthopurpurin 3.05 2.98 0.07
Rubiadin 3.05 3.02 0.03

S.L 8. Difference in electronic densities for the first transition Sy=>S; of madder molecules. The red
represents an increase in electronic density and the blue a decrease. The isovalue is 0.002 a.u.

Lucidine primeveroside water Acide ruberythrique water

1A%

Galiosin Rubiadin primeveroside water

£

#

L
Alizarin Purpurin 3
Ludicin water Munjistin
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Pseudopurpurin Nordamcanthal
’ :
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S.L 9. Total computation time for each method (VG, AHAS and AH) for alizarin and lucidin
primeveroside.

Calculation time Lucidin
Alizarin primeveroside
VG 23 h 164 h
AHAS 21h 164 h
AH 29h 26 h

S.IL 10. AE2000 formula for color difference between two L* a* b* coordinates of two samples. 138140

. AL ACY AH"
AEsp0 = \/{ )2+ ( )2 + ( )-

Jrl‘ L H_J; I f 1‘.{" f'l',.r' ¥ Jr ‘1- I f}r”
where:
L'= (L, + L,)/2, / CT
AL = J’..g —_ !':]. RE' = : )

v : 5 7+ 257
f.rl = 1.,.ffr +fjl" Ry _‘E)H{ Hlll{}.lﬁ]
{'_"" - Ky =1—defaull,
= Ke =1 —defaull,
G = (1 — =)/2, Ky =1—default.
ﬂ'fl = (l + G).
a, = ax(1 + G),
(= nrl" + Iy,
= \Ja§y + b,
= {(-#[ - (lhl.l"rZ.
AC" =", = (.
AH' = 2,/C"\(Jsin(AN' /2),

0.015(L" = 50)2
S, =1+ (L — 507

\/2{'1 + (T = 50)2
Se=1+0.045C,

Af = .'i{}vxp{—(+}}-
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S.IL 11 Computed individual spectra using Vertical Gradient (VG) method.
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pseudopurpurin (VG)

nordamcanthal (VG)
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galiosin (VG)
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S.I. 12. Computed individual spectra using Adiabatic Hessian After Step (AHAS)method.
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SUMMARY

Article 4: “When light betrays colour: the photodegradation of alizarin, a

historical dye, in basic media.”

(Article 4 is currently under review by Dyes and Pigments at the time of thesis
submission.)

With the spectroscopic properties and electronic transitions of the dyes elucidated, we
proceeded to study photodegradation mechanisms using alizarin as a model.
Photodegradation was accelerated under controlled conditions using UV-Visible
absorbance monitoring. Though alizarin is commonly used on solid substrates, its use in
aqueous media, where photofading is more pronounced. Studying in solution also allows
control over pH, oxygen levels, and solvent effects, and facilitates the detection of
transient species using techniques such as EPR and HPLC-UV-MS.

We first examined the influence of various solvents on alizarin photodegradation. Alizarin
was found to be stable in glycerol and DMSO, but degraded rapidly in DMF, suggesting a
radical-based photodegradation mechanism. As water is the solvent most frequently used
in heritage contexts, we focused our study on aqueous systems using alizarinred S, a more
water-soluble analogue, for kinetic analysis under different pH levels and light sources
(xenon, UVA, and visible). We observed that degradation was significantly faster at basic
pH. As alizarin is soluble at basic pH, we also studied its degradation under the same light
sources.

A key focus was the underexplored basic form of alizarin (di-deprotonated), as literature
mainly focuses on the red neutral form or its use in lake pigments. Electron Paramagnetic
Resonance (EPR) analysis revealed oxygen-centered radicals at positions 1 and 2,
supported by computed g-factors and hyperfine coupling constants. HPLC-UV-MS analysis
identified photodegradation products after UVA exposure over time. Some products were
newly identified (e.g., 3-hydroxy-1,4-dioxo-1,4-dihydronaphthalene-2-carboxylic acid),
while others, like phthalic acid, previously observed in methanol, were found in aqueous
basic conditions at different relative concentrations, suggesting a distinct degradation
pathway at high pH. Several mechanisms were proposed based on EPR data and identified
products. This work offers new insights into the influence of pH, solvents, light, and
oxygen on dye stability, knowledge that is also relevant to industrial applications such as
textile dyeing and alkaline bath extraction. These findings have been submitted in the
fourth article.
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ABSTRACT

Archaeological and historical evidence indicates that natural dyes have been employed by
human societies for millennia to achieve colouration in various materials. And light
reveals this world of colours by painting everything it touches. However, there is much
evidence that natural dyes photodegrade when exposed to light, fading cultural heritage
work. Upon photon absorption, a molecule reaches an excited state, which promotes
photochemical reactions leading to the formation of new compounds and thus the
photodegradation. Understanding the underlying mechanisms of these processes helps
elaborate effective strategies to mitigate them. These problematics have long been
relevant across various fields. There have been many studies about the photodegradation
of dyes, and this continues until today.

Our study focuses on alizarin, a historical natural dye that can be extracted from madder
roots. It has been used in many fields, textiles, paintings, since antiquity. A distinctive
aspect of our study is the investigation of alizarin's less-studied basic (di-deprotonated)
form, using a solution model under controlled conditions. By using techniques such as
EPR and HPLC-UV-MS, we identified radical oxygen intermediates and degradation
products while evaluating the influence of pH, solvent and light wavelength. These
findings have important implications for preserving alizarin-based artworks, improving
industrial dyeing practices, and informing environmental efforts like wastewater
treatment and shedding light on computational modelling as a crucial research field in
these topics. Overall, the study deepens our understanding of anthraquinone dye
degradation and promotes the sustainable use of natural dyes.

1. INTRODUCTION

Natural dyes are colourants obtained from renewable sources such as plants,
invertebrates, and minerals. Before the invention of synthetic dye, across many cultures,
natural dyes have been utilised in colouring textiles, food, and other items spans several
centuries. In recent years, there has been a renewed interest in natural dyes due to their
eco-friendliness, ready availability, non-toxicity, and sustainability. 24%-2°1 [n this study, we
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focus on madder, and more specifically, alizarin, one of its major colourant compounds.
This molecule from the hydroxyanthraquinone family shows distinct colours determined
by the water pH, yellow (pH<5), red (5<pH<10) or purple (pH>10). The roots of madder
plants such as Rubia tinctorum L., Rubia cordifolia L. and other species of madder have
been widely applied in paintings, textiles, manuscripts, tapestries, and other culturally
significant artworks, mostly using the red hue. Like other natural dyes, madder
exemplifies natural and historical dyes that are sensitive to light-induced fading. 7*
Famous examples of madder fading include the “Bayeux Tapestry’, Winslow Homer's
watercolour “For to be a Farmer's Boy”’, Japanese woodcuts, Van Gogh's “Head of an Old
Woman’, and many others, 67.6494252-254 [ts degradation poses serious challenges to the
conservation of artworks, as the fading alters their visual appearance, historical
interpretation, and economic value, while also complicating pigment identification. *° This
problem has engaged chemists, physicists, and biologists in ongoing research efforts. As
early as 1888, pioneering work by Russell and Abney first reported the effects of
photodegradation on paintings displayed in English museums, sparking growing
scientific interest in this phenomenon. 2>> Since then, numerous studies have explored the
various factors influencing alizarin photodegradation, including the nature of the
substrate, the presence of oxygen, mordants, and pH conditions. 6874101,256-259

Most previous studies have focused on the red form of alizarin, often as a lake pigment
due to its poor solubility in water.*® As a result, the properties and photodegradation of
alizarin in solution remain largely unexplored. A previous study by Jiang et a/. studied the
photodegradation of alizarin in methanol solution (yellow form) under xenon light. They
proposed a mechanism where alizarin, upon photoexcitation, generates charge carriers
(e7, h"), which react with O, to produce hydroxyl radicals (¢OH) that drive oxidative
degradation and have identified several products such as M/z=180 (C904Hs), M/z=170
(C70s5He), M/z=166 (Cs04He), M/z=142 (C604He), and M/z=208 (C1005Hs) using mass
spectroscopy. ’* As such, lightfastness refers to the ability of a dye to resist fading when
exposed to light, and it is now evaluated using standardised methods. 269261 Another study
by Kristin L et al have studied the photobleaching of alizarin and purpurin. 2> They found
that alizarin and purpurin exhibit distinct blinking and photobleaching behaviours linked
to their excited-state dynamics. Alizarin shows about four times more emissive events
than purpurin due to excited-state intramolecular proton transfer (ESIPT), which
promotes a fluorescent tautomer state and reduces electron transfer (ET) leading to
photobleaching.

However, several critical aspects remain unclear or poorly understood, particularly the
reaction mechanisms occurring in water and the nature of the degradation products
formed. Although the violet form is unstable, it is less studied. 2°7411 These conditions are
not uncommon in industrial and historical contexts, for instance, during pigment or
madder lake preparation, dyeing processes, or the extraction of dyes in alkaline baths.
46,55,262-264 For example, several studies have proposed mild extraction methods for
madder dyes in basic media, often employing ammonia to preserve most of the
compounds. >>1%, In madder lake preparation, one key step involves raising the pH of the
dye solution with sodium hydroxide or ammonia to deprotonate the dyes, thereby
enhancing their ability to complex with metal cations such as aluminium from alum. 46
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This study aims to address these gaps by investigating the photodegradation of alizarin in
different media, identifying the underlying reaction mechanisms and resulting products,
and understanding how pH and solvent influence the rate and pathway of degradation.
We will first describe how different solvents impact the photodegradation mechanism of
alizarin. Then, using an analogue of alizarin which is more soluble in water, we will
measure how various wavelengths influence the photodegradation. Finally, we will focus
on the purple form in basic media and try to characterise the products of
photodegradation and propose a mechanism.

2. MATERIALS AND METHODS

Accelerated photodegradation

The natural dyes can take a long time to fade under light exposure (from days to years).
Therefore, we used accelerated photodegradation by using 3 different artificial lamps
with different spectra: xenon lamp, UVA, or visible light (spectral distributions provided in
the Supporting Information S.I. 1 & S.I. 2). The Xenon lamp is SUNTEST XLS+ with Daylight
option (without filter), the unit was operated with constant cooling, and the intensity of
the lamp is 50 mW/cm?, the wavelengths spans from 300nm to 800 nm. Visible lamp is a
polychromatic white LED TSPOT4-WHI-9-DS from TPL Vision (measured irradiance of
about 10 mW/cm?). Finally, the UVA lamp is a UV-LED L11921-410 from Hamamatsu
Photonics with a maximal emission at 369 nm and a measured irradiance of about 10
mW /cm?. The exposition was followed by UV-VIS spectra every hour for 5 hours. A 5-hour
exposure at 50,000 lux is equivalent to approximately 0.43 years (about 5 months) of
natural ageing under typical museum lighting at 200 lux (details in S.1.).

Alizarin photodegradation (Sigma Aldrich, 97%) was done in water and at pH=12
because it is the most soluble at this pH at 104 M. To study the influence of
photodegradation kinetics on pH, we used an alizarin alternative, alizarin red S (sodium
alizarinsulfonate, Thermoficher), for its higher water-solubility at different pH (2, 6.5, and
12) adjusted with NH4OH or HCl and with a concentration of 10-#M. A triplicate of each
kinetic experiment was done and the error deviation was calculated. The influence of
solvent was also tested for alizarin in toluene, acetone, ethanol, DMSO, DMF, 2-propanol
and glycerol (solvent grade). The number of photons per cm? in function of irradiance is
shown on Table 1. The computation details are in S.I.

Table 1. Photons absorbed in function of irradiance and wavelength.

Wavelength Irradiance Nphotons/ cm?
(nm) 1h exposition
520 50mW /cm? (xenon) 4.72 x 10%° photons/cm?
520 10mW/cm? (LED) 9.40x 10! photons/cm?
430 50mW /cm? (xenon) 7.80 x 10'7photons/cm?
430 10mW/cm? (LED) 1.56 x 107 photons/cm?
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HPLC-UV-MS

Solutions of alizarin (Sigma Aldrich, 97%) were prepared with a concentration of 10-2 M,
adjusted at pH=12 with NH4OH. The solutions were irradiated using UVA light from a UV-
LED source previously described. This specific lamp was selected to ensure consistency
with parallel EPR experiments and due to the availability of compatible equipment. Liquid
chromatography-UV-mass spectrometry (LC-UV-MS) experiments were performed on a
1290 Infinity II LC system coupled to a Q-TOF 6540 mass spectrometer equipped with an
ESI source operated in the negative and positive ionization modes. The chromatographic
separation was carried out on a Zorbax 300SB-C8 (150 X 2.1 mm, 5 pm) column heated
at 35 °C at a flow rate of 300 ul/min with water at 0.1% of formic acid as solvent A and
acetonitrile as solvent B. Five microliters of samples in H20 + NH40H at pH12/H20 were
injected using the following gradient: 0 min (5% B), 20 min (40% B), 22 min (100% B),
25 min (100% B), 26 min (5% B)and 6 min of equilibration time. lon source conditions
were set for negative ion mode: capillary voltage 3.5 kV, Nozzle voltage 1250 V,
Fragmentor voltage 125 V, Skimmer 65 V, Drying gas at 10 1/min, 275 °C, Nebulizer 40
psi, and sheath gas flow at 10 1/min, and 325 °C. UV detection was performed at 260 and
410 nm and the quantitation at 260 nm. The TOF was operated in the 40—1700 m/zmass
range, Data Acquisition 9.0 and Qualitative Analysis 8.0 software were used to process
data.

UV-VIS spectra

Their UV-VIS spectra were measured immediately using an Ocean Optics Flame
spectrometer (Model: FLMS00699) with a wavelength range from 300 to 850 nm. The
integration time for each measurement ranged from 5 ms to 10 ms. The light source used
was a Deuterium-Tungsten Halogen lamp covering the range of 300 nm-850 nm. The
blank was done using deionized water. This light source was coupled to the spectrometer
using 400 um diameter optical fibers and positioned through a 1 cm quartz cuvette holder.
The acquisition of spectra was facilitated by the Ocean View software.

EPR

Alizarin was dissolved in water at pH=12 adjusted using NH4OH. The formation of
paramagnetic intermediates upon irradiation of alizarin was monitored by cw-EPR
spectroscopy using an EMX Plus X-band EPR spectrometer (Bruker, Germany). The
samples were irradiated at 293 K directly in the EPR resonator (High Sensitivity Probe-
head, Bruker), and the EPR spectra were recorded in situ using a capillary in an EPR tube.
The irradiation source was a UV lamp from Hamamatsu with an interferential filter at 365
nm and an intensity of 200 mW/cm2. The acquisition parameters are: receiver gain set to
1.0.105, the sweep width is 25G (central field: 3488 G), the modulation amplitude is 3 G,
the time constant is 5.12 ms, the resolution is 1024 pts, the power is 6.325 mW (15dB).
150 scans were performed with an acquisition time of 1500s.

3. DISCUSSION AND RESULTS

The following sections present a stepwise investigation starting with the impact of the
solvent on the photodegradation and its mechanism. We move then to the photofading of
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an analogue of alizarin, which is more soluble in water, under various irradiation lamps
before focusing on the purple form of the native alizarin, exploring its major degradation
products via HPLC-UV-MS and probing the involvement of reactive intermediates using
EPR spectroscopy.

3.1. Solvent Effect on Alizarin Photodegradation under Xenon Irradiation

In the following sections, we investigate the impact of the solvent on the
photodegradation of alizarin.
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Figure 1. (Left)Accelerated photodegradation after 7Zh under xenon light (irradiance
=50mW/cm?) of alizarin in different solvents: toluene, acetone, methanol, ethanol, DMSO, 2-
propanol, glycerol. (Right) Alizarin in DMSO (radical scavenger) and DMF (which promotes
radical formation) under different exposure times under a xenon lamp.

To assess the influence of solvent environment on the photostability of alizarin, we
conducted a comparative study using a range of solvents varying in polarity, hydrogen-
bonding capacity, and chemical reactivity. Alizarin was dissolved in toluene, acetone,
ethanol, 2-propanol, glycerol, dimethyl sulfoxide (DMSO0), and each solution was exposed
to xenon light for 72 hours. The results are presented in Figure 1 (and S.I. 3) and reveal a
clear solvent-dependent behaviour. In all solvents except DMSO and glycerol,
photodegradation was observed. Notably, the colour fading was much slower in DMSO
and glycerol, even after extended light exposure. This resistance to photodegradation is
attributed to their well-known role as radical scavengers, suggesting that free radical
pathways, likely involving reactive oxygen species (ROS) or dye-centred radicals, play a
major role in the degradation mechanism of alizarin. 2% In contrast, alizarin in DMF
exhibited significantly faster degradation rates, indicating that certain solvent
environments may facilitate excited-state reactivity or stabilise reactive intermediates.
This may arise from solvent-induced stabilisation of reactive excited states or facilitation
of electron transfer processes. This behaviour has already been observed in other dyes. °2
Indeed, literature supports the role of DMSO as a photoprotective agent due to its radical
scavenging properties, which likely contribute to the suppression of degradation in
certain solvents. For example, studies by A. F. Asker et al. show that Dimethyl sulfoxide
(DMSO0) was shown to enhance the photostability of FD&C Red No. 3 dye solutions under
UV and fluorescent light, with greater protection observed at higher DMSO
concentrations. While pH had no significant effect in the presence of DMSO. Other studies
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by S. Bansal et al discuss the high reactivity of DMSO towards reactive oxygen species
(ROS), providing a mechanistic basis for the observed solvent-dependent photostability.
266 The study also shows that DMSO significantly suppresses the fluorescence response of
the ROS probe DCFH to hypochlorite, likely by scavenging reactive species, whereas DMF
allows strong fluorescence activation.

These findings support the hypothesis that photodegradation of alizarin is mediated by
reactive radicalar intermediates, and that the solvent can either suppress or promote
these pathways depending on its chemical properties.

In cultural heritage studies, water is the most commonly used solvent. However, alizarin
has limited solubility in water, which complicates its homogeneous photodegradation
analysis in aqueous environments. To address this, we began our investigation using
alizarin red S (ARS), a more water-soluble analogue of alizarin. Based on our previous
article, the difference of electronic densities during the ground state to first excited state
transitions show minimal differences between alizarin and its analogue ARS, suggesting
that the sulfonate group does not significantly alter the m-conjugated system involved in
degradation.?3* Therefore, the following section focuses on the photodegradation by
different lamps of ARS in aqueous media, at different pH.

3.2. Photodegradation in aqueous solution at different pH
Influence of pH
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Figure 2. (Top) Photodegradation of alizarin red S (ARS) under different lamps (visible with
irradiance= 10mWy/cm? UVA with irradiance= 10mW/cm? and xenon daylight lamp with
irradiance= 50mW/cm?) and different pH (pH=2, 6.5, and 12). The exposure time varies from
Oh to 5h, and a photo is taken every hour. (Bottom) Absorption spectra of ARS under different
pH in water, before photodegradation.

Aqueous solutions of alizarin red S (ARS) were exposed to xenon (which closely mimics
solar radiation, 300-800 nm), UVA (365 nm), and visible light (400-800 nm) sources
(spectral distributions provided in the Supporting Information) at pH values of 2, 6.5, and
12. Photodegradation was monitored over time using UV-VIS spectroscopy by tracking
the decrease in the dye’s characteristic absorbance peaks at 423 nm for pH=2, at 517 nm
for pH=6.5, and at 538-550 nm for pH=12. The results are shown in Figure 2 (details of
spectra and kinetics can be found in S.I. 4 to S.I. 13). Under all irradiation conditions and
pH, a progressive loss of colour intensity was observed, confirming that ARS undergoes
photodegradation in aqueous environments. The absorbance spectra of (ARS) reveal
some trends in photodegradation behaviour, influenced by both pH and light wavelength
and intensity. Photodegradation was significantly faster under alkaline conditions
compared to neutral or acidic environments. This suggests that the di-deprotonated form
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of ARS is more photoreactive and may follow a different photodegradation pathway than
its protonated form.

At pH=2, ARS shows the least photodegradation under xenon and visible light source, so
this protonated form is more stable. The absorbance spectra remain relatively stable over
time under all kinds of lights, indicating that acidic conditions significantly slow
photodegradation. This is likely due to the protonated form of ARS being more
photostable or less reactive with photogenerated reactive oxygen species. This is
consistent with previous studies in which photobleaching in solution is believed to result
from the formation of a tautomeric photoactive triplet state that reacts with oxygen. This
can also be explained by the possible Excited-State intramolecular Proton and Electron
Transfer (ESIPT) in alizarin when protonated in an acidic solution. 74258267

At pH=6.5, a faster photodegradation is observed than at pH=2, especially under xenon
light. The absorbance in the UV-VIS region (especially around 250-350 nm and around
510-525 nm) steadily decreases over time, showing the breakdown of ARS
chromophores. The visible light source causes only minor changes in absorbance,
suggesting that visible light alone has limited effectiveness in inducing degradation at
neutral pH.

At pH=12, photodegradation is most pronounced under xenon and visible light. The
xenon lamp leads to the fastest decrease in absorbance compared to other pH, especially
at the main absorption bands (around 250-350 nm and 500-550 nm), suggesting that
alkaline conditions favour photodegradation, possibly due to increased formation of
reactive anionic species or enhanced susceptibility to photooxidation. UVA light also
causes significant spectral changes, though less than xenon. Even visible light, which was
relatively ineffective at lower pH, results in noticeable degradation at pH=12, highlighting
the increased sensitivity of ARS to light under basic conditions.

At all pH levels, the peak in the visible region of the UV-VIS spectrum is the first to
diminish (See S.I. 4). Our previous work has shown that this peak arises from m —m*
transitions. This suggests that the photodegradation process alters the conjugation of ARS
first and changes the hydroxy or ketone groups. The peak at 250-350nm also corresponds
to a m—>* transition and decreases later.

Kinetic study

The Figures S.I. 4-S.I. 13 in S.I illustrate the kinetic study of photodegradation of ARS
under different light sources and across three pH conditions (pH = 2, 6.5, and 12). The
relative concentration, log(Ct/Co) and 1/C;, is plotted with time to assess the order of the
kinetic photodegradation reaction under different conditions.

Under Xenon Light

At pH = 2, some degradation is observed, primarily after 150 minutes of irradiation. The
degradation curve is initially flat, suggesting an induction period or low early reactivity.
The reaction follows a pseudo-zero-order kinetic behaviour. At pH = 6.5, the
photodegradation also follows a pseudo-zero-order kinetic pattern. Degradation becomes
more pronounced after 150 minutes, though it does not fit neatly into a single kinetic
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model throughout the experiment. At pH = 12, a clear and quick decrease in ARS
concentration is observed. The log(Ct/Co) plot is nearly linear, indicating a pseudo-first-
order behaviour, which is further supported by the increasing trend in 1/Ct.

Under UVA Light

At pH = 2, the degradation shows a delayed onset but then proceeds with a near-linear
log(Ct/Co) decline, pointing to a delayed pseudo-first-order behaviour. At pH = 6.5, the
degradation follows a pseudo-second-order kinetic model. As with xenon, degradation
becomes more significant after 150 minutes, but doesn’t align perfectly with a single
model throughout. At pH = 12, the degradation is strong and consistent, with a near-linear
log(Ct /Co) curve indicating pseudo-first-order kinetics. This is reinforced by the steady
increase in 1/Ctover time.

Under Visible Light

At pH = 2, there is almost no photodegradation observed under visible light. At pH = 6.5,
the degradation follows a pseudo-first-order kinetic behaviour. However, the reaction
lacks consistency across the entire duration, hinting at complex kinetics. At pH = 12, there
is a clear, linear decline in log(Ct/Co), supporting pseudo-first-order kinetics. The
progression of 1/Ct also affirms this behaviour.

Photodegradation efficiency of ARS increases with pH. This trend highlights the
significance of both the molecular form of ARS (pH-dependent) and the
energy/wavelength of the light source in dictating the degradation efficiency and
pathway. These findings emphasise the need to consider environmental conditions when
evaluating the lightfastness of water-soluble anthraquinone dyes. However, due to
numerous external variables (e.g., ionic composition, impurities, and batch-to-batch
variability), definitive mechanistic conclusions regarding the photodegradation of
alizarin cannot be drawn from these observations alone, nonetheless, the results provide
valuable insight into general degradation trends within this family of dyes.

3.3. Alkaline Conditions for Alizarin
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Figure 3. Photodegradation kinetics of alizarin at pH=12 under different light sources and for
an increasing exposure time from 0h to 5h. The Absorbance spectra (in a.u.) are shown along
with the log(C,/Cy) to see the kinetic order.

205



Figure 3 presents the results of the photodegradation kinetic study of alizarin at pH=12
under different light sources (xenon, UVA, and visible lamps). It reveals significant
differences in degradation efficiency and reaction kinetics. Under the xenon lamp, which
simulates daylight, the relative concentration of alizarin decreases sharply over time,
showing a linear trend in the log(C:/Co) plot, indicating pseudo-first-order kinetics. The
corresponding 1/Ct(See S.I. 14) plot does not show linearity, supporting that the reaction
follows first-order rather than second-order kinetics. Under UVA light, degradation
occurs more slowly, with a gentler slope in both the relative concentration and log(Ct/Co)
plots, and a less pronounced change in the inverse concentration, suggesting lower
photodegradation efficiency and weaker kinetics. The visible lamp shows even slower
degradation, with only a modest decrease in alizarin concentration over time and minimal
slope in all plots, indicating minimal photodegradation under visible light. These results
suggest that the xenon lamp, with its broader spectrum including UV and visible light, is
most effective for the photodegradation of alizarin, followed by visible light, with UVA
being the least effective. Some trends are similar to the behaviour of ARS shown
previously: about 80% degradation for both alizarin and alizarin red under xenon light,
35% under UVA light but the kinetic of photodegradation of alizarin red S is faster than
alizarin. But under visible light, alizarin red S degrades much faster (90%) than alizarin
(40%). This highlights the influence of light wavelength and intensity and the nature of
the dye in driving photodegradation reactions.

3.4. Products of photodegradation

Alizarin photodegradation in basic aqueous ammonia was studied by HPLC-UV-MS/MS
under varying UVA exposure. A UVA lamp was used due to equipment availability,
ensuring consistency with RPE analysis, as the use of xenon lamp was technically
unfeasible. Results are summarized in Figure 4, which includes a table of relative
concentrations for six major identified compounds, along with their proposed molecular
structures. Detailed LC-UV and MS/MS spectra are provided in the Supporting
Information (S.1.)

Exposition - _oh  T=1h  T=3h  T=6h
time

g P1 0.0 0.1 0.4 2.0
S P2 0.0 0.8 2.9 17.2
S e P3 0.0 0.1 0.2 0.8
17, ]
k. g P4 1.0 1.3 1.6 2.0
3 3 P5 0.6 0.3 0.1 0.1
£ g P6 98.3 96.7 92.5 69.9
S P7 0.1 0.7 2.3 8
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Figure 4. (Top) Integrated LC-UV chromatograms (in relative %) at 260 nm of alizarin
irradiated at 0, 1, 3, or 6h in water at pH=12 adjusted with NH4O0H. (Bottom) The identified
photodegradation products of alizarin under basic conditions with ammonia, and their relative
concentration under different exposure time with UVA light. The exact mass are in g/mol.

Initially, alizarin (product P6) accounts for 98.3% of the solution, decreasing to 69.9%
after 6 hours of UVA exposure, confirming it as the primary source of degradation
products. This aligns with the previous findings, where alizarin absorption intensity
decreases to 65% at pH=12 under 5h irradiation under the same UVA light (S.I. 15). The
products P4 and P5, identified as purpurin and purpurin-like compounds, respectively,
are present as impurities in the initial solution, detectable even before UVA exposure (0
h). An additional group of unidentified minor compounds (P7) constitutes approximately
8% of the solution after 6 hours.

The product P1, identified as a phthalic acid, has been reported in previous studies under
xenon light in methanol (neutral conditions) or with alizarin red S in aqueous solution
with TiOz and visible light. 742°° However, differences in solvent, pH, and light source
compared to this study may lead to an alternative degradation pathway, as the
percentages of degraded products are different. In this study, it is also observed under
UVA light in basic aqueous conditions, forming slowly and reaching 2% concentration
after 6 hours of exposure. The product P2, 3-hydroxy-1,4-dioxo-1,4-dihydronaphthalene-
2-carboxylic acid, is the main photodegradation product of alizarin in basic aqueous
solution. Its concentration increases from 0.8% at 1 hour to 17.2% after 6 hours. To our
knowledge, this compound has not been previously reported in the context of alizarin
degradation. The product P3 is an isomer of P2, but forms at a significantly lower level
(0.8% after 6 hours), suggesting a regioselective or stereospecific degradation pathway
favouring P2 over P3.

3.5. Towards the mechanism: EPR spectra

Light energy can trigger both physical and chemical changes in most organic compounds.
Colourants interact with light in diverse ways. When a molecule absorbs a photon and
becomes excited, it can release the excess energy through several mechanisms. These
include physical processes that return the molecule to its ground state, or photochemical
reactions that lead to molecular breakdown and the formation of new compounds.
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Photochemical reactions can generally be divided into two main types, depending on
which molecule absorbs the photon, as illustrated in Figure 5. 73268

(1) Direct photochemical reactions, where the dye molecule absorbs a photon, enters an
excited state (dye*), and subsequently undergoes intra- or intermolecular reactions

(2) Indirect photochemical reactions, where a different molecule absorbs the photon,
such as a photosensitizer that transfers energy to the dye, or a photocatalyst that activates
the dye through oxidation, reduction, or hydrogen atom transfer, thereby initiating the
dye’s excitation and subsequent reactions

1) Direct pathway
hv

Dye ——— Dye* Degradation products

B ™ T T

relaxation Radiative or non radiative
Other reactions (oxydation, reduction, photoreactive)

2) Indirect pathway

Photosensitizer or  hv Photosensitizer* or | pye Dye*
Photocatalyst Photocatalyst*

\.___.--/

Electron transfer
Or energy transfer
Or proton H transfer

Figure 5. Photodegradation main mechanism: direct and indirect.

To further explore the underlying mechanism of photodegradation, it is crucial to identify
the first reactive intermediate formed after light absorption. One plausible pathway
involves the generation of radical species. To investigate this possibility, we recorded the
EPR spectra of alizarin in aqueous basic media under UVA irradiation. The results are
shown in Figure 6. The observed g-value of 2.0061 suggests the formation of an oxygen-
centred radical, supporting the involvement of a radical-mediated degradation pathway.
The measured hyperfine coupling constants (hfcc) are a; = 4.2 G and a, = 1.0 G,
suggesting that the unpaired electron interacts with two nearby nuclei with I=1/2, most
likely hydrogen atoms. Simulated charges and spin densities are given in Figure 7, (details
of computation are given in S.I. 29) suggest that the electron is delocalized over the ring.
Notably, carbon atoms 4 and 12, each bonded to a hydrogen atom, may account for the
observed coupling. Based on these results, the radical centre is proposed to be located on
a deprotonated hydroxy group. Computed atomic charges and spin densities, shown in
Figure 7, support this assignment: the hydroxy group at position 2 displays the highest
negative charge and the largest spin density among all oxygen atoms.
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3475 3480 3485 3490 3495 3500
Magnetic field (G)

Figure 6. Experimental EPR spectra obtained upon photoexcitation (Amax= 365 nm, irradiance
200 mW/cm?) of alizarin in water at pH=12 under air. Initial concentration of the alizarin was
0.5 mM (Magnetic field sweep width, SW =25 G; modulation amplitude is 3G. The measured
hyperfine coupling constants, hfcc: a;=4.2G, a;=1.0G, g = 2.0061 £+ 0.0005.

N°ATOM CHARGE  SPIN
1C o000 0.05
2C 002 0.09
ic 015 -0.03
4C 043 0.10
5C -0.10 -0.03
6C 012 0.02
7C 003 0.07
8C 007 0.10
9C -0.07 0.08

10C 001 0.11
11C  -0.08 0.00
12¢ 009 0.06
13C¢ 009 0.03
14C  -0.08 0.02
180 -0.57 0.10
170  -0.54 0.06
160 -0.50 0.10
150 049 0.10
19H -0.01 0.00
21H 0.01 0.00
24H o001 0.00
23H 0.03 0.00
22H 003 0.01
20H -0.01 0.01

Figure 7. Computed Hirshfeld charges, spin density of alizarin di-deprotonated. The
spin density is represented on the right (blue means positive spin and red negative
spin density).

Based on the identified degradation products, a tentative mechanistic pathway is
proposed in Figure 8. While not yet fully confirmed, this mechanism may be substantiated
through future experimental studies. The pathways are hypothesised to proceed via
endoperoxide intermediates in the presence of oxygen, consistent with previously
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reported photodegradation mechanisms of anthraquinone derivatives in the literature
269-271 Variations in the position of oxygen incorporation within these pathways give rise
to distinct photodegradation products. EPR results indicate the presence of an oxygen-
centred radical on carbon 1 and 2. This observation supports the likelihood of Pathway 2
being favoured, as it leads to the formation of degradation product P2, which was
identified as the major photoproduct under basic conditions.

4. CONCLUSION

In this study, we explored the photodegradation behaviour of alizarin, a historical dye, in
different solutions, in particular in water under basic conditions, to reach a better
understanding of the reaction pathways. By employing EPR and HPLC-UV-MS techniques,
we identified both radical intermediates and specific degradation products in water at
pH=12. Our findings demonstrate that photodegradation is strongly influenced by
environmental factors such as pH, solvent, and the light source. Notably, alkaline
conditions accelerate degradation, which can be attributed to a radical mechanism
involving oxygen radicals. Deprotonation of alizarin enhances its reactivity with oxygen,
promoting faster photodegradation through radical pathways.

This study can open ways to improve understanding of degradation processes and help
provide recommendations for the preservation of cultural heritage (artworks containing
alizarin-based pigments), and offer insight for potential environmental applications (e.g.,
photodegradation of organic pollutants under controlled conditions). Additionally, these
advancements can promote the sustainability of natural dyes, benefiting both cultural
heritage conservation and industrial applications, including textiles, cosmetics, and food
production.
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S.L 6. Kinetic study of ARS in water at pH=2 and upon exposition to xenon light (irradiance
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Relative Concentration C(t)/Co vs. Time ARS pH=6.5 (xenan)
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S.L 7. Kinetic study of ARS in water at pH=6.5 and upon exposition to xenon light (irradiance
=50mW/cm?).
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Relative Concentration C(t)/Co vs. Time ARS pH=12 (xenon)
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S.L 8. Kinetic study of ARS in water at pH=12 and upon exposition to xenon light (irradiance
=50mW/cm?).
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Relative Concentration C(t)/Co vs. Time ARS pH=2 (visible)
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S.L 9. Kinetic study of ARS in water at pH=2 and upon exposition to visible light (irradiance

=10mW/cm?).
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Relative Concentration C(t)/Co vs. Time ARS pH=6.5 (visible)
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S.L 10. Kinetic study of ARS in water at pH=6.5 and upon exposition to visible light (irradiance
=10mW/cm?).
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Relative Concentration C(t)/Ca vs. Time ARS pH=12 (visible)
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S.L 11. Kinetic study of ARS in water at pH=12 and upon exposition to visible light (irradiance
=10mW/cm?).
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Relative Concentration Cit)/Co vs. Time
ARS pH=2 (LED UVA)
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S.L 12. Kinetic study of ARS in water at pH=2 and upon exposition to UVA light (irradiance
=10mW/cm?).
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Relative Concentration C{t)/Co vs. Time
ARS pH=6.5 (LED UVA)
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S.L 13. Kinetic study of ARS in water at pH=6.5 and upon exposition to UVA light (irradiance
=10mW/cm?).
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Relative Concentration C(t)/Co vs. Time
ARS pH=12 (LED UVA)
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S.I 14 Kinetic study of ARS in water at pH=12 and upon exposition to UVA light (irradiance
=10mW/cm?).
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Xenon Lamp (Daylight)
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Xenon Lamp (Daylight)

Inverse Concentration 1/C(t) vs. Time Aliz pH=12 (xenon)
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S.L 15. Photodegradation of alizarin at pH=12 in water under different lamps (xenon, visiblen,
UVA). The plots shows concentration C(t) over exposition time in minutes and 1/C(t).
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Absorbance spectra of Aliz pH= 12 water (UVA)(T1)
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S.I 16. Alizarin photodegradation under UVA light (triplicats: T1, T2 and T3).
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S.I 17. Overlay of MS signal (negative ion mode) in blue and UV signal at 260 nm in red for the
mixture of alizarin before and after irradiation of 6h in water at pH=12 adjusted with NH,OH.
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S.I. Table 1. Peak identification from LC-UV-MS experiments in negative and positive ionization
modes. For ND m/z, it corresponds to a UV signal without peaks in the MS dimension, and for
ND in the chemical formula, it corresponds to compounds that do not contain the COH
proportion to fit alizarin-like degradation products.

Peak RT
1 2.0-2.2
3.0
3 3.6-3.9
3b 4.0
4 4.7-5.3-8.2
5 7.5-9.4
6 8.3
7 9.4
8a 10.7
8 10.8
9 10.9
10 12.1
11 12.3
12 14.5
13 14.9
14 17.4

neg
164.0353
ND
165.0192
217.0617
224.0350
243.0298
217.0145
ND
217.0142
215.0461
240.0297
212.0348
ND
ND
255.0296
255.0296
239.0351

m/z

pos
166.0502
ND
167.0338
219.0768
ND

219.0292

ND
ND
217.0610

218.2116(ND)

218.0449
234.2066
257.0445
257.0445
241.0495

Chemical formula
(neutral)

C8H7NO3

C8H604
ND
C10HS06
C13H805
C11H605

C11H605
ND
C10H907
C9H906
C11H7NO4
ND
C14H805
C14H805
Alizarin C14H804

S.I Table 2. Integrated LC-UV chromatograms (in relative %). at 260 nm of alizarin irradiated
at 0, 1, 3 or 6h in water at pH=12 adjusted with NH,OH.

Compound

T=0h
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.6
1.0

98.3

T=1h

0.1
0.0
0.1
0.8
0.1
0.0
0.2
0.2
0.3
0.3
1.3

96.7
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T=3h

0.4
0.1
0.3
2.9
0.2
0.0
0.3
0.5
1.1
0.1
1.6

92.5

T=6h
2.0
0.5
1.4
17.2
0.8
0.3
0.5
0.8
4.5
0.1
2.0
69.9



0.951
0.9
0.851
0.8
0.751
0.7
0.651
0.6
0.551
0.5
0.454
0.4
0.357
0.31
0.251
0.21
0.157
0.1
0.051

-0.057
-0.11

3 4 5 6 7 & 9 10 11 12 13 14 15 16 17 18 19 20
Response Units (%) vs. Acquisition Time (min)

S.L 18 LC-UV chromatograms at 260 nm of alizarin irradiated at 0 (black), 1h (purple), 3h (red),
or 6h (pink) in water at pH=12 adjusted with NH,OH.
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Chemical Formula: CgHs
m/z: 77.03967 (100.0%), 78.04303 (6.5%)

O
o
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Te) o

Chemical Formula: Chemical Formula:
C7Hs0x CgH504
m/z: 121.02950 m/z: 165.0193
(100.0%), 122.03286 (100.0%), 166.0227
(7.6%) (8.7%)
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Chemical Formula:; Chemical Formula:;
CgH503" CgH704"
m/z: 149.02332 m/z: 167.03389
(100.0%), 150.02668 (100.0%), 168.03724
(8.7%) (8.7%)

S 19 MS/MS spectra of compound 3 in negative mode (top) and positive (bottom). (molecular
structure noted as P1 in main article).
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S.L 20. MS/MS spectrum of compound 4 in negative mode.
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Chemical Formula: Chemical Formula: Chemical Formula: C1H;O5"
C1oH503" C11H504" miz: 219.02880 (100.0%),
m/z: 173.02332 (100.0%), m/z: 201.01824 (100.0%), 220.03215 (11.9%),
174.02668 (10.8%) 202.02159 (11.9%) 221.03305 (1.0%)

S.L 21. MS/MS spectra of compound 5 in negative mode (top) and positive (bottom). (molecular
structure noted as P2 in main article).
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S.L 22. MS/MS spectrum of compound 7 in negative mode. (molecular structure noted as P3 in
main article).
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S.L 23. MS/MS spectrum of compound 8 in negative mode.
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x10 3 |* Product lon (rt: 11.813-12.359 min, 10 scans) (218.03999[z=1] -> **) A041_Alizarine-t6h_NH4OH_100uM_H20_POS10eV.d
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S.L 24. MS/MS spectrum of compound 10 in positive mode. (molecular structure noted as P5 in
main article).
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S.L 25. MS/MS spectrum of compound 11 in positive mode.
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x10 2 |- Product lon (rt: 14.274-14.641 min, 9 scans) (255.03000[z=1] -> **) A041_Alizarine-t6h_NH4OH_100uM_H20_NEG20eV.d
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S.L 26. MS/MS spectra of compound 12 in negative mode (top) and positive mode (bottom).
(molecular structure noted as P5 in main article).
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S.L 27. MS/MS spectra of compound 13 in positive mode (top) and negative mode (bottom).
(molecular structure noted as P4 in main article).
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S.L 28 MS/MS spectra of compound 14 in negative mode (top) and positive mode (bottom).
(molecular structure noted as P6 in main article).
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S.L 29. The experiments were performed after a dilution by 4 in water (250ul Alizarine in

DMFE/DMSO without irradiation + 250 ul alizarine irradiated in DMF/DMSO + 500 uL of water).

The LC-UV spectra at 260 nm shows differences in the degradation product. While DMF creates
a UV signal suppression in UV, too high concentrations of DMSO leads to excessive clogging of
the MS source. If we want to continue the structural investigations in these solvents, dilution

will be required.

All calculations were carried out using the version 6.0.0 of the ORCA quantum chemistry
program package. The geometries were optimized using the PBEO functional
complemented by the D3(B]) dispersion correction. Tight thresholds were employed
for the self-consistent field (SCF) and optimization (tightSCF and tightopt keywords in
ORCA nomenclature) . The triple zeta def2-TZVP basis set, coupled with matching
auxiliary basis sets, was consistently employed throughout all the computations. The
implicit water solvation using the linear response Conductor-like Polarizable
Continuum Model (C-PCM) water was choosen. The charge is computed using orca
keyworld print [P_Hirshfeld]. The spin densities were plotted using orca_plot and
isovalue is set to 0.003 a.u.
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S.L 30. Computation protocol.

Spectrum 01 Spectrum 01
Capillary in EPR tube
Alizarine / PBN / H20 / pH = 12 :E:Egﬁfﬂ J

Light unit : Thorlabs LED @ 365 nm

Acquisition parameters

Receiver gain : 1.0 10° | I lef
Sweep width : 70 G (central field : 3495 G) Al ! w
modulation amplitude 2 G |

Time constant : 5.12 ms l ! \ |

resolution : 1024 pts

Power : 6.325 mW (15 dB)
scans : 10

Acquisition Time: 100s (ew1s)

3470 3480 3490 3500 3510

Magnetic field (G)

S.I 31 Experimental EPR spectra obtained before (black line) and upon photoexcitation
(red line, Adnmax= 365 nm, irradiance 200 mW/cm?) of alizarin in water at pH=12 under air.
Initial concentration of the hydroxyanthraquinones was 0.5 mM (Magnetic field sweep
width, SW =70 G; modulation amplitude is 2G. The measured hyperfine coupling constants,
hfce: a;=4.2G, a,=1.0G, g = 2.0061 + 0.0005. [Alizarin]=0.5 mM
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Spectrum TEMPOLb-01 (02)
Capillary in EPR tube f It
Alizarine / TEMPOL / DMSO

Ml i
— TEMPOLb-02 [15s] I ; N
Light unit : Thorlabs LED @ 365 nm

600s
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HaC CHy Magnetic field (G)
H,C T CH,3
(o]
—— TEMPOLb-02 [158]
TEMPOL : 4-Hydroxy-TEMPO, 60 |
4-Hydroxy-2,2,6,6- ::g: J [
tetramethylpiperidine-1-oxyl 240s j /
Numéro CAS: 2226-96-2 3008 ; i S
Poids moléculaire: 172.24 360s - - -
420s \ f/ f & /
—— 480s | |

—ors \J \k/ v

I
3450 3460 3470 3480 3490 3500 3510 3520
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S.I. 32. Experimental EPR spectra obtained upon different photoexcitation time (Amax= 365 nm)
of alizarin in water at pH=12 under air, with TEMPOL. [Alizarin]=0.5 mM, [Tempol]= 0.05 mM

he  6.626 X 1073% J.s% 3.0 X 108 m/s

- - -19
E photon= 3 520 X 10 m 3825 x 10777

Eiotal = 10 mW/cm?=0.01W/cm?

N — Etotal — 0-01W
photons = g | ton  3.825x 10~

~ 2,61 x 101 photons/s

Nphotonsfor Lk exposition: = 2,61 x 106 photons/s *3600s= 9,40* 10'%photons/cm?

S.L 33. Example of calculation of number of photons for 10mW/cm? at A=550 nm.
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SUMMARY

Article 5: “A computational insight into the photodegradation mechanism of

alizarin”

(The Article 5 is currently under preparation and is not included in this thesis
submission.)

Studying photodegradation has long engaged chemists, biologist, physicists, and
curators.#068 The photodegradation is known to be a photochemical reaction leading to
molecular changes. It is known to be initiated by an electronic excitation, which is
triggered by absorption of a photon in the ultraviolet (200nm-400nm) or visible part
(400nm-760nm) of the electromagnetic spectrum. 268272273 After photoexcitation, the
molecule dissipates energy through different processes, which can be radiative with light
emission (such as fluorescence, phosphorescence) or radiationless without light
emission. These include photophysical processes like internal conversion and
intersystem crossing, or photochemical processes leading to molecular changes (such as
oxidation, reduction, photoisomerisation, etc.), as presented in Figure 1.

[ Electronic excitation ]—{ Dissipation mechanisms ]
Non-Radiative

Radiative

Excited state 1
.
) -Phosphorescence Physical
= -Fluorescence |
_E -Internal conversion Singlet or triplet
‘é -Intersystem crossing chemistry:

1 E photoxydation,

= photoreduction,

photoisomerisation,
... etc.

:

Ground state

Light = light Light = heat [Light - chemistry (+heat) ]

Photophysics Photochemistry

Figure 1. Schematic representation of the main photophysical and photochemical processes that
may occur following molecular excitation by light irradiation. The gained electronic energy can
be dissipated by various pathways, including radiative and non-radiative processes. Radiative
processes emit light such as fluorescence or phosphorescence. Non-radiative processes don't
emit light like internal conversion (IC), intersystem crossing (1SC), and photochemical
pathways leading to radical formation and bond breaking. 272

Net effect

©Linh TRAN

Photochemical processes are responsible for colour changes in colourants, with the
specific pathways varying depending on the type of colourant and environmental
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conditions. ¢8 The mechanisms underlying those processes remain highly complex and
only partially understood, as both theoretical approaches and experimental methods have
inherent limitations in capturing the full scope of these processes. 68272274 [ndeed, despite
the availability of advanced technologies, gaining a detailed understanding of these
dynamics remains complex and tedious. 272 From a theoretical perspective, a major
challenge is the inherent approximations in computational methods, which become more
significant as the system size increases and when dealing with heterogeneous materials
such as paintings. In particular, the mechanistic study of the photodegradation of madder
is scarce, although madder is known to be one of the first natural sources of red colours
and has been used for thousands of years for dyeing and painting. This last article gives a
theoretical insight into the photodegradation mechanism of alizarin, which
photoproducts in basic media were previously identified in the article 4.

As seen in our previous work (article 1), the UV-VIS spectrum of di-deprotonated alizarin
exhibits an electronic transition in the visible region, with a maximum absorption at 570
nm, mainly attributed to a m—>m* transition . 23* Two additional shoulders at 530 nm and
610 nm are observed, corresponding to vibronic coupling. As seen in the article 4, the
experimental photodegradation of alizarin in solution under xenon lamp exposure (300-
800 nm) was monitored by UV-VIS spectroscopy, and the resulting spectra are presented
in Figure 2. Notably, the absorption features in the 530-610 nm range decrease more
rapidly than the other peaks at the UV region of the spectra. This suggests the disruption
of the conjugated system responsible for the m—m* transition. Based on previously
identified photoproducts (article 4) and the fact that photodegradation is influenced by
oxygen 74 we propose a photodegradation mechanism with an endoperoxide
intermediate, which contains a peroxide C-0-0-C bond. A review by E. L. Clennan provides
a comprehensive overview of endoperoxide chemistry, including their formation
mechanisms and reactivity. 275> Based on that literature, we suggest that oxygen may lead
to the formation of an endoperoxide intermediate that then further decomposes to yield
the photoproducts. This mechanism is further examined using computational methods to
assess its reactivity, identify transition states, and estimate the associated energy
barriers.
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Figure 2. Photodegradation of alizarin at pH=12.5 under xenon light exposure, monitored by
UV-VIS absorbance spectra over time. Concentration is 10 mol.L* Irradiance is 50mW/cm?
The corresponding HOMO and LUMO and the difference densities is also depicted for the first
state corresponding to the experimental transition at 570nm. Blue means positive, and red

means negative. Isovalue is 0.02 a.u.
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To this end, potential energy surfaces (PES) were scanned both in the ground state and in
the excited states. The minimum energy path connecting reactants to products, including
key transition states, was investigated using the Nudged Elastic Band (NEB) method. NEB
calculations were performed for the ground state (S0) and the first three singlet excited
states (S1 to S3), using TD-DFT with nroots=4 and iroot=1 (in ORCA nomenclature), to
track the S1 pathway. These results are currently under ongoing analysis. A
representative result is shown in Figure 2, which displays the computed NEB pathways
for both SO and S1 to S3, alongside selected alizarin geometries along the SO and S1
trajectories. The analysis focuses on the first singlet excited state (S1). At the initial point,
the di-deprotonated alizarin molecule is not yet interacting with singlet oxygen 102
(image 1). Progressing along the reaction path, the first transition state appears at image
5, with an energy barrier of 40 kcal/mol in the ground state and 22 kcal/mol in the S1
state. This step leads to the formation of an endoperoxide species featuring a C-0-0-C
peroxide bond. Subsequently, the right-hand ring formed by carbon atoms {C13, C1-C4,
C18} bends due to steric repulsion, forming an intermediate structure (image 8). Further
along the NEB path, a significant energetic event is observed at image 15. It corresponds
to the concerted breaking of three bonds: the 0-0 peroxide, the C1-C2, and the C18-C4
bonds. This geometry lies 42 kcal/mol above image 8 and marks a key multi-bond
rearrangement in the photoproduct formation pathway. Notably, the energy profiles of
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the SO and S1 states converge at image 16 without touching, suggesting the possible
presence of an avoided crossing, which is currently under investigation. The energy
barrier for the process is consistently lower in the excited state S1 than in SO, indicating
that the reaction is more likely to proceed via the photochemically accessible S1 state.
This study is still in progress, with further analysis underway. A complete version of the
work is expected to be submitted by the end of September.
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Relative energy in kcal/mol
imh::ge S0 S1 S2 S3

0 0.00 4290 56.26 58.52
1 4.64 50.85 58.01 65.45
2 15.73 58.71 71.54 75.30
3 28.40 65.12 80.49 89.47
+ 37.57 70.14 84.57 99.83
5 40.88 73.05 86.95 103.64
6 38.72 73.12 86.01 94.08
7 33.23 70.73 81.71 87.22
8 29.61 69.95 77.90 84.82
9 3443 72.76 75.92 85.16
10 45.49 80.25 81.91 92.12
11 58.50 87.24 92.22 96.28
12 70.94 93.79 97.43 103.49
13 81.32 98.55 105.74 111.58
14 89.14 109.62 113.10 119.14 OptCI
15 94.95 111.58 124.85 129.32
16 98.88 105.91 132.51 136.19
17 96.14 109.88 130.91 143.36
18 81.31 106.41 11898 131.71
19 65.29 95.98 107.26 118.71
20 62.51 96.47 106.44  110.82
21 73.27 103.93 11349 116.07

Figure 3. TDDFT-based NEB pathway computed with nroots = 4, considering either the ground
state (iroot = 0, S0). Molecular geometries of extremums along the path are depicted for the
ground state SO(blue) and first excited state 51 (yellow). The final geometry of the path was
further optimised using a transition state search (OptTS), and the resulting structure is shown
along with the vibrational mode corresponding to the single imaginary frequency, confirming its
nature as a transition state. The table below shows the energies relative to the S0. A Conical
intersection (CIl) geometry optimisation was done and the resulted molecule is shown.

250



251



252



[ 1]

: .
E\ CHAPTER gj

CONCLUSION AND PERSPECTIVES

253




Q
CHAPTER 6 | CONCLUSIONAND PERSPECTIVES ')

This thesis has focused on the exploration, understanding, and modelling of the optical
properties and photodegradation pathways of dyes derived from madder roots (Rubia
tinctorum L.), a historically significant complex natural dye. Used since antiquity across
various artistic media, textiles, manuscripts, paintings, and decorative objects, madder
roots can be considered as one of the most used dye because of its fascinating red shades.
Madder has been the subject of extensive research from many points of view until today.
However, its susceptibility to light-induced fading poses ongoing challenges, in particular
in the preservation of cultural heritage.

In this context, our research sought to build missing puzzle pieces of madder dye
photodegradation mechanisms in order to develop better conservation strategies. Like
many natural plant-based colourants, madder represents a highly complex mixture
composed of multiple dye molecules. Therefore, we need to first identify and build a
spectroscopic database of those molecules. The challenges are that some of them are
unstable, not commercially available, or challenging to synthesise, resulting in a
significant lack of reference spectra for proper identification and characterisation.
Furthermore, its composition varies with species, age, and processing methods. Yet, to
fully comprehend how photodegradation is influenced by the irradiation wavelength, the
main factor is the absorption spectrum. Indeed, some colourants experience higher
degrees of photodegradation when exposed to light whose irradiance spectrum matches
their absorption spectrum better. Moreover, the photodegradation process is influenced
by a complex interplay of both internal and diverse external factors. These parameters
are often interdependent and difficult to isolate experimentally.

To remove these gaps, the first phase of this research was therefore dedicated to
establishing a computational protocol capable of predicting the optical and spectroscopic
properties of individual madder dyes. A robust protocol was optimised to predict the
spectroscopic (UV-Visible, NMR) and colourimetric (CIELAB colour coordinates)
properties of the main madder dyes, both isolated and in complex mixtures. This protocol
made it possible not only to validate predictions with accuracy comparable to
experimental data, but also to access properties that are inaccessible in the laboratory for
unstable, non-commercialised, or difficult-to-isolate molecules. This enabled us to build a
more complete database of colours and absorbance spectra for 31 madder dyes present
in 6 different species for two different protonation states. This led to the prediction of
spectra of a complex mixture of dyes. This comprehensive dataset serves as a foundation
for both diagnostic applications and degradation modelling, enabling researchers to
better differentiate between dye components in mixtures and to infer degradation
processes based on spectral evolution.

The final stage is the study of key degradation parameters, particularly the roles of pH,
solvent environment, light, and oxygen on the photodegradation mechanism. Focusing on
alizarin, one of the principal components of madder, and its less-studied di-deprotonated
(basic) form, the research revealed novel proofs about radical degradation pathways
involving a radical oxygen, and the identification of previously unreported
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photodegradation products. These findings represent a significant contribution to our
understanding of the molecular processes driving the deterioration of madder-based
pigments in artworks.

Ultimately, the work presented in this thesis demonstrates the power and relevance of
combining advanced molecular modelling with experimental methodologies in the
context of heritage science. It underscores its potential not only as a predictive tool but
also as a means to support the interpretation of complex optical behaviours and to
overcome experimental limitations. This research paves the way for future studies on
other natural or historical or natural dyes and reinforces the role of interdisciplinary
strategies in the ongoing effort to preserve the colours of the past. This research
contributes to the revival of natural dyes, supporting their renewed use in sustainable and
ecological art and industrial applications such as textiles, cosmetics, dyeing, pollutant
discharges, art, pharmaceutics, etc.

The work carried out in this thesis opens numerous promising avenues for future
exploration, both computational and experimental.

PERSPECTIVES

A natural continuation would be to deepen the understanding of photodegradation
mechanisms by modelling excited states and reaction pathways using advanced quantum
chemical methods. Tools such as Intrinsic Reaction Coordinate (IRC) analysis, the Nudged
Elastic Band (NEB) method, and Molecular Dynamics (MD) simulations, particularly in
combination with ORCA or other DFT-based software, could be used to explore energy
landscapes, locate conical intersections, and determine whether degradation occurs via
singlet or triplet states. Spin-orbit coupling might have to be studied. Such studies (Figure
28) would provide insight into the mechanistic nature of light-induced degradation: What
are the energy barriers? What reactive intermediates are formed? Is there a preferred
photoreaction channel, and under which conditions?

Those studies can be completed with experimental detection of endoperoxides and their
quantification. Other experiments with pulsed laser photolysis for example could make it
possible to reveal the transient states of reactive intermediates regenerated on the
nanosecond timescale.
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What are the possible photodegradation pathways?

PES Excited state
(Singlet or triplet?)

Energy

Energy
barriers?

intersections?

Reactants

Dyes Degraded

Products
PES Ground state

Intermediates?

>
Reaction coordinates

Figure 28. Some of missing questions about photodegradation mechanisms.

In parallel, the photostability of other madder-derived dyes, such as purpurin, or
glycosylated compounds like ruberythric acid and lucidin primveroside, could be
investigated under varying environmental conditions. By combining photodegradation
kinetics with RPE and HPLC-UV-MS, the structures most susceptible to fading could be
identified, expanding the understanding of dye stability and vulnerability in cultural
heritage contexts.

The approach developed in this work for mixtures of dyes could also be reversed: by
comparing experimental spectra with theoretically calculated spectra, it may be possible
to deconvolute complex dye mixtures and estimate the relative concentrations of each
species. Applying this method to mixtures containing both native dyes and their
photodegradation products could help identify degradation patterns over time. This
approach would provide valuable information about the chemical evolution of historical
pigment formulations and offer insights into fading mechanisms and the degree of
chemical transformation in heritage objects.

A major and essential direction for future research lies in the study of solid-state systems,
particularly madder lake pigments, complex assemblies formed through the coordination
of dyes with metal cations (mordants), as represented in Figure 29. A two-step
computational strategy is envisioned: first, simulations in solution to evaluate dye-metal
binding stability; then, solid-state to elucidate pigment structure and optical properties.
The initial solution-phase calculations could identify the most stable configurations of
madder dyes complexed with various cations, beyond alum (AI**), cations like Cu®*, Fe?*,
Fe3*, and Mg®* could be explored. Different coordination geometries (monodentate,
bidentate), dye-to-cation ratios, and dye types (e.g., alizarin, purpurin) could be tested.
This would help clarify whether lake pigments form via complexation followed by
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precipitation or direct co-precipitation, and how pH and mordant type influence the final
structure. Understanding these formation mechanisms is vital to predicting the long-term
stability of these pigments. It could also help identify the dyeing mechanism on wool: how
does the dye complex with mordant on wools? How does it affect photodegradation?

: o)
HO  oH -HO on & O‘O
FSAI—OH \
oA ol &1
o 0 o o o 0} OH
T o 900
o) o) 0o

Other mordants: Cu®*, Fe?*, Fe**, and Mg?*

Figure 29. What is the structure of madder lake?

Once the pigment structure is proposed, it could be used to simulate key properties such
as colour reflectance spectra, IR and Raman spectra, and even solid-state NMR. To model
amorphous or semi-ordered solids, a combination of Monte Carlo simulations, periodic
DFT, and molecular dynamics could be employed using software such as CP2K, VASP, or
ORCA. These simulations would be instrumental in interpreting experimental data and
locating chemically fragile bonds likely to be affected during photodegradation.
Experimental validation could involve synthesising model pigments, exposing them to
controlled lighting, and recording their spectra over time. A current challenge remains the
heterogeneous nature of photodegradation in solids, which complicates the isolation of
degraded regions. Developing strategies to spatially resolve degradation within samples
will be crucial.

In parallel, the spectral database developed in this work could be expanded and shared
with the research community, serving as a reference for the non-invasive identification of
natural dyes in historical artworks.

Another key perspective involves the reaction mechanisms in solid phases, now made
possible by the identification of degradation products. This approach could be extended
to other dye systems, both organic and inorganic, broadening its impact beyond madder.

From an interdisciplinary standpoint, the computational-experimental protocol
developed here could be applied to other domains where bio-based dyes are used, such
as cosmetics, textiles, the food industry, and pharmaceuticals. It offers a framework for

257



sustainable development, reduction of experimental testing, and rational formulation of
stable, eco-friendly colourants.

Finally, this research contributes to the revival and valorisation of dye plants. In a time
when ancestral know-how is being rediscovered, such tools can guide the selection of
species and processing methods that ensure both aesthetic appeal and chemical
resilience, while also honouring their cultural heritage.
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ABBREVIATIONS

HAQ: Hydroxyanthraquinones

AQ: Anthraquinones

DFT: Density Functional Theory

TD: time dependent

(TD)-DFT: (time-dependent) density functional theory
HF: Hartree-Fock

HPLC: High-Performance Liquid Chromatography
MS: Mass Spectrometry

UV-VIS: UV-visible

EPR: Electron Paramagnetic Resonance

NMR: Nuclear Magnetic Resonance

FTIR: Fourier Transform Infrared Spectroscopy
XRD: X-ray Diffraction

IR: Infrared

Raman SERS: Surface-Enhanced Raman Scattering
AH: Adiabatic Hessian

VG: Vertical Gradient

FC: Franck-Condon

HT: Herzberg-Teller

DMSO: DimethylSulfoxide

DMF: Dimethylformamide

ESIPT: Excited-State Intramolecular Proton Transfer
ADC: algebraic diagrammatic construction

CC: coupled-cluster

CCSD(T): coupled-cluster theory with single and double excitations and perturbative treatment
for triple excitations

COSMO: COnductor like Screening MOdel
ESR: electron spin resonance

MM: molecular mechanics
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MP2: Mgller-Plesset theory

PCM: polarizable continuum model

PES: potential energy surface

QM: quantum mechanics (QM': a different QM level)

CC3: approximate coupled cluster singles, doubles, and triples model
EOM: equation of motion

FC/HT: Franck-Condon/Herzberg-Teller

GGA: generalized gradient approximation
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La garance (Rubia tinctorum L.) est I'une des plus anciennes sources naturelles de colorants,
prisée pour ses teintes rouges et utilisée depuis des millénaires dans les textiles, la peinture, et
présente dans de nombreuses ceuvres du patrimoine culturel. Ses racines renferment plus d’une
trentaine de colorants de type anthraquinone, dont la composition varie selon 'espéce et le
procédé de préparation. Toutefois, ces colorants sont sensibles a la photodégradation, un
phénomeéne dont les mécanismes soulévent encore plusieurs questions non résolues. Les
avancées dans ce domaine sont limitées par I'instabilité de certains composés, les difficultés de
synthese, ainsi que les lacunes dans les bases de données spectroscopiques et colorimétriques. La
modélisation théorique est également freinée par les limites computationnelles liées a la taille des
systemes étudiés. Pour répondre a ces enjeux, nous avons combiné des approches expérimentales
et théoriques, en utilisant un modéle en phase solution, afin d’examiner les propriétés spectrales,
colorimétriques et la stabilité des colorants de la garance. Un protocole de calcul basé sur la
DFT/TD-DFT, intégrant les effets du solvant, du pH, des conforméres et des vibrations, a été validé
sur l'alizarine (I'un des principaux colorants de la garance), puis étendu a une trentaine de
colorants issus de différentes espéces. Cela a permis de constituer une base de données spectro-
colorimétrique, incluant des molécules inaccessibles expérimentalement.

Nous avons également modélisé les spectres UV-VIS de mélanges de colorants, permettant de
reconstituer avec succes les spectres et les couleurs d’extraits naturels, ouvrant ainsi la voie a
I'identification non invasive des composants dans les objets patrimoniaux. Par ailleurs, la
photodégradation de l'alizarine a été étudiée dans diverses conditions (solvant, pH, lumiére,
oxygeéne), révélant un mécanisme radicalaire, avec formation probable d’endoperoxydes en
milieu basique riche en oxygéne. Ces travaux améliorent la compréhension de la dégradation des
colorants de la garance, enrichissent les bases de données essentielles a la conservation du
patrimoine, et présentent des applications potentielles dans les domaines de la cosmétique, de
I'agroalimentaire, du textile, de la pharmacie, des capteurs et de la photochimie.

The madder plant (Rubia tinctorum L.) is one of the oldest natural sources of dye, valued for its
red hues and has been used for millennia in textiles, painting, and can be found in many cultural
heritage artworks. Its roots contain over thirty anthraquinone-based dyes, varying by species and
preparation process. However, these dyes are prone to photodegradation, whose mechanism still
raises several unsolved questions. Progress is limited by the instability of some compounds, their
synthesis difficulties, and gaps in spectroscopic and colourimetric databases. Theoretical
modelling is also challenged by computational limits for large systems. To address this, we
combined experimental and theoretical approaches using a solution-phase model to investigate
the spectral, colourimetric, and stability properties of madder dyes. A DFT/TD-DFT-based
computational protocol, incorporating solvent, pH, conformers, and vibrational effects, was
validated on alizarin (one of the main colourants in madder) and extended to about thirty madder
dyes from various species. This enabled the creation of a spectro-colourimetric database,
including experimentally inaccessible molecules. We also modelled UV-VIS spectra of dye
mixtures, successfully reconstructing natural extract spectra and colour, thus supporting non-
invasive identification of components in heritage objects. Additionally, we studied the
photodegradation of alizarin under various conditions (solvent, pH, light, oxygen), revealing a
radical-based mechanism and probable formation of endoperoxides in oxygen-rich, basic
environments. This research advances the understanding of madder dye degradation, contributes
to essential databases for heritage conservation, and has broader applications in cosmetics, food,
textiles, pharmaceuticals, sensors, and photochemistry.
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