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Abstract

Iron gall ink (IGI) was the most widely used writing material until the early
20" century. They are probably the most broadly used writing and occasionally drawing tools

throughout our history.

Its extensive use at the world level, has allowed the conservation and transmission
of different recipes for its manufacture. Despite the immense diversity of recipes available
from very different cultures and periods, all of them present a series of constant components
in their composition. Recurrently, there can be find vegetable polyphenolic substances

and mineral sulfates agglutinated by resins from trees in recipes.

The investigation of inks is crucial in many aspects. In particular, it is of a great
importance in the study of historical manuscripts with many applications in cultural
heritage. However, to analyze such complex systems, it is important both to develop
an appropriate analytical method as well as to identify and characterize their individual
components. That is why the purpose of our research project is to perform a structural analysis
of IGIs, especially of the complex formation of gallic acid and other polyphenols
with a similar structure, such as pyrogallol, syringic acid, tannic acid, with iron and copper

ions.

In this doctoral thesis, we mainly present results obtained by using different optical
spectroscopy techniques (UV-vis absorption, IR, Raman and SERS) to study the reaction
mechanisms of polyphenolic compounds and their iron and copper complexes.
The structure of the actual colorant in IGIs is still a matter of controversy, therefore, this work
could represent an important and interesting contribution to the description and understanding

of the IGIs chemical structure and composition.

In the final part of this thesis, Raman spectroscopy was applied and optimized for the in-
situ and non-destructive analysis of historical manuscripts. An analysis of the aging process
undergone by the manuscripts was done on the basis of the vibrational marker bands deduced

from the study of the previous molecular models and the SERS results.

Iron gall inks (IGIs), cultural heritage, manuscripts, polyphenolic
compounds (pyrogallol, syringic acid, gallic acid, tannic acid), iron complexes, copper

complexes, in-situ, non-destructive, Raman spectroscopy, SERS, fluorescence, FTIR



Resumen

Las tintas ferrogalicas, también conocidas internacionalmente como iron gall inks
(IGIs), han sido el material de escritura mas ampliamente empleado hasta principios del siglo
XX. Probablemente sean las herramientas de escritura y ocasionalmente de dibujo mas

utilizadas a lo largo de nuestra historia.

Su extensa utilizaciéon a nivel mundial, ha permitido la conservacion y transmision
de diferentes recetas para su fabricacion. Pese a la inmensa diversidad de recetas disponibles
provenientes de culturas y periodos muy diferentes, todas ellas presentan una serie
de componentes constantes en su composicion. Recurrentemente podemos encontrar
en las recetas sustancias polifenolicas vegetales y sulfatos minerales aglutinados por resinas

procedentes de arboles.

La investigacion de las tintas es importante en muchos aspectos. Sobre todo, en el estudio
de manuscritos historicos con multiples aplicaciones en el patrimonio cultural.
Sin embargo, para analizar sistemas tan complejos como las tintas son, es decisivo
por un lado desarrollar un método analitico apropiado asi como, por otro lado, hacer
una identificaciébn y caracterizacion de sus componentes individuales. Es por ello,
que el proposito de la investigacion de esta tesis es estudiar la formacion de complejos
del acido galico y otros polifenoles de estructura similar, como el pirogalol, acido siringico

y acido tanico, con iones de hierro y cobre.

En esta tesis doctoral, presentamos y discutimos los datos obtenidos mediante diferentes
técnicas de espectroscopia Optica (absorpcion UV-vis, IR, Raman y SERS) y estudiamos
los mechanismos de reaccion de dichos compuestos polifenolicos y sus correspondientes
complejos de hierro o cobre. La estructura del colorante real de dichas tintas sigue siendo
un motivo de controversia, por lo que este trabajo podria contribuir en el entendimiento de la

composicion y estructura quimica de las IGIs.

En la parte final de esta tesis se aplic la espectroscopia Raman y se optimizé para el
analisis in-situ y no destructivo de manuscritos historicos. Se realiz6 un analisis del proceso
de envejecimiento sufrido por los manuscritos sobre la base de las bandas marcadoras
vibracionales deducidas del estudio de los modelos moleculares anteriores y los resultados

del SERS.

Tintas ferrogalicas, patrimonio cultural, manuscritos, compuestos
polifendlicos (pirogalol, dcido siringico, acido galico, acido tanico), complejos de hierro,
complejos de cobre, in-situ, no destructivo, espectroscopia Raman, SERS, fluorescencia,

FTIR



Abstrakt

Zelezogalové atramenty, tiez medzinarodne zname ako iron gall inks (IGIs), boli
pravdepodobne najdodlezitejSie a najCastejSie pouzivané historické pisacie a kresliace

prostriedky, predovSetkym do zaciatku 20. storocia.

Rozsiahle a celosvetové pouzitie Ciernych atramentov umoznilo nielen zachovanie,
ale aj d’alSie odovzdavanie a prispdsobovanie receptir na ich vyrobu, v zavislosti od regionu,
kultary, ako aj historického obdobia. Aj napriek tomu, Ze sa takto zachovalo mnoho a vel'mi
rozmanitych historickych receptov na ich pripravu, vSetky obsahuju rovnaké farbotvorné
zlozky: rastlinné polyfenoly (kyselinu galova z taninov) a vitrioly (sirany urcitych kovov,

najma siranu Zeleznatého), navzajom spojené a stabilizované v roztoku arabskou gumou.

Stadium atramentov je vyznamné v mnohych ohladoch. Obzvlast dolezita je analyza
historickych dokumentov a rukopisov poskytujica vyznamné informacie ohladne
studovanych objektov a ich postavenia v kultirnom dedicstve. Analyzovat takéto
komplexné systémy znamena v prvom rade vediet’ detekovat’, identifikovat’ a charakterizovat’
ich jednotlivé zlozky. Vyznamnym je aj vyvoj vhodnych analytickych metod. Aj preto sme
za jeden z hlavnych cielov naSho vyskumu zvolili S§tidium tvorby komplexov kyseliny
galovej a Struktarne jej podobnych modelovych polyfenolovych zlucenin (pyrogalol,

kyselina syringova, kyselina taninova) s ionmi Zeleza a medi.

V predkladanej dizertacnej praci prezentujeme a diskutujeme najmé vysledky Stadia
mechanizmov tvorby a kinetiky danych komplexov, pricom na $tidium vyuzivame rézne
techniky optickej spektroskopie (UV-vis absorpciu, IR, Ramanovu a SERS spektroskopiu).
Kedze Struktira samotného farbiva zelezogalového atramentu je eSte stdle predmetom
kontroverzie, o¢akavame, Ze aj vysledky tejto prace budu predstavovat’ dolezity a zaujimavy
prispevok k popisu a pochopeniu chemickej Struktary a zloZenia IGIs.

V zavereCnej Casti tejto dizertacnej prace sa prezentuju vysledky vyznamné
pre stanovenie vhodnych postupov nedeStruktivnej a in-situ Ramanovej a SERS detekcie
IGIs v historickych rukopisoch. Vykonali sme tiez analyzu procesu starnutia, ktorému boli
dané dokumenty vystavené a realizovali sme ju na zdklade vyhodnotenia konkrétnych
vibracnych pasov, tzv. spektralnych markerov, ktoré vyplynuli z nasho predchadzajiceho

Stiidia molekularnych modelov IGIs a prislusnych SERS merani.

Zelezogalové atramenty, Kultirne dedi¢stvo, rukopisy, polyfenoly
(pyrogalol, kyselina syringova, Kyselina gallova, kyselina taninova), komplexy Zeleza,
komplexy medi, in-situ, nedeStruktivny, Ramanova spektroskopia, SERS, modelové

vzorky, umelecké diela
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INTRODUCCION

1.1 Las tintas ferrogalicas

1) Introduccidn y recorrido histérico de las tintas ferrogélicas
Las tintas ferrogalicas (IGIs; de inglés: Iron Gall Inks) llegaron a ser conocidas
coloquialmente como "La Tinta Eterna" por ser méas estables, y con mejores propiedades

de saturacion y luminosidad que las de base de carbon.

Debido a su gran versatilidad, facil elaboracion y multiples usos que van desde cartas
y documentos cotidianos, como los bosquejos de las libretas de los estudiantes, hasta
manuscritos iluminados medievales, las IGIs fueron los materiales de escritura
y ocasionalmente también de dibujo mas ampliamente utilizados desde la Antigiiedad.
Aunque la escritura no fue su unico uso documentado a lo largo de la historia. Este tipo
de tinta fue empleada ya desde el siglo tercero de la era Cristiana en Egipto, tal como
aparece en algunos papiros egipcios, fundamentalmente en el papiro de Leiden X,
encontrado en la antigua ciudad de Tebas, que se conservan en la Universidad del mismo
nombre en los Paises Bajos |1]|. Pero sin duda, su época dorada fue la Edad Media,

y su uso se extendi6 hasta bien entrada la edad moderna [2], [3].

Es por ello, que estas tintas negras registran una parte muy significativa de nuestro
patrimonio cultural durante diferentes periodos histéricos, y que a dia de hoy,
encontramos numerosos ejemplos de su uso exhibidos en archivos y museos de diferentes

partes del mundo. Algunos de estos ejemplos estan representados en la Figure 1.

: 1

Figure 1.  Algunos ejemplos del uso de las tintas ferrogdlicas utilizadas a lo largo de la historia
humana: (a) los cuadernos de Leonardo da Vinci (1452-1519), (b) los bocetos de Rembrandt
(1606-1669), (c) el dibujo preparatorio de V. van Gogh para el cuadro Wheat Field (1888);

(d) las composiciones musicales de J. S. Bach (1685-1750); (e) las partituras originales
de L. van Beethoven (1770-1827); y (f) el primer borrador de Abraham Lincoln
de la Proclamacion de emancipacion (1863).



Sin embargo, la utilizacion de tintas ferrogélicas comenz6 a declinar en el siglo XX,
viéndose desplazadas progresivamente por medios de escritura mas modernos, basados
en tintes sintéticos y colorantes resistentes a la oxidacion [4]-[7]. En la mayoria
de los casos, ha sido este ultimo proceso de oxidacion el que ha causado un mayor dafio
en los manuscritos y obras de arte que integran este tipo de tintas debido principalmente
a la acidificacion que este proceso lleva consigo. La Figure 2 muestra los deterioros
corrosivos producidos por la oxidacion del hierro y acidificacion producidos en la tinta

ferrogélica.

Figure 2.  Algunos ejemplos de posibles deterioros observados a causa de la tinta ferrogalica:
(a) muestras de papel artesanal con la tinta ferrogalica apoyados sobre una mesa de luz cual
facilita la observacion de deterioros tales como perdidas de soporte, presencia de hongos,
etc., asi como la aplicacion del proceso de su detencion, (b) fotografia de una pagina del libro
del coro manuscrito en pergamino con la pérdida de soporte por la oxidacion de la tinta;
(c) fotografia del soporte celulosico mostrando la pérdida de soporte y migracion de la tinta,
v fotografias de microscopia optica de la tinta tanica (complejos del dacido tanico con sulfato
de hierro(1l)) preparada en nuestro laboratorio, usando las sigientes proporciones de dcido
tanico y hierro, respectivamente: 1:10 (mayor presencia de hierro) (d), 10:1 (mayor
presencia de tanico) (e), y depositada sobre el papel.

Los andlisis cientificos realizados sobre pigmentos, tintas o en general cualquier
material empleado en la creacion de obras de arte, resulta la mejor herramienta
de la que disponemos para comprender su origen, procedencia, valor historico o edad.
También arrojan informacion muy valiosa sobre los mecanismos de degradacion
que intervienen en el bien de interés cultural, permitiéndonos conocerlos e identificarlos

asi como aplicar las condiciones adecuadas de su deposito y conservacion.

El estudio cientifico de documentos, manuscritos o fotografias histéricas implica

el andlisis de sus componentes intrinsecos, como pueden ser: los soportes (celulosicos,

_3-
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los proteicos, los albuminados...), los aglutinantes, los aceites, los disolventes, los aditivos
o los colorantes que se encuentren presentes en las obras. Estas investigaciones suelen
ser muy complejas debido a que los bienes culturales estan compuestos por multiples

materiales y capas.

Generalmente, hoy dia, para llevar a cabo cualquier proyecto de investigacion
se requiere un enfoque interdisciplinar. Especificamente, en el caso del Patrimonio
Cultural, este camino comienza con los conservadores y restauradores, es decir,
los responsables de evidenciar la existencia de cualquier anomalia, que debera
de ser corroborada y contrastada por el método cientifico llevado a cabo colaborando
con otros expertos del campo de quimica y/o fisica, etc. De tal manera, su estudio estara
basado en diversas técnicas analiticas, que permitirdn resolver los problemas y desafios

planteados durante la investigacion.

i1) Degradacion de las tintas ferrogalicas

Las obras de arte sobre papel a menudo cambian en apariencia, debido a la accioén
de diferentes factores enddgenos y exogenos. Es bien conocido que factores externos,
como la temperatura, la humedad relativa, la luz y/o los contaminantes del aire,
estan relacionados con la estabilidad quimica de cualquier material organico. Y por tanto,
en un entorno adecuado o en condiciones estandar (STP), la velocidad de las reacciones
de degradacion, como la degradacion oxidativa o hidrologica, disminuyen. Mientras
que las condiciones de almacenamiento o manipulacion inadecuadas contribuyen
significativamente a cambios perjudiciales y a menudo hasta irreversibles
para los materiales celuldsicos [&], [9]. De igual manera, se debe de tener en cuenta
otros efectos degradantes, como las catastrofes naturales (inundaciones o fuegos
en archivos historicos) o el vandalismo (garabatos atemporales, subrayadores fosforitos,
pegatinas, etc.), que también pueden ser una causa de su dafio y pérdida de este tipo

de obras.

Probablemente la consecuencia mas negativa que se manifiesta en los documentos
es la corrosion de la escritura, que se traduce en una degradacion progresiva e incluso
destruccion completa de los documentos . Como se muestra en la Figure 2,
la presencia y naturaleza de las sales de hierro (uno de los componentes fundamentales

de esta tinta) es el principal factor de degradacion del soporte celuldsico. Es decir,



la oxidacion de las sales metalicas implica una degradacion del soporte, acompafiada
de efectos adversos generalmente asociados a la migracion de las sales metalicas. En la
Figure 2c se puede apreciar dicho efecto que visualmente se percibe como una aureola
de baja intensidad cromatica alrededor de la grafia. Otras consecuencias, mas agresivas,
causadas por la oxidacion dada, se pueden ver en la Figure 22 (documento central), b o

en su caso mas extremo. Como se observa, se trata de unas roturas del soporte, tanto
celulosico (Figure 2a y ¢) como proteico (Figure 2b). En otros casos, la tinta no se ha
preparado en proporciones equilibradas y por eso existe una distribucion de alta
concentracion local de metales, como es el caso de la Figure 2d, dando lugar a una tinta
quebradiza y seca con tendencia a agrietarse y desprenderse de la superficie con el roce.
En contraposicion, la Figure 2c¢ presenta una tinta con baja concentracion de sales

metalicas cual es facilmente detectable mediante microscopia Optica.

En general, la degradacion del soporte historico por las IGIs es un proceso sinérgico
tanto de hidrélisis acida causada por la naturaleza del propio soporte como por los
ingredientes 4cidos de tinta que produce oxidacion catalizada por iones de hierro
y/o cobre libres , . Ademas, se debe de tener en cuenta la amplia variedad
de recetas e ingredientes de diversa naturaleza presentes en la manufactura de IGI,
asi como las posibles impurezas de los materiales de origen histérico empleadas en su
elaboracion. La investigacion de este material de escritura y dibujo se enfrenta a un
sistema dificilmente reproducible que hace estos estudios de corrosion bastante bien

complicados.

Es por ello que cada dia mas y mas instituciones apuestan por el método cientifico
como diagnosis, combinando con la actividad del Conservador-Restaurador. Esta sinergia
tiene como objetivo final preservar la integridad fisica de la obra de arte el mayor tiempo

posible.

ii1) Composicion de las tintas ferrogalicas
La extensa utilizacion a nivel mundial de las IGIs, ha permitido la conservacion
y transmision de diferentes recetas de fabricacion de estas tintas. Existe una inmensa
diversidad de recetas disponibles provenientes de culturas y periodos muy diferentes,
pero todas ellas presentan una serie de componentes constantes en su composicion.

En estas recetas tradicionales se pueden encontrar de manera recurrente sustancias
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polifendlicas vegetales y sulfatos minerales aglutinados por resinas procedentes
de arboles, vinculados en un medio liquido. La Figure 3 muestra los principales

componentes de las IGIs.

De todos modos, las recetas variaron a lo largo de la historia segin la region,
la cultura y/o tendencias historicas en las que IGIs fueron creadas y utilizadas. Asi mismo,
el analisis realizado sobre diferentes documentos y manuscritos historicos puede revelar
informacion sobre sus componentes, ayudarnos a comprender los procesos
de degradacion ocurridos sobre los materiales de soporte o incluso, con la ayuda
de los registros historicos, podria obtenerse también informaciéon sobre los periodos

en los que fueron creados.

Figure 3.  [mdgenes representativas de las fuentes naturales mdas comunes — de componentes principales
- de la preparacion de tinta ferrogdlica: (a) agallas de los robles en el arbol (fuente natural
del acido tanico); (b) sulfatos minerales, generalmente de hierro, con impurezas de cobre,
zinc o plomo, (c) goma ardabiga precedente de la Acacia, (d) materia organica y
microorganismos en agua estancada.

La Figure 32 muestra la fuente natural mas comun de taninos hidrolizables,
que son derivados del 4cido gélico y actian como agentes quelantes para unir iones
metalicos, especialmente iones de hierro. El acido gélico es capaz de crear complejos
coloreados también con las particulas de cobre o incluso con otros metales de transicion
[11]. Los sulfatos ferrosos o vitriolos, denominados asi en las recetas antiguas,
representados en la Figure 3b, se obtienen de diferentes minas mediante diversas técnicas
de extraccion. Por tanto, la tinta ferrogalica puede también contener otro tipo de sulfatos,
1.e. de cobre, manganeso, zinc, y/o alimina. No es de extrafiar, que en algunas recetas

se mencione el sulfato de cobre como un componente principal para la fabricacion

de las IGIs [10].

En la Figure 3c esta representada la goma arabiga, compuesto de color amarillo

dorado que se extrae de la resina de ciertas variedades de Acacia. La goma arabiga



es soluble en agua y en la suspension de la tinta tiene una funcién del emulsionante
de las particulas de pigmento insolubles. Por lo tanto, cambia la viscosidad de la tinta
y evita su sedimentacion. Ademas, actia como aglutinante de la tinta con la superficie
del papel, mejora su adhesion y brillo y disminuye su penetracion y esparcimiento
por el papel. Se demostrd que la goma arabiga también aumenta la tasa de formacion

de complejos, asi como su estabilidad

Finalmente, la fase liquida de la IGI empleada en la dispersion de los materiales
solidos fue, segun consta en la mayoria de las recetas, medio acuoso (agua de lluvia, agua
estancada de lagos o charcos, etc.; Figure 3d). En otras ocasiones, sin embargo, se empleo
vino, cerveza o vinagre. Cabe destacar que la adicion del alcohol evita que la tinta
se congele y reduce la tension superficial del solvente, lo que permitié una adsorciéon mas

rapida de la tinta en el soporte del papel.

En los siguientes parrafos, se definen en mas detalle cada componente principal
de la tinta ferrogalica, asi como algunos de los aditivos mas cominmente empleados.
Este andlisis se basa en los estudios previos de Gemma Maria Contreras Zamorano,
recopilados en su tesis doctoral del departamento de Historia del Arte de la Universidad

de Valencia

Debido a su alto contenido en taninos, las agallas han sido aprovechadas
desde la Antigliedad con fines tintoreos, farmacéuticos y para la escritura. Generalmente,
esta fuente de taninos se ha obtenido principalmente de las agallas de los robles, siendo
las historicamente mas famosas, las de Alepo (Siria) . Presentan una forma esférica
y regular con numerosas protuberancias. Las més valoradas fueron las de la tonalidad azul
o verdosa y sin orificios, asi que en numerosas ocasiones se recurria al fraude tapando
los agujeros de salida de las larvas con cera. No se ha de confundir las agallas de los robles
con el fruto del roble que es la bellota. Las agallas son estructuras de tipo tumoral
inducidas por insectos, bacterias, hongos, etc., siendo la respuesta vegetal defensiva

a la presencia de un parasito y/o infeccion.

Los taninos son polimeros complejos de metabolitos secundarios de plantas
superiores, especialmente de la familia de Leguminosae, Rosaceae, Polygonaceae,
Fagaceae, Rhyzophoraceae, Myrtaceae y Melastomaceae . Las fuentes de taninos

se pueden clasificar en varias categorias:
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- Taninos condensables: comunes en las maderas de las plantas lefiosas.
- Taninos hidrolizables: mas pequenos y formados por acidos fendlicos.

- Florotaninos: proceden de varias especies de algas.

Entre las caracteristicas mas peculiares de los taninos cabe destacar que son solubles
en agua y poseen una estructura polifenolica. Aparte de eso, los taninos son sustancias
reductoras sensibles a la oxidacioén en un medio acido y precipitan después de su reaccion
con numerosos reactivos, entre ellos metales pesados como el hierro, el plomo, el cobre
y el zinc. Los acidos tdnicos interaccionan con los sulfatos metélicos propiciando
una coloraciéon negra de gran intensidad que, en principio, representa el origen

fundamental de la tinta ferrogalica

Algunas de las investigaciones previas sobre el compuesto de acido tanico, que forma
parte de la tinta IGI, se ve recogido en los textos de Guibourt . Este farmacéutico
francés investigd ya en el afio 1845 un gran nimero de productos naturales, entre ellos
los o¢xidos, sulfuros, y otros compuestos del mercurio, el arsénico, asi como
sus compuestos correspondientes. Posteriormente, en el 1940, Ainsworth Mitchell,
quimico y cientifico forense britanico, realizd un estudio microscopico y quimico
de la escritura a mano . En sus estudios concluye que las agallas presentan un 65%
de taninos en ellas, entre otros componentes como el acido gélico, el acido elagico
o el acido luteogalico, ademds de una pequeiia proporcion de azlcar, potasio y sales
de calcio. Por otro lado, en los estudios realizados en 2015, por Zamorano, mediante
microscopio electronico de barrido (SEM-EDX), se advierte una importante presencia de
potasio en la composicion de las agallas. Ademads, sus estudios cromatograficos

concluyen la presencia de acido galico de forma mads intensa, asi como de &cido elagico.

El sulfato de hierro es imprescindible para la elaboracioén de las tintas ferrogalicas.
Sin embargo, Kroustallis en su diccionario de materiales y técnicas artisticas escribe
que generalmente en las tintas aparecen, a modo de impureza del hierro, también otros
metales (en un porcentaje en torno a 15-20%), como el cobre o zinc. Es decir,
son los residuos de metales pesados, como es también el plomo, procedentes
de las calderas en cuales se purificaba el hierro. Ademas, en numerosas ocasiones

aparecen también sodio y potasio asociado a la naturaleza de las minas de procedencia.



No resulta facil identificar la naturaleza exacta de los sulfatos metalicos en las fuentes
escritas debido a que existe una enorme confusion en su nomenclatura. Se utilizaban
las denominaciones vitriolo, aceche y caparrosa, indistintamente y sin un criterio evidente
respecto a su naturaleza. En la peninsula ibérica al sulfato de cobre se le suele conocer
como la caparrosa y asi aparece recogido en las recetas del Libro de Oficios de Guadalupe
asi como en las recetas proporcionadas por Oscal Lillo conservadas en la Biblioteca
de la Universidad de Salamanca. Por otro lado, el sulfato de cobre era identificado bajo
la palabra aceche (az-zaj; de procedencia arabe) que aparece tanto en las recetas

magrebies, valencianas o cordobesas

Se trata de resinas procedentes de arboles tales como ciruelos, perales, cerezos,
almendros, etc. La goma mas empleada es la conocida como goma ardbiga, extraida
de la Acacia y es la de mayor calidad. Se emplea como aglutinante y aporta lustre

a la tinta, ademas de elevar el grado de viscosidad y homogenizar la tinta misma.

Aunque su uso era generalizado, no siempre se cita o se recomienda en las recetas.
Algunos estudios del arte de escribir consideran su uso incluso innecesario, especialmente
en tintas destinadas a la escritura de los niflos o cuando se trataba de su empleo fuera

de los meses de verano ,

El solvente por excelencia recomendado para la elaboracion de las IGIs ha sido
el agua de lluvia, cisterna o pozo. Es decir, agua sedimentaria, poco calcarea y llena

de materia organica.

Aparte de eso, el vino blanco también gand su popularidad como diluyente,
especialmente durante el siglo XVI y principalmente en la zona de la Corona de Aragon.
No ha estado presente en recetas musulmanas debido a que se trata de una bebida
prohibida y por lo tanto de dificil acceso en Dar-el-Islam. En la préctica, se empled el vino

blanco, al vino tinto se hace referencia solo en contadas ocasiones.

El alcohol etilico o etanol facilita la extraccion de los taninos, disminuye el tiempo
de secado y protege a la tinta de las infecciones de microorganismos y hongos.
Sin embargo, con el tiempo el etanol se convierte en 4cido acético y vuelve la tinta

mas acida propiciando su deterioro.
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De manera puntual se pueden encontrar también recetas que emplean cerveza como

un solvente. Generalmente es el caso de las recetas con origenes en el norte de Europa.

Finalmente, el uso de otros solventes como el aguardiente, el vinagre, e incluso
las claras de huevo que conferian a la tinta un aspecto brillante y mejor adhesividad,

era raro, pero no excepcional.

Como aditivo se puede generalmente considerar todo aquel material que se puede
encontrar mencionado en cualquier libro de técnicas artisticas tradicionales.
En su mayoria se trata de materia de origen vegetal, como cortezas de frutos, raices,
flores, savias. Pero también los hay de origen animal, como hiel de carnero, clara
de huevo, junto con diversos minerales y productos mas elaborados como destilados

alcoholicos y cerveza.

El vinagre ha sido un recurso muy utilizado como un conservante e incluso ha llegado
a utilizarse en sustitucion del vino blanco como solvente para aclarar la tinta o espesarla
en lugar de la orina, que también se empleaba a veces en la preparacion de las 1GIs.
Al igual que la piedra de alumbre, mineral compuesto de sulfato aluminio y potasio
presentaba propiedades antibacterianas y astringentes. Finalmente, algunos destilados
y licores de alta graduacién aparecen también entre los aditivos preservantes,

por su accion antiséptica debida a su alto contenido de alcohol.

El colorante mas cominmente empleado ha sido el mirto o arrayéan cual al adicionar
las hojas hervidas al preparado le aporta el color, asi como el olor. Para intensificar o virar
el color se empleaba también agua de carbon de pin picado o marfil quemado. En otras
ocasiones se usaba la flor de amapola seca debido a que representa una fuente rica
en taninos y ademads confiere un tinte rojizo a la tinta. Por otro lado, el palo morado

y el palo de la India contribuyen a virar el color de la tinta aun a un tono mas cobrizo.

Para obtener una tinta mas azulada se usaron pigmentos de origen mineral y organico
como, por ejemplo, el lapisldzuli, que por su escasez y alto valor de mercado se sustituyo

a finales del siglo XIX por el azul de Prusia o por el indigo conocido también como aiiil.



v) Recetas representativas historicas e internacionales de preparacion de 1Gls
Se presentan en este apartado tres recetas internacionales, que han sido traducidas
primero al inglés y posteriormente a muchos otros idiomas, y que pertenecen
a 'y asi representan diferentes cronologias y localizaciones. Con esta seleccion de recetas
se pretende denotar los principales ingredientes utilizados, los protocolos de fabricacion
mas comunes, asi como la evolucion en las recetas y sus variaciones. En todos los casos,
la causa de la coloracion de la tinta es la unidn de la fuente de taninos y vitriolos o, en otras

palabras, una reaccion de acido tdnico con iones metalicos de hierro.

La primera receta presentada en la Figure 4 proviene de Francia y pertenece al siglo
XIV. Se encuentra recogida en “Le Ménagier de Paris” y su correspondiente

traduccion al inglés se puede encontrar en “The Good Wife's Guide™ del afio 2009

Literamente se describe de la siguiente manera: “7To make 3 quarts of ink, take
2 ounces each of galls and gum arabic, and 3 ounces of copperas. Break the galls
and soak them for 3 days, then boil in three half gallons of rainwater or water from a still
pond. And when they have boiled long enough so that nearly half the water has boiled off
(that is, there is only about 3 quarts left) take off the fire, and add the copperas and gum,

and stir until cool. Store in a cold, clamp place. Note that after 3 weeks, it will spoil.”

MENUES CHOSES. 265

vin, aux espices et saffran et soupes en esté : et en
yver au poivre'; et ainsi est-il du sanglier frais.

POUR FAIRE TROIS PINTES D'ENCAE, prenez des galles®
;o et de gomme® de chascun deux onces, couperose trois
MENAGIER onces; et soient les galles cassées et mises tremper
trois jours, puis mises boulir en trois quartes d’eaue
DE PARIS. de pluge ou de mare coye'. Et quant ils auront assez
boulu et tant que I'eau sera esboulie prés de la moitié,
c'est assavoir qu'il n'y ait mais que trois pintes, lors
le convient oster du feu, et meitre la couperose et

LE PREMIER ARTICLE gomme, et remuer tant qu'il soit froit, et lors mettre
E LA SECONDE DISTINCTION, en lien froit et moite. Et nota que q’uaal elle passe trois
LEGUEL DOIT PARLER B'AYOIR SOIN DE SON MESNAGE. mm, elle empire_

Figure 4.  [magen de la portada del libro “Le Ménagier de Paris” (tomo segundo, Paris, 1846)
v de su corespondiente pagina (pagina 265) con la receta del tratado de moralidad
v economia doméstica compuesta por un burgués parisino.

La Figure 5 muestra una receta elaborada en Italia a principios del siglo XV que
se puede encontrar en el libro “Segreti per Colori* . La receta original se refiere
a la fabricacion de una tinta para escribir mediante el uso de productos e ingredientes

locales, como es, por ejemplo, un vino blanco fuerte.



INTRODUCCION

Su traduccion al inglés dice lo siguiente: “4 oz. of galls well crushed, one handful
of dried rinds of pomegranates, one handful of fresh bark of mountain ash scraped with
a knife, and one handful of fresh bark of roots of walnut trees, and 2 % oz. of gum Arabic;
mix the whole together with wine, and let the mixture remain for 6 to 8 days in the sun,
stirring it well 4 or 6 times every day. Then add 2 7 oz. of Roman vitriol, and mix it
frequently, and let it remain so for several days; then put it over the fire to boil
for the space of one miserere, let it cool, and then strain it and leave it for 2 days
in the sun. If you then put in it a little roche alum it will make it much brighter, and it will

be good and perfect writing ink.

ORIGINAL TREATISES, 374. Afura tnchostro bono et da serivare—Tolli uno bocale
de vino bianco grande et bono et once 4 de galla amachata
—— . bene et una manciata de scorze de mele grandte seche et una
ARTS OF PAINTING, manciata de scorze de ornello fresco rase con lo cortello et una
manciata de scorze de raiche de noce fresche poi tollj once 2 et
o s S 9008 ot 1 o, SrRe A0 T 4 de gomiarabico et mistica omne cosa insiemj cum lo sopra-
i s i dicto vino et fa stare per 6 o 8 di al sole et omne di lo mista 4
il et et o o L o 6 volte molto bene poi ce pone doi once et } de vitriolo romano
et mistalo spesso et stia cosci per alcunj di et poi el pone al foco
a bullire per spatio duno miserere et lassalo fredare et poi lo
cola et metilo doi dj al sole et se ce mectj poi uno poco dalumj
de rocho farallo piu Justro assa et vira perfecta et bona intinta
da scrivare.

BATIND PRON THS Elirs 70 EVULx CEPTURITL

Figure 5.  [magen de la portada del libro “Arts of Paintings” (traducido por Mary Philadelphia, 1849)
y de su corespondiente pagina (pagina 590) con la receta de tratados originales, que datan
de los siglos de XII al XVIII sobre las artes de la pintura, en oleo, miniatura, mosaico y vidrio,
de dorado, teriido y preparacion de colores y gemas artificiales.

La tercera receta seleccionada y mostrada en la Figure 6 se data a finales
del siglo XVII y proviene de la Biblioteca de la Universidad de Yale . En esta receta
esta escrito: “To make excellent ink: Raine water 3 gallons, of white wine vinegar a quart,
gaules two pounds, gum arabeck one pound, pomegranate pills one quarter of a pound,
all these bruised but not beat too small, copporus two ounces, this will be ready

the sooner, if it stands near by the fire, or in the sun.”
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Figure 6.  Imagen de la portada del libro comun que forma parte de la coleccion James Marshall
y Marie-Louise Osborn de la Biblioteca de libros raros y manuscritos de Beinecke,
Universidad de Yale y de su corespondiente pagina con la receta procedente de Osborn.

v) Clasificacion de diferentes tipos de tintas negras

En esta tesis hablamos de la tinta ferrogalica, un tipo de tinta negra. Sin embargo,
a lo largo de la historia se han empleado diferentes tintas negras que se pueden clasificar
en cuatro grandes grupos: 1) tintas a base de carbon, 2) tintas metalogalicas
0 mas conocidas en la literatura como ferrogalicas, 3) tintas mixtas y 4) tintas
incompletas. A continuacion se presenta una tabla (Table 1) que recoge la informacion
resumida de cada tipo de tinta negra, la forma de su preparacion asi como sus propiedades
mas caracteristicas [24]. Cabe destacar, respecto a sus propiedades, que las tintas
de carbono son menos reactivas quimicamente que las tintas metalogalicas, pero mas

inestables frente al tiempo.

Table 1.  Informacion recopilada de “Les Encres noiresau Moyen Age” respecto
a la clasificacion de las tintas negras propuesta por Monique Zerdoun
Bat-Yehouda. El coédigo de colores empleado es una simple
representacion de cada tipo de tinta.
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Preparacién Propiedades
Pigmento negro a base de produclos  No estd sujeto a reduccién u oxidacion
. . calcinados  de  diversas  suslancias | debido a la inercia quimica del carbono.
0 noir de fumeé . . . . . .
procedentes de hollin (de madera, resinas, | Sin embargo, la mezela de ligante-carbén
aceites); esta mezclado con un ligante no penetra muy bien en las fibras del
i (como gomas, miel, gelatina, claras de | soporte, por lo que la erosién suele ser
huevo, colas animales o aceites). suficiente para hacer desaparecer la tinta,
Preparada a partir de extractos de plantas
que aportan taninos - la sustancia activa se
extrae por maceracion de las plantas. | Apenas se conoce la reaccidon quimica de
o ferrogilica Si al liquido obtenido se le afiade una sal | la tinta del complejo ferrogalico.
metdlica, como sullate de cobre o hierro, | Las tintas metalogilicas son a menudo
se [orma un complejo negro. tintas corrosivas que hacen que el soporte
+ + Para aumentar la viscosidad del medio se | sea mas dcido y quebradizo.
afiade un aglutinante, generalmente goma
ardbiga.
Tintas de carbon a las que el preparador ha
m+ + afiadido extractos acuosos de sustancias | El negro de lampara agregado a una tinta
lanicas o sales metdlicas. de agalla metdlica acentia la intensidad
m+ + También son tintas metalogdlicas en las | del color.
que se ha incorporado humo negro.
+ +H+
+ Aparle de los elementos negros que | El negre de lampara agregado a una linta
caracterizan la naturaleza de una tinta, los | de agalla metdlica acentia la intensidad
+ fabricantes agregan también aditivos. del color.
+
Leyenda: B Humo negro de productos calcinados Ligante Exlractos de taninos Sal metalica
’
1.2 Teoria del color: las causas del color

No todas las personas tienen el mismo sentido de los colores. Comprender y definir
qué es el color en si presenta un tema sumamente interesante para muchas areas cientificas
diferentes, pero especialmente para la quimica, la fisica y la psicologia. El color
es percibido por nuestros sentidos, por lo que la percepcion del color puede variar mucho
cuando lo define una persona u otra. Sin embargo, en este trabajo intentamos cefiirnos
a la definicion del color desde un punto de vista fisico. Y para ello me basaré en la frase
publicada en el afio 2010 por Kurt Nassau en la revista Scientific American: “The Causes
of Color are diverse, but they all stem from the same root: It is the electrons in matter,
through their varied responses to different wavelengths of light, that make the world

)

a many-colored place.’



El color de una molécula se debe a diferentes fendémenos. Entre ellos la absorcion de
radiacion es el mas comun, el cual consiste en una transicion del electron del nivel mas
bajo a uno mas alto. Como se muestra en la Figure 72, cuando una molécula absorbe la
luz visible o ultravioleta, un electron se promociona a un orbital de mayor energia. La
longitud de onda (A) de la luz absorbida depende de la diferencia de energia entre el estado
excitado y el fundamental de la molécula. Por lo tanto, la promocion de los electrones a
niveles superiores de energia induce la retirada de la luz cuya energia se emplea para
llevar a cabo esa transicion, quedando en el medio la luz complementaria que da lugar al

color observado.

En consecuencia, cuanto mayor diferencia de energia exista entre los niveles
energéticos iniciales y finales, mayor sera la frecuencia de la luz absorbida o, lo que es
lo mismo, menor serd la longitud de onda de esa luz absorbida. Para la observacion
de un color, la energia que se pone en juego en la transicion electronica entre niveles
energéticos debe de ser tal que la longitud de onda se encuentre comprendida
en el intervalo 400-700 nm, que es el intervalo correspondiente a la luz visible ,

representado por sus longitudes de onda especificas en la Figure 7b.

(a) (b)
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Electron ondas L rayosy
Nucleo
Espectro
Visible

i Rendija,

Prisma

L

£ I o E
c o
288583
ﬁ§§§&'§$ Fuente de
Estado basal Estado excitado luz blanca

Figure 7.  Imdgenes esquematicas de (a) la excitacion de electrones de una materia por la luz
(radiacion electromagnética), y (b) la dispersion de la luz blanca por un prisma
dando lugar a una separacion de ella misma en sus correspondientes colores espectrales.

Las transiciones que dan lugar al color en las moléculas implican a los electrones de
valencia Figure 7a. En general podemos clasificar los colorantes en organicos e
inorganicos. En las moléculas organicas existen unos grupos cromoforos que son mas
propensos a generar color. Estos grupos cromoforos estan presentes en mas de 8000

pigmentos, colorantes y/o tintes
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Los colorantes manifiestan un color porque absorben la luz en el rango del espectro
visible y esto es asi porque poseen grupos cromoéforos o grupos portadores de color.
En muchos casos la estructura de estos colorantes presenta enlaces tipo m o un sistema
conjugado de enlaces =, es decir, una estructura de enlaces dobles y simples alternos.
Esta conjugacién da lugar a una resonancia electronica que proporciona estabilidad
a los compuestos organicos que la poseen . La Table 2 muestra algunos ejemplos
de las moléculas con dobles y triples enlaces carbono-carbono, sistemas aromaticos,
grupo carbonilo, imino (C=N), diazo (N=N), nitro o con enlaces del tipo C-Y, donde Y es

un 4tomo con pares libres, que representan unos grupos cromoforos excelentes.

Table 2. Resumen de los principales grupos aportadores de color en la quimica organica: columna de la
izquierda representa los grupos cromoforos y la columna de la derecha los auxocromos.

GRUPOS AUXOCROMOS

-N=N- Azo -OH Hidroxilo
>C=S Tiocarbonilo -NH:> Amino
P . .
R—N Nitro -COOH Carboxilo
o
-N=0 Nitroso R-N<H Amino mono sustituido
-C=C- Etilénico R-N<R Amino disustituido
_ Acido
>C=0 Carbinol -CO-r ) .
(r = radical de acido graso)
-C=N-
| Azometino -SO:H Sulfonico
H
-S=S§- Disulfuro -SR Sulfuro
° ’Q ° Paraquinona - -
(o]
X

UU Ortoquinona - -
Z

Ademas, generalmente, la mayoria de los colorantes contienen también grupos
auxocromos. Estos grupos frecuentemente estan formados por &tomos cargados
positivamente, que intensifican la accion de otro grupo de 4tomos no saturados (sistema
conjugado), de tal manera que su presencia hace que la sustancia quimica sea coloreada.
Estos grupos se comportan como dadores de electrones, siendo responsables

de la formacion de sales débiles y facilmente solubles. Los auxocromos son conocidos



también como ayudantes del color. Para que seamos mas precisos, estos grupos
no son responsables del color mismo, pero su presencia puede modificarlo. Ademas,
pueden también influir la solubilidad de la molécula y por lo tanto tener un efecto
modificador de su color. Algunos ejemplos tipicos de dichos grupos son los grupos

de metilo, halégenos, hidroxi, alcoxi, amino (Table 2).

En general, las moléculas aromaticas poseen una mayor tendencia para producir color
debido a la existencia de enlaces 7 junto con los enlaces o (Figure 8b y ¢). Los enlaces
se establecen entre los orbitales hibridos sp? en el plano del anillo. El solapamiento
de orbitales p perpendiculares al plano del anillo da lugar a enlaces n deslocalizados que
podemos representar como una nube anular por encima y por debajo del plano formado
por los atomos de C. Este solapamiento da lugar a la existencia de orbitales m enlazantes
y antienlazantes en el anillo bencénico. Las transiciones entre orbitales enlazantes
y antienlazantes suelen ser la fuente fundamental de color en este tipo de moléculas

al implicar una radiacion de energia comprendida en el intervalo visible-UV del espectro

electromagnético.
@ (b)
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Figure 8.  Imdgenes esquematicas de (a) electrones de valencia en la molécula de carbono, la capa

exterior de electrones contiene 4 electrones disponibles, (b) hibridacion del orbital
en los anillos de la molécula de benceno; (c) los orbitales moleculares © del benceno. La linea
de puntos representa la energia de un orbital p, todos los orbitales por debajo de esta linea
estan enlazados, todos los que estan por encima de esta linea estan antienlazados. EI benceno
tiene seis electrones en su sistema w, por lo que todos los orbitales moleculares de enlace
estan ocupados. El termino HOMO se refiera al orbital molecular ocupado de mayor
energia), mientras que LUMO se refiere al orbital molecular desocupado de menor energia.
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Como caso especial de colorantes en el ambito del Patrimonio, las tintas ferrogalicas,
desde el punto de vista quimico, son polifenoles que presentan gran numero de grupos
bencénicos aromaticos que suelen estar conjugadas con otros grupos quimicos dando
lugar a transiciones dentro de la zona UV-visible del espectro. Las transiciones
energéticas entre orbitales m en estos polifenoles son demasiado energéticas para producir
un efecto de color, ya que la energia que implican se encuentra dentro de la zona UV.
Sin embargo, la interaccién con metales de transicion como el hierro y el cobre, induce
la creacion de nuevas transiciones electronicas en los complejos formados que son
de menor energia. Este desplazamiento en energia si es suficiente para inducir color en
estos compuestos y es el método empleado para inducir el color oscuro en tintas

ferrogalicas.

Finalmente, se muestran en este trabajo también las causas del color clasificadas
segiun Alex Byrne [28], cual describe 5 grandes tipos de si mismas, que se luego

subdividen en un total de 14 categorias (Table 3).

Table 3. Tabla extraida de clasificacion de las “Causas del color” propuesta por Alex Byrne, en la cual se
destacan las dos causas principales del color en las tintas de agallas de hierro [28].

Transiciones electrénicas L . Incandescencia, llamas, chispas, rayos,
. . Excitaciones electronicas )
en dtomos e iones libres, descargas de gas, algunos laseres.

transiciones vibratorias

. Vibraciones Coloracion azul-verdosa de agua pura o hielo.
en moléculas.

Turquesa, la mayoria de los pigmentos,
Transiciones-metal puros algunos laseres, algunos fosforos, algunos

materiales fluorescentes.

q . . Rubi, esmeralda, arenisca roja, algunos
Cristales Transiciones-metal impurezas "
iseres.

Irisaciono Centros de color X i
o Cuarzo ahumado, cristal de amatista del
(desequilibrios de cargas en una .
desierto.

determinada zona)

Transferencia de carga Zafiroazul, magnetita.
Tintes organicos, la mayoria de los colores de
Enlaces conjugados plantas y animales, lapislazuli, luciérnagas,

laseres

Conductoresmetalicos Cobre, plata, oro, hierro, laton.

Transiciones entre Semi conductores puros
materiales con bandas

Silicio, galena, cinabrio, diamante.

Diamante azul, diamante amarillo, diodos
de energia. Semiconductoresdopados emisores de luz, laseres semiconductores,
algunos fosforos.

o . El arco iris, dpalo de fuego, aberracion
Refracciondispersiva .
cromadtica.

S . Azul del cielo, rojo de los atardeceres, piedra
Scattering
£ lunar, zafiro estrella.

Opticageométrica y fisica

i Pelicula de aceite en el agua, revestimientos
Interferencia .
de lentes, algunos colores de insectos.

- X ., Opulu, cristales liquidos, algunos colores de
Rejilla de difraccion .
insectos.
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Las celdas marcadas en color azul reflejan las que a priori serian las causas de color
de las tintas ferrogalicas bajo estudio en esta Tesis. Estas categorias estan seleccionadas

por ser las mas compatibles con la tinta ferrogélica segun los elementos que la conforman.

1.3 Estructuras de las tintas ferrogalicas propuestas en la bibliografia

Hasta ahora hemos introducido las IGIs en el contexto de su origen, fabricacion
y composicion. Sin embargo, es importante conocer y comprender también la quimica
de las IGIs para poder identificarlas, evaluar su estado actual, asi como conocer
los posibles procesos quimicos de degradacion. Hasta la fecha han sido propuestas
diferentes estructuras de los complejos entre los compuestos polifendlicos y hierro(III)

que pueden ser encontradas en la literatura cientifica.

Varios estudios han intentado describir la estructura y composicion del complejo
de galato de hierro, la principal especie responsable del color de las IGls. En la literatura
existe poco consenso sobre la estructura quimica o composicion de este complejo.
Hasta ahora, solo algunas de las estructuras propuestas han sido también reconocidas

como las estructuras de referencia.

Las estructuras mas comunmente aceptadas y citadas en la literatura cientifica
son las de Wunderlich. Posteriormente, se propusieron las de Feller y Cheetham que eran
similares a las de Wunderlich, aunque no fueron tan reconocidas. Finalmente,
la estructura de Krekel fue otra de las configuraciones estructuralmente propuestas
y generalmente aceptadas. A continuacion se procede a describirlas con un poco mas
de detalle (Figure 9) , , . En general, en todos estos trabajos
de caracterizacion estructural se han empleado mayoritariamente técnicas de basadas

en rayos X como la absorcion de rayos X (XANES) y la espectroscopia Mosbauer.

En el ano 1990, Wunderlich demostré que la reaccion entre el acido galico
y Fe(III)Cl3 da como resultado un material polimérico insoluble de coloracion negro-
azulado. Bésicamente, era una estructura amorfa que contenia también unos cristales
negros procedentes del polimero de coordinacion de galato de Fe(Ill). Wunderlich
concluyd, basandose en estudios realizados con XANES y espectroscopia Mdosbauer,

que la unién del complejo, tiene lugar principalmente a través de los grupos carboxilicos
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y fenolicos, y que el complejo formado contiene hierro octaédrico coordinado con seis
atomos de oxigeno y cuatro moléculas de acido galico, como se visualiza en la Figure

9a.

oo g ol
%}0\/&{\}@'*
o—"°—~d

(b)

Figure 9.  Estructuras de los complejos de las IGls propuestas por (a) Wunderlich; (b) Krekel;
y (¢, d) Feller y Cheetham. Los puntos rojos representan los atomos de oxigeno,
los grises los de carbonos y los blancos representan los hidrogenos [30].

m Krekel

A continuacién, en el afio 1999, Krekel propuso un modelo alternativo basado
en las interacciones molares proporcionales de sulfato de hierro(II) y acido galico
basandose en técnicas como la espectrometria de masas, la espectroscopia infrarroja
y la espetroscopia Mdssbauer, propuso la estructura mostrada en la Figure 9b.
Segln su teoria, la oxidacion inicial de Fe(Il) ocurre dando lugar a un complejo
tetraédrico de bis-galato de Fe(III). Posteriormente, este mismo autor sugiri6 el complejo
sufre una descarboxilacion adicional de los ligandos de galato produciendo
asi un complejo negro e insoluble de pirogalina octaédrico de Fe(Ill). Krekel asumid
que la descarboxilaciéon se debe a la accién catalitica de iones Fe(Ill) presentes
en el sulfato ferroso como impurezas. Aunque hay sé6lo una ligera evidencia estructural o
espectroscopica para apoyar estas propuestas, el complejo de pirogalina-octaédrico

Fe(IIT) de Krekel fue ampliamente aceptado.
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Finalmente, en el afio 2006, Feller y Cheetham obtuvieron cristales de color negro-
azulado, con morfologia acicular o de varilla. Con el mismo complejo que Wunderlich, a
proporciones molares iguales de cloruro de Fe(Il) y acido gélico, y utilizando métodos

hidrotermales (Figure 9c y d).

Todas estas estructuras propuestas en la literatura, y en general ampliamente
aceptadas, tienen un aspecto en comun: lo que proponen es una interaccion de taninos
con los cationes de hierro u otros iones metalicos a través de los grupos -OH y —COOH
formando los correspondientes quelatos . En concreto, la complejacion ocurre
de tal manera que una unidad de acido fenolico de los taninos se une a tres iones de hierro.
Hay que destacar que incluso la forma mdas sencilla de las IGIs, compuesta
exclusivamente por el acido gélico y hierro, no resulta nada simple en términos
de estructuras. Por lo tanto, la estructura de tal complejo es muy dificil de interpretar.
Ponce et al. propusieron una estructura tridimensional para los complejos entre acido
galico y Fe(III) parecida al modelo de Wunderlich basandose en difraccion de rayos X
(XRD) y espectroscopia Mossbauer. Estos autores emplearon también técnicas
vibracionales (infrarrojo y Raman), pero los resultados con estas ultimas técnicas

no se correlacionaron en profundidad con las técnicas basadas en rayos X.

Todos estos estudios se han realizado con modelos experimentales controlando
los pardmetros y simplificando al maximo posible la reaccién causante del color
de las IGIs. Sin embargo, si dicho proceso se escala a circunstancias mas proximas
a larealidad, todos estos factores comienzan a complicarse. De tal manera que,
por ejemplo, cuando hablamos de taninos vegetales no hablamos de un solo tipo
de molécula (como cuando nos referimos al acido galico). Los taninos naturales
estan compuestos por diferentes sustancias con tendencias a polimerizaciones realmente

complejas.

El efecto de la goma arabiga, componente empleado en la fabricacion de las tintas
para aportar viscosidad a la tinta, no ha sido tratado en profundidad en estos estudios
anteriores. Por lo tanto, cada nuevo componente complica el estudio del sistema
coloreado que da origen a la tinta. Todo cambio de las propiedades de la tinta como color,
densidad, brillo, etc., supone también una modificacion de su estructura interna debido

a que este cambio viene producido por la agregacion de un nuevo componente al sistema.
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Las estructuras de IGIs discutidas por el momento, se tendran en cuenta a la hora
de la caracterizacion espectroscopica de los sistemas modelo de IGIs que se han tratado

en esta Tesis.

1.4 Estado del arte

Hasta el momento, en la literatura disponible, se han utilizado diferentes analisis
instrumentales, tanto los destructivos como no destructivos, para analizar las IGIs
y asi resolver y dilucidar la composicion, estructura y causas de deterioro observado
en las tintas. Varias son las técnicas cominmente empleadas, en el estudio de las tintas,
entre ellas: la espectroscopia de emision de rayos X inducida por protones |4/, ,

la microscopia electronica de barrido con microanalisis de dispersion de rayos X

, la espectroscopia de fluorescencia de rayos X , , los microanalisis de sonda
electrénica , la espectrometria de masas de plasma , , 'y la espectroscopia
de absorcion atomica . Se debe de senalar que los andlisis del estado de oxidacion

del hierro se realizan habitualmente mediante espectroscopia de Mdessbauer ,

y la microabsorcion de rayos X . Por otro lado, el andlisis de los componentes
moleculares de las tintas se ha realizado mediante cromatografia de gases combinada
con espectrometria de masas y la espectroscopia infrarroja por transformada
de Fourier , . Los métodos analiticos que se utilizan habitualmente para
la deteccion de IGIs se basan en técnicas cromatograficas , . Siendo estos muy

sensibles y selectivos, pero también son destructivos para la muestra bajo analisis.

En las ultimas décadas, la espectroscopia Raman ha demostrado ser una técnica

no destructiva muy adecuada y eficaz, siendo aplicada en estudios de identificacion sobre

materiales muy diversos, desde pigmentos inorganicos , hasta biomateriales
empleados en obras de arte , , asi como en un gran nimero de materiales artisticos
y arqueolodgicos , . Se debe senalar que la espectroscopia Raman también esta

disponible en la actualidad como sistema portatil, lo que permite su desplazamiento

y uso en bibliotecas, archivos y museos, es decir, para realizar los analisis in-situ

De esta manera la espectroscopia Raman promete ser una excelente herramienta
analitica también para la identificacion de los materiales artisticos. Ademas,
no es destructiva y el tamafio de muestra requerido es menor que en otras técnicas.

Su eficacia para la deteccion sensible y selectiva, asi como para la identificacion



y caracterizacion de diferentes compuestos reside en el principio de interaccion
de la radiacion electromagnética con la materia de tal manera que cada material absorbe
una cantidad de energia discreta y bien definida y que sea al final selectivamente
dispersada. En el caso de Raman, hablamos de una dispersion inelastica, que proporciona
una informacién quimica y estructural muy especifica, llamada también el “fingerprint”
de la materia analizada, y eso nos permite identificarla. Para mas detalles, consulte

el parrafo 1.5 Introduccion a la espectroscopia vibracional.

Existen suficientes evidencias referenciadas en la bibliografia que sefialan
la microespectroscopia Raman como técnica in-situ en el analisis de tintas ferrogélicas
debido a que no es invasiva para el objeto estudiado. Hay que también destacar,
que se trata de una técnica de andlisis molecular, y como hemos mencionado ya antes,
una técnica no destructiva, con alta selectividad y que, ademas, no requiere preparacion
previa (ninguna o minima) de la muestra. Este ultimo detalle resulta ser muy interesante
teniendo en cuenta que el método mas empleado hasta el momento ha sido y sigue siendo
la cromatografia, la espectroscpia Mdsbauer o las técnicas basadas en rayos X que son
métodos destructivos que requieren de una preparacion de muestra muy laboriosa

y costosa.

A pesar de estos aspectos positivos, su uso ha sido bastante limitado, especialmente
en lo que respecta a la deteccion e identificacion de pigmentos y colorantes organicos
naturales. Las razones son: (i) la intensa emision de fluorescencia, caracteristica
especialmente de tintes naturales, que se solapa con la emision Raman; (ii) la debilidad
de la sefial Raman en comparacidon con otras técnicas espectroscopicas Opticas como
la luminiscencia o la absorcion infrarroja; (iii) la escasa disponibilidad de material
en los objetos artisticos bajo estudio, a menudo menor que el limite de deteccion
de latécnica Raman, y por lo tanto la sefial muy débil o hasta indetectable;

(iv) la complejidad de la matriz que embebe la tinta, es decir el soporte.

Actualmente sabemos que la microspectroscopia Raman se ha aplicado con éxito
también al andlisis in-situ de pigmentos y algunas tintas de color contenidas
en manuscritos iluminados . Este estudio fue posible gracias al uso
de la espectroscopia Raman por medio de una transformada de Fourier (FT-Raman)
que emplea una fuente de excitacion el laser de infrarrojo cercano, es decir, el laser

que permite atenuar la fluorescencia caracteristica de los colorantes (naturales).
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La técnica de FT-Raman ya ha sido probada con éxito para investigar la tinta embebida

en el soporte [4],

No obstante, estos problemas podrian superarse también mediante espectroscopia
Raman mejorada o mejor dicho intensificada por superficie (SERS, de inglés: Surface-
Enhanced Raman Scattering or Spectroscopy). El SERS se ha convertido en un método
prometedor para identificar tintes y pigmentos organicos que normalmente poseen una
sefal de alta fluorescencia . Esta técnica se basa en la intensificacion de la sefial
Raman mediada por metales plasmonicos nanoestructurados . La aplicacion de estas
nanoparticulas metdlicas aumenta la sensibilidad de la técnica Raman, induciendo ademas
una disminucién de la emision fluorescente lo que redunda también en la reduccion

considerable de la cantidad de muestra necesaria para realizar el analisis.

Las ventajas del SERS en el andlisis de colorantes ya fueron puestas de manifiesto
en algunos ejemplos ya reportados en la literatura como es el caso del Cristal Violeta
y la Rodamina 6G como molécula de prueba . Para estos colorantes ha sido incluso
posible la deteccion de una sola molécula. También se ha propuesto la utilizacion
de microgotas de coloide de plata in-sifu, un método descrito por Benedetti ,
que permite lograr una alta resolucion espacial de las medidas. Nuestro grupo
de investigacion posee una vasta experiencia de estudios previos en la deteccion SERS
de los compuestos polifenolicos. Concretamente, se ha estudiado con profusion
la absorcién quimica de los polifenoles sobre superficies de diferentes nanoparticulas

metalicas, especialmente las de plata , ,

Actualmente solo hay unos pocos estudios in-situ sobre analisis de la tinta depositada
sobre el papel o pergamino historicos , , . Sin embargo, en los Ultimos
tiempos esta escasez de estudios se est4 revirtiendo debido al mayor acceso que se tiene
en el uso de la técnica Raman para muchos laboratorios y museos. La disponibilidad
de instrumentos Raman portatiles ha favorecido también esta tendencia aunque su uso
aplicado a las IGIs sigue siendo un desafio . Existe el problema adicional
de que la interpretacion de los datos es complicada debido a los cambios quimicos
que se producen como consecuencia de la interaccion de 4atomos de hierro
con polifenoles. Proceso éste que se complica aun mas por la presencia de otras moléculas
organicas en las tintas ferrogalicas clasicas. En este sentido, la asignacion de las bandas
Raman es un tema aun pendiente que no ha sido abordado en profundidad por ninguno

de los grupos que ha aplicado la técnica Raman al estudio de este tipo de colorantes.



El uso de otras técnicas como la espectroscopia FTIR sera providencial para ayudar
en esta asignacion , . Asimismo, el analisis de modos vibracionales mediante

métodos tedricos serd también de gran ayuda en esta interpretacion.

1.5 Introduccion a la espectroscopia vibracional

La mayor parte de lo que sabemos sobre la estructura de los d&tomos y las moléculas
procede del estudio de su interaccion con la luz. Diferentes regiones del espectro
electromagnético proporcionan diferentes tipos de informacion como resultado de tales
interacciones. Por lo tanto, la espectroscopia es el estudio de la interaccion

entre la materia y la radiacion electromagnética.

Cuando un fotén de un determinado valor energético llega a una estructura
de la materia, tiene la probabilidad de ser reflejado, dispersado, absorbido o transmitido
(Figure 10). La probabilidad de que alguno de estos fendmenos se produzca
en el intercambio energético radiacidn/materia se conoce como seccion eficaz y viene
determinada por el valor energético del foton incidente y de los estados energéticos

discretos dentro de la estructura de la materia.

La espectroscopia vibracional tiene muchas aplicaciones porque practicamente
cualquier molécula con enlaces covalentes y en cualquier estado de la materia
(gas, liquido, sdlido, etc.) da origen a un espectro vibracional, y los espectros se pueden
registrar también en condiciones extremas de temperatura o presion. Es decir,

la espectroscopia vibracional ha sido empleada en el estudio de materiales de diversa

naturaleza.
Reflection
> Transmission
/ Absorption
Scattering

Figure 10.  Esquema de las distintas interacciones de la luz cuando ésta alcanza la superficie
de un objeto.
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Cada molécula tiene un conjunto de estados vibracionales (y rotacionales)
que son caracteristicos de su estructura y de la naturaleza de los enlaces quimicos
que la forman. En concreto, una molécula de N atomos tiene 3N grados de libertad:
3 de translacion, 3 de rotacion (2 si molécula es lineal), y 3N-6 de vibracion (3N-5 si es
lineal). Los movimientos de vibracion de una molécula se pueden descomponer
en oscilaciones en las que los &tomos se mueven en fase y que se llaman modos normales
de vibracion, cada uno de los cuales tiene una frecuencia caracteristica. Por otro lado,
los principales modos normales de vibracion de las moléculas son combinacion lineal
de modos de vibracion mas simples, llamados coordenadas internas, tales como:
tensiones de enlace, deformaciones de dangulos de valencia y de dngulos diedros,
deformaciones en y fuera del plano, etc., que en muchos casos todavia pueden

ser simétricas o asimétricas (Figure 11).
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Figure 11.  Ejemplos de algunos tipos de vibraciones moleculares.

En el caso de las moléculas poliatdmicas, el movimiento exacto de los atomos
y el modo de vibracion depende de sus masas (pn) y de la fuerza con que se unen
a las moléculas, es decir de la constante de fuerza de cada enlace (K). El calculo exacto

de las frecuencias vibratorias estd determinado por la Ley de Hook:
donde (Eq. 1)

De la Eq. 1 se puede deducir que la frecuencia es directamente proporcional
a la constante de fuerza e inversamente proporcional a la masa reducida. La frecuencia
exacta a la que ocurre una vibracion dada estd determinada por la fuerza de todos

los enlaces involucrados y la masa de todos los atomos que la componen. Por eso,



la aparicion de una banda a una frecuencia caracteristica puede ser asignada
a un determinado grupo de moléculas y puede ayudarnos a estimar la presencia de dicho

grupo en la estructura del compuesto estudiado [67].

En resumen, la energia de la radiacion incidente provoca transiciones en los niveles
vibracionales y rotacionales de la molécula estudiada y permite su caracterizacion

estructural debido a que estas vibraciones se pueden detectar y medir.

Debido a que la espectroscopia Raman junto con la espectroscopia SERS
son las técnicas analiticas principales utilizadas en este proyecto de investigacion,
en la siguiente seccidbn se presentaran los principios fundamentales, asi como

las caracteristicas y aplicaciones de ellas mismas.

1) Espectroscopia Raman

Como ya se ha mencionado, la interaccion de la luz con la materia puede provocar
transiciones entre los niveles de energia de las moléculas que dan lugar a unos procesos

de absorcion o emision (Figure 12).

Dipolo Instantineo No polar Dipolo Instantineo Dipolo inducido
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Figure 12. (@) Esquema de momentos dipolares de una molécula diatomica. (b) llustracion esquemadtica

de las dispersiones Rayleigh (sin efecto Raman) y Raman (Stokes — la molécula absorbe
energia, anti-Stokes — la molécula pierde energia).
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En concreto, cuando un rayo monocromatico de un laser con cierta frecuencia
interactla con una molécula, la componente eléctrica del campo electromagnético
de la luz ejerce una fuerza sobre todos los electrones de la molécula y tiende a moverlos
de sus posiciones de equilibrio alrededor de los ntcleos cargados positivamente.
Este proceso induce un momento dipolar en la molécula que, en consecuencia,
se convierte en un dipolo que vibra a la frecuencia del laser (Figure 122). Como resultado,
la molécula emite radiacion denominada radiacion dispersada. La mayor parte de la luz
dispersa tiene la misma frecuencia que la luz incidente y se conoce como dispersion
elastica o de Rayleigh que no proporciona informacion sobre la composicion (Figure
12b). Solo una fraccion muy pequefa de la luz dispersa, 1 fotdn disperso
de 10% incidentes, presenta ligeros cambios de frecuencia y es lo que conocemos como
dispersion inelastica o Raman. Esta informacién es una propiedad caracteristica
de la naturaleza quimica y el estado fisico de la muestra y su frecuencia es independiente

de la luz incidente.

Es solo la dispersion Raman la que proporciona una gran cantidad de informacion
especifica sobre las estructuras moleculares y sus interacciones. La intensidad de la luz
dispersada es proporcional a la polarizabilidad de la molécula que depende del tamatfio,
forma y orientacion de la molécula y puede modificarse cuando cambia alguno
de estos parametros. Asi, cada espectro depende de la estructura de la molécula,
es la llamada huella dactilar o DNI molecular, y se puede utilizar para la identificacion

de compuestos quimicos.

Si la energia del foton laser coincide o estd muy proxima a la de una transicion
electronica permitida por el mecanismo de radiacion de dipolo eléctrico, es decir
esta en condiciones de resonancia Raman, la molécula estd excitada hasta un estado
que generalmente coincide con el primer estado electronico (singlete) excitado.

En este caso, el espectro Raman se presenta muy intensificado.

La espectroscopia Raman (RS) proporciona informacion quimica y estructural
de gran ayuda para comprender la naturaleza del material que se analiza. Los cambios
en las sefiales Raman, como los que afectan a la altura, el ancho y la posicion
de las bandas Raman, permiten diferenciar los materiales mediante la comparacion
de sus espectros y asi determinar la cantidad relativa de material o su cristalinidad.
Ademas, la RS puede diferenciar estructuras quimicas, incluso si contienen los mismos

atomos en diferentes disposiciones estructurales.



Por otro lado, la RS es una técnica sin contacto y no destructiva para la muestra y,
por lo general, no necesita preparacion de la muestra. Otra caracteristica que hace que esta
técnica sea particularmente interesante es la sensibilidad a pequefios cambios
en la estructura del material. Las bandas Raman resultan directamente de las vibraciones
moleculares mientras que éstas son muy sensibles a los cambios en la quimica
y la estructura, por lo que la RS puede detectar diferencias sutiles en el entorno molecular.
Casi todos los materiales exhiben dispersion Raman. Los metales también dan lugar
abandas caracteristicas de la red que se denominan fonones, asociados a vibraciones

generales de su estructura.

La dispersion Raman ocurre cuando la luz interactia con las vibraciones moleculares.
Esto es similar a la espectroscopia de absorcion IR mas conocida, pero se aplican reglas
diferentes. Para que ocurra el efecto Raman, se requiere un cambio en la polarizabilidad
molecular durante la vibracion. En concreto, la condicion para que se produzca radiacion
Raman es que la molécula sea anisotropicamente polarizable; mientras, todas
las moléculas lineales (incluyendo las diatdmicas) son anisotropicamente polarizables vy,
por tanto, presentan actividad Raman. En consecuencia, podemos decir que un enlace
no polar es generalmente activo en Raman mientras que un enlace polar, en una molécula

asimétrica tendré poca o ninguna eficacia de dispersion Raman.

i1) Interpretacion del espectro Raman
En un experimento Raman convencional, la informacion obtenida se caracteriza
por el nimero de ondas, la anchura y la intensidad de las bandas, lo que permite
en condiciones adecuadas llevar a cabo también un analisis cuantitativo (no solo

cualitativo).

Cada banda del espectro Raman puede cambiar su frecuencia, se estrecha
o se ensancha, o varia en intensidad. Estos cambios pueden revelar informacioén sobre
la muestra, variaciones en la cristalinidad y la cantidad de material. Las variaciones
en los espectros con la posicion en la muestra revelan cambios en la uniformidad
(homogeneidad) del material. El espectro Raman de los cristales a menudo ve solo

una banda Raman dominante (porque solo hay un entorno molecular del cristal).

Por lo tanto, un espectro Raman consta de una gama de caracteristicas, cada una

asociada con un modo de vibracion. El espectro es exclusivo del material y permite
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identificarlo. Sin embargo, la RS puede presentar también algunos desafios: (i) la baja
seccion eficaz de la dispersion Raman y (i) la fotoluminiscencia (PL) que con frecuencia
se emite por la molécula o las impurezas que la acompainian lo que puede enmascarar
la informacion Raman. Cuando una muestra se ilumina con un laser, suelen ocurrir ambos

procesos, tanto la dispersion Raman como la PL.

Estos mecanismos aparecen porque las intensidades de las bandas de un espectro
Raman dependen de la molécula en cuestion, de la polarizabilidad molecular y del tipo
de laser utilizado para obtener el espectro, es decir, de la luz que se caracteriza

por su frecuencia y por la intensidad del campo electromagnético que genera.

La PL comprende procesos de fluorescencia y fosforescencia y se origina a partir
de un proceso de absorcion/emision entre diferentes niveles de energia electronica
en el material. La cantidad y el tipo de PL depende del material que se esté estudiando
y de la longitud de onda del laser que se utilice. La interferencia de la fluorescencia,
normalmente no deseada, se puede evitar eligiendo una longitud de onda de laser
adecuada, laser de infrarrojo cercano (por ejemplo, 785 nm). También el material
de vidrio, como cubetas de vidrio o portaobjetos de microscopio, puede enmascarar las

sefales Raman de las muestras, asi que se recomienda utilizar preferentemente el cuarzo.

1i1) Espectroscopia Raman vs IR

La diferencia principal entre las dos técnicas vibracionales reside en la naturaleza
de las transiciones moleculares. Para que una transicion sea activa en Raman, debe haber
un cambio en la polarizabilidad de la molécula durante la vibracion. Esto significa
que la nube de electrones de la molécula debe sufrir un cambio de posicion. Por otro lado,
para una transicion detectable por IR, la molécula debe sufrir un cambio de momento
dipolar durante la vibracion. Asi, cuando una molécula es simétrica, no podemos observar
ninguna linea de absorcion IR, ya que la molécula no puede cambiar su momento dipolar.
Se ha observado que las moléculas con un fuerte momento dipolar suelen ser dificiles

de polarizar.

Por otro lado, la absorcion IR es un proceso resonante y la dispersion de Raman no es,
en principio, una interaccion de resonancia. Sin embargo, las dos técnicas
de espectroscopia Raman e infrarroja proporcionan informacion vibracional

complementaria . Ademas, el Raman también tiene interés para el estudio



de sustancias acuosas (por ejemplo, en medios bioldgicos), ya que el agua absorbe
fuertemente en el IR, tapando otras bandas, pero este efecto no ocurre en el Raman,

ya que el agua presenta una sefial Raman débil.

El uso de una combinacion de espectroscopias IR y Raman puede generar
informacion valiosa. Mientras que la espectroscopia IR es sensible a cualquier grupo
quimico que presente un momento dipolar significativo (como es, por ejemplo, C-H
y C=0, que se encuentran comunmente en los grupos laterales de polimeros), la RS
es mas sensible a grupos altamente polarizables, como son los C-C y C=C,
que se encuentran comunmente en la cadena principal del polimero o en grupos
aromaticos. Por lo tanto, cuando se usan conjuntamente, se puede obtener mas
informacion de la que esta disponible con cualquiera de las técnicas individuales para
la determinacién completa de la estructura quimica y fisica del material estudiado,

sobre todo en el caso concreto de los polimeros

1v) Espectroscopia SERS
La espectroscopia SERS se basa en la mejora de la dispersion inelastica,
hasta 10 veces, de ciertas moléculas adsorbidas sobre o en las proximidades
de superficies metalicas nanoestructuradas. Los principios teéricos son los mismos
que los de Raman, pero no lo son los espectros de vibraciones moleculares y electrénicos,
asi como hay que tener en cuenta también los espectros de emision y absorcion

de radiacion de nanoparticulas (NPs) o nanoestructuras.

Se puede decir que el SERS es un efecto derivado de los efectos plasmonicos
en ciertos metales. La plasmoénica es una rama de la nanofotonica basada en el estudio
de los procesos de interaccion entre la radiacion electromagnética (EM), la luz
y los electrones de conduccion en la superficie del metal. Estos procesos pueden
interpretarse sobre la base de la existencia de plasmones, que son oscilaciones colectivas
de los electrones libres de conduccion presentes en un metal. Estos fendémenos tienen
caracteristicas relacionadas con el metal, su geometria y dimensiones, la longitud de onda

de iluminacion y el medio que lo rodea.

Podriamos visualizar el plasmon como una onda superficial rodando a través del mar

de electrones de conduccion en el metal. Asi como la energia de las ondas de luz
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se presenta en unidades cuantificadas como particulas llamadas fotones, asi se transporta

la energia y las llamamos plasmones.

Los metales macroscopicos, ademas de reflejar la luz, tienen una propiedad optica
menos conocida: bajo ciertas condiciones, la luz puede viajar a lo largo de las superficies
metalicas sin alejarse de ellas. Esta es una propiedad muy peculiar, ya que en condiciones
normales la luz viaja a través de las tres dimensiones del espacio y no puede ser confinada
facilmente. En realidad, esta luz superficial es una onda mas complicada que la luz
normal, ya que no consiste solo en un campo EM, sino que también involucra
a los electrones libres presentes en los metales. Estos modos electromagnéticos
que se producen en la superficie de metales se conocen como polaritones. En metales
nanoestructurados dichos polaritones estan localizados y generan altas intensificaciones

del campo eléctrico en las superficies de los mismos

La causa del extraordinario aumento de la dispersion Raman en presencia
de nanoestructuras metélicas es todavia materia de discusidén, aunque se reconocen
dos modelos fundamentales, basados ambos en la necesidad de la existencia de una
superficie rugosa para que el efecto tenga lugar: (a) el modelo electromagnético,
y (b) el modelo quimico o de transferencia de carga. Ambos se dan simultaneamente,
aunque no existe un acuerdo definitivo acerca de la contribucion de cada uno de ellos

en el factor de intensificacion total.

El modelo del mecanismo electromagnético (EM) se puede simplificar considerando
la intensificacion de la sefial Raman cuando la radiacion de una determinada frecuencia
incide sobre la superficie de una nanoestructura metalica. La intensidad del campo
electromagnético que incide sobre la molécula estd compuesta por la intensidad
del campo de la radiacion laser a una frecuencia dada (Eo) y la misma frecuencia
dispersada por el propio metal (Es) tal como se indica en la Figure 13.
Cuando la frecuencia de la radiacion incidente coincide con la frecuencia de resonancia

de los plasmones superficiales del metal entonces el campo disperso es mucho mayor.

Como se ha visto, los sustratos metalicos nanoestructurados tienen la capacidad
de soportar plasmones superficiales. Cuando éstos son irradiados con una radiacion
de frecuencia apropiada, estos plasmones dan lugar en nanoestructuras al fenomeno
conocido como localizacion de plasmones superficiales resonante (LSPR en inglés).

En estas condiciones se produce una enorme intensificacion de los campos



electromagnéticos incidentes y dispersos y decaen exponencialmente a medida

que se alejan de la superficie (Figure 13).
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Figure 13.  Esquema del proceso de dispersion Raman en: (a) ausencia y (b) presencia de nanoparticulas

de metal esferoidal. (Eo denota la radiacion incidente; Es corresponde a la radiacion
producida por las NPs, E,es la emision Raman de la molécula y Eses la radiacion Raman
intensificada por el efecto LSPR de NPs).

La intensificacion detectada depende del metal utilizado y de la morfologia
de su superficie, pero también de la molécula a estudiar y otras variables experimentales.
No todas las bandas del espectro se intensifican uniformemente, esta intensificacion
relativa es muy variable incluso para una misma molécula dependiendo de las condiciones
de registro. A diferencia del Raman convencional, la técnica SERS es capaz de reducir

la intensidad de la fluorescencia.

Para ilustrar el fendmeno de la intensificacion de campo eléctrico que se produce
en nanoparticulas metalicas se suele emplear el modelo de nanoesferas metalicas.
El momento dipolar inducido pina €n una nanoparticula plasmonica iluminada
con una radiacion es proporcional a la intensidad del campo electromagnético (E), siendo

a la polarizabilidad de la nanoparticula:

(Eq. 2)

Cuando la radiacion empleada es de la misma frecuencia que la asociada a la energia
de oscilacion de los plasmones superficiales de la nanoparticula, cerca de la cual

se encuentra la molécula, la luz puede excitar estos plasmones induciendo
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una consiguiente intensificacion del campo eléctrico, E. La intensificacion global
del sistema se suele expresar como g=|Es/Eo|’x|E/Eo’, ya que implica un efecto
multiplicativo de la intensificacion individual de tanto la radiacién incidente (Es) como
la radiacion dispersada Raman emitida por la molécula (E£,). Esta intensificacion
es del orden de 10°, que es la intensificacion que se aprecia en las sefiales Raman-SERS

respecto a las medidas en los espectros Raman convencionales.

A medida que aumenta el tamafo de la nanoesfera, se observan tres cambios
en los espectros de extincidon asociados: (/) aumenta la seccion eficaz de la dispersion,
(2) la resonancia del plasmén se desplaza hacia longitudes de onda mas altas,
y (3) aumenta la anchura de banda a media altura (FWHM, de inglés: Full-Width at Half-

Maximum).

Tal como se ha mencionado, cuando la particula se irradia con la frecuencia
adecuada, el campo electromagnético se amplifica con respecto al campo
electromagnético incidente. Esta amplificacion depende a su vez de las propiedades
optoelectronicas especificas de cada metal. El factor de amplificaciéon (g) puede
ser expresado también en funciéon de la permitividad eléctrica del metal mediante

la siguiente ecuacion:
(Eq. 3)

De la Eq. 3 se puede deducir que se produce la resonancia de plasmon para aquellos
metales que cumplen la condicion: €etq1 + 2Emedium = 0. Esta relacion es el origen
de la intensificacion del campo por resonancia de plasmones superficiales localizados
(LSPR). Sin embargo, como la permitividad eléctrica del metal viene expresada
en funcion de una parte real y otra imaginaria: €4y = €req; + I€img, siendo la gy,
el término asociado a la amortiguacion o damping debido a colisiones de los electrones
con los iones del cristal o impurezas existentes en la estructura metalica, se tiene que éste

debe de ser despreciable para que se produzca una intensificacion efectiva.

Las moléculas que estdn directamente en contacto o en las inmediaciones
de las superficies de nanoparticulas metéalicas en donde se ha hecho incidir una radiacion
que excita los plasmones del metal en esas nanoparticulas generan una amplificacion
de la senal Raman proveniente de la molécula. Asimismo, el mecanismo EM predice

una dependencia de la intensificacion de la sefial Raman que depende estrechamente



de la distancia al metal. Generalmente, la amplificacion es s6lo efectiva para distancias
comprendidas entre 1 y 10 nm de distancia entre la molécula y la superficie

nanoestructurada.

Otro aspecto interesante del mecanismo EM es el caracter fuertemente polarizado
del campo existente sobre la superficie. Los célculos tedricos predicen una componente
perpendicular de campo mas intensa que la paralela a la superficie. Por lo tanto, los modos
vibracionales que se desarrollan en direccion perpendicular a la superficie se veran mas
intensificados que los paralelos, lo que constituye una auténtica regla de seleccion
de vibraciones moleculares, muy util para la deduccion de la orientaciéon molecular sobre

el metal.

El mecanismo de transferencia de carga (CT) ocurre solo en aquellas moléculas
que forman un complejo con el metal. Es un mecanismo de corto alcance que afecta
solamente a las moléculas de la primera capa de adsorcion directamente ligadas al metal,
o adsorbatos, que modifica la polarizabilidad molecular favoreciendo la emision Raman.
Basicamente se basa en un mecanismo de intensificacion por resonancia en el nuevo
complejo molécula/metal dando lugar a una sefial Raman amplificada. Normalmente,
la transferencia de carga es del metal a la molécula, cuanto mas fuerte esté la molécula
unida al metal, mayor serd la mezcla entre los orbitales y esto favorecera la CT.
Segun la fuerza de interaccion existen diferentes modos de interaccion de las moléculas

con el metal:

» Fisisorcion: la interaccion entre el adsorbato y el metal es débil, por lo que
la modificacion de la polarizabilidad del adsorbato es pequetia dando como resultado
un espectro SERS bastante similar al Raman, pero en ciertas ocasiones puede inducir
una orientacion fija de la molécula dando como resultado diferentes intensificaciones

de los modos vibratorios en funcidn de su simetria.

*  Quimisorcion: la alteracion de la nube electronica del adsorbato es significativa
produciendo la formacion de un complejo superficial entre una molécula y el metal,
en el que se originan nuevas transiciones electronicas distintas a las del propio metal
o de la propia molécula. Este fenémeno afecta fundamentalmente a la primera

monocapa de adsorcion.
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v) Nanoestructuras y coloides metélicos
A nivel de los nanomateriales, las leyes de la fisica atomica pueden cambiar algunas
de las propiedades de los materiales, ya que su tamafio extremadamente pequefio
esta en la misma escala que el tamafio critico de algunos fenomenos fisicos. Asi, algunas
de las propiedades de la superficie, como los niveles de energia, la estructura electronica
y la reactividad pueden ser muy diferentes respecto a los metales macromoleculares,

dando lugar a un material con nuevas propiedades.

Las nanoparticulas metdlicas en suspensiones coloidales (coloides metalicos)
se caracterizan por una alta relacion éarea superficial/volumen, lo que les otorga
propiedades tnicas que son muy diferentes de las propiedades clasicas del mismo
material [71]. El metal que produce SERS mas intenso es con diferencia la plata

y en menor medida el cobre, el oro y los metales alcalinos, aunque se ha podido realizar
SERS con todo tipo de metales.
Las nanoparticulas metalicas presentan una interfase compleja dotada con cargas

positivas debido a un defecto de electrones en la superficie de los a&tomos, los cuales pasan

al medio lo que afecta la distribucion de iones cerca de la region interfacial (Figure 14).
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Figure 14, (a) Arriba: Distribucion de iones negativos sobre la superficie positiva de las nanoparticulas
metdlicas donde se muestra la formacion de una doble capa electrica en la superficie Stern.
Abajo: Representacion del potencial eléctrico en funcion de la distancia a la superficie
donde se identifican varios potenciales caracteristicos. el potencial ¢pm correspondiente
a los iones fuertemente adsorbidos sobre el metal en la primera capa, el potencial s
correspondiente a la segunda capa de adsorcion de iones negativos dotados de una mayor
movilidad en la capa Stern; y el potencial zeta  correspondiente al plano que separa la zona
de mayor movilidad del medio liquido de la zona mas rigida que rodea la NP.
(b) Representacion de las energias de atraccion van der Waals y repulsion electrostdtica
y energia global del sistema en funcion de la distancia interparticula.
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La carga positiva de las nanoparticulas es neutralizada con cargas negativas
procedentes del medio (iones metélicos provenientes de electrolitos de la disolucion)
dando lugar a la formacion de una doble capa eléctrica en la capa de Stern (Figure 142).
Esta configuracion da lugar a la existencia de una carga residual negativa que asegura
la estabilidad de las nanoparticulas en suspension por repulsiones electrostaticas.
Esta carga residual proporciona un potencial eléctrico en la superficie llamado potencial
zeta (£). Sin embargo, cuando las NPs estan suficientemente cercanas, entonces actuan
unas fuerzas de atraccion de naturaleza van der Waals (Figure 14). La combinacion
de fuerzas atractivas de corto alcance y las repulsivas de largo alcance da lugar
a la distribucion de energias mostrada en la Figure 14 .Esta distribucion muestra
un maximo correspondiente a la barrera de potencial que las NPs deben superar para
acercarse y agregarse. Esta barrera de potencial depende del potencial {, que puede
modificarse por adicién de sales y moléculas neutras que puedan ser adsorbidas sobre

el metal, desplazando iones ya adsorbidos, induciendo la agregacion de las NPs.

Finalmente, cabe sefialar que los soportes SERS se obtienen por diferentes métodos:
ciclos de oxidacion-reduccion galvéanica, condensacion sobre soportes de metales
evaporados, deposicion por irradiacion con laseres pulsados, reduccion quimica de sales
metalicas de Ag, Au o Cu, ablacion laser de metales macroscopicos, etc. Estos ultimos

métodos quimicos dan lugar a NPs en suspension coloidal.

Lo que realmente caracteriza a las suspensiones coloidales es el tamafio de particula
que esta entre 10 nm y 1 um. Las particulas coloidales en suspension tienen el problema
de su alta inestabilidad, es decir, tienden a precipitarse con el tiempo. Al preparar

coloides, se debe prestar especial atencion a su estabilizacion por diferentes métodos.

Los coloides tienen propiedades Opticas derivadas del tamafio de las particulas
en suspension, como la propiedad de dispersar la luz incidente por reflexiones
y refracciones sucesivas en un efecto conocido como efecto Tyndall. Las NPs metalicas
pueden considerarse como un estado intermedio entre un atomo simple y un material

compacto.

Un aspecto interesante de la técnica SERS es que el agua produce una sefial Raman
muy débil, lo que permite el registro rutinario de moléculas solubles en ella
sin interferencia de disolvente. Debido a que los coloides de plata preparados

por reduccidon quimica presentan una relativa inestabilidad con el tiempo, éstos suelen
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utilizarse inmediatamente después de su preparacion y como maximo hasta 3 semanas
después de la preparacion. En la literatura se han reportado diferentes métodos
para la obtencion de coloides de plata y de oro, en esta tesis se han utilizado diferentes
métodos: a) obtencidon de NPs esféricas a partir de una solucioén acuosa de nitrato de plata
(AgNO3) usando citrato trisédico como reductor ; b) obtencion de NPs esféricas
a partir de una solucidon acuosa de AgNO3 usando hidroxilamina como reductor ;
¢) obtencion de NPs con forma de estrella usando una solucion acuosa de AgNO3 y dos
ciclos de reduccion con hidroxilamina seguida de citrato ; y d) obtencion de NPs

esféricas de oro a partir de una solucion acuosa de acido tetracloro atrico (HAuCly)

usando citrato trisédico como reductor



2. OBJECTIVES OF THE THESIS



The principal goal of this dissertation thesis is to understand and define a correlation
between the structure of the selected phenolic compounds and the chemical reactions
and processes characteristic of iron gall inks (IGIs) analysed by spectroscopic techniques.
In particular, we are looking for specific reactions points in the structure of the phenolic
molecules which possess special reactivity towards the metal ions (especially with iron),
and, in consequence, it is possible to define them as structural and spectral markers
for sensitive and selective detection, identification and characterization of polyphenols,

and thus, for IGIs.

Since we have experimented a significant lack of the scientific papers concerning
the systematic study and spectroscopic characterization, especially by means of Raman
and SERS spectroscopy, of gallic acid and other structurally similar phenolic compounds
and their complexation with different transition metal ions, we also plan to perform basic

research dedicated to their vibrational characterization.

Therefore, the specific objectives of the current work are proposed as follows:

= To carry out the spectroscopic study of the selected polyphenolic compounds
(pyrogallol (PY), gallic acid (GA), tannic acid (TA) and syringic acid (SA))
by means of UV-visible absorption, IR and Raman spectroscopies. To perform

DFT calculations and assign the recorded vibrational modes.

= To prepare and carry out spectroscopic study of the complexes formed
by the interaction of the selected polyphenolic compounds and iron(Il)
and copper(Il) ions by means of UV-visible absorption, IR and Raman
spectroscopies. To perform DFT calculations and interpret the recorded spectral

changes and define specific spectral markers.

= To carry out studies of the effect of several factors such as solvent, base (support),

metal, pH, time (ageing) on the formation of IGIs.
= To register SERS spectra of IGIs and to optimize the SERS experiments.

= To perform in-situ SERS analysis of IGIs in selected real historical manuscripts
and documents in order to establish a correlation between the studied effects

(pH, time, metal, binder) and the aging effect observed in historical manuscripts.
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MATERIALS AND METHODS

3.1 Chemicals

Polyphenolic substances and metal salts used for IGIs preparation: Pyrogallol (1,2,3-
Trihydroxybenzene, at purity of >98%, CAS Number: 87-66-1; hereinafter called PY),
syringic acid (3,5-Dimethoxy-4-hydroxybenzoic acid, >95%, CAS Number: 530-57-4;
hereinafter called SA), gallic acid (3,4,5-Trihydroxybenzoic acid; 97.5-102.5% titration,
CAS Number: 149-91-7; hereinafter called GA), tannic acid (the purity of this
macromolecule is unknown, CAS Number: 1401-55-4; hereinafter called TA), iron(II)
sulfate heptahydrate (FeSO4.7H20, >87%, CAS Number: 7782-63-0; hereinafter called
Fe or FE) and copper(II) sulfate pentahydrate (CuSO4.5H20, >98%, CAS Number: 7758-
99-8; hereinafter called Cu or CU), were purchased from Sigma-Aldrich® and used

as such for the spectral measurements.

In the majority of cases, stock solutions of polyphenols in water were prepared
at a concentration of 10 M and stored in the dark to protect them from light. For the same
reason, to minimize the possible photodegradation of phenol molecules, the examined
solutions were protected from light during out-of-measurement times. The stock solutions

were further adequately diluted for the required final concentration.

Gum Arabic from acacia tree (CAS Number: 9000-01-5), branched polysaccharide,
whose molecular purity is unknown was also purchased from Sigma-Aldrich® and used

as such for the spectral measurements.

Silver nitrate, trisodium citrate dihydrate, hydroxylamine hydrochloride and other
reagents were of analytical grade and purchased from Sigma-Aldrich® and Fluka. Nitric
acid (65%, Merck®) and sodium hydroxide (>98%, Sigma-Aldrich®) aqueous solutions
were used to adjust the pH. All solutions were freshly prepared with Milli-Q water
(obtained with a Millipore Sigma Milli-Q® Integral 3 water purification system) before

experiments and used immediately.

3.2 Preparation of complexes and sampling

1) Preparation of metal complexes
Four different phenolic compounds (pyrogallol (PY), syringic acid (SA), gallic acid
(GA) and tannic acid (TA); and their reaction with selected reagents, in particular, with
different metal ions (iron(I1) and copper(Il)), were studied here. The phenolic compounds

and their reagents have been chosen on the base of the commonly known composition of


https://www.sigmaaldrich.com/catalog/product/sigma/p0381?lang=es&region=ES
https://www.sigmaaldrich.com/SK/en/search/87-66-1?focus=products&page=1&perpage=30&sort=relevance&term=87-66-1&type=cas_number
https://www.sigmaaldrich.com/catalog/product/sigma/p0381?lang=es&region=ES
https://www.sigmaaldrich.com/catalog/product/sigma/p0381?lang=es&region=ES
https://www.sigmaaldrich.com/catalog/product/sigma/p0381?lang=es&region=ES
https://www.sigmaaldrich.com/SK/en/search/9000-01-5?focus=products&page=1&perpage=30&sort=relevance&term=9000-01-5&type=cas_number
https://www.sigmaaldrich.com/catalog/product/sigma/p0381?lang=es&region=ES

the IGIs, as described at the 1.1.ii1) section (Composicion de las tintas ferrogalicas),

whereas the information found in traditional historical recipes were taken into account.
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Figure 15.  Representative diagram of molecular structure of the studied polyphenolic molecules:
(a) pyrogallol (PY); (b) gallic acid (GA); (c) tannic acid (TA); and (d) syringic acid (SA)
with the marked so-called possible reaction points having potential to interact with metal ions
and giving rise to the formation of the corresponding iron-polyphenol complexes.
It is worthy to note that the molecular structure of gallic acid and pyrogallol
can be found in the structure of the tannic acid molecule.

In particular, the above molecular models were chosen in order to study
the interaction of iron with chemical structures that are actually present in oak gallnuts,
the most employed material to fabricate IGIs (Figure 15). In this way, the molecules
of GA and TA are the principal components of 1GIs, as described in the literature [ 15].
On the other hand, PY and SA were employed as models to study the interaction of iron
with similar structures to the GA one, and, more precisely, to evaluate the importance
of the presence of both the carboxylic and the —OH groups in the benzene ring.
Although TA is only present in a limited species of plants, it can serve to mimic all

the different tannic structures present in oak gallnuts.
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Figure 15 shows the possible binding points between the used polyphenols
and metals. Regarding this, different molar ratios between polyphenols and metals
were considered to better understand the interaction mechanism at different

concentrations.

For this purpose, stock solutions of molecules were prepared at 2x102 M, except
for TA where the 2x10* M stock solution was used. Thus, 2x102 M PY and 4x102 M
iron sulfate water solution were used to prepare the corresponding complex at the molar
ratio 1:2 (PY-Fe; hereinafter called PYFE). In the case of SA and GA, we have prepared
complexes with the molar ratio 1:3 (SA-Fe (SAFE) or GA-Fe (GAFE)). Finally, the molar
ratio of the TA-Fe (hereinafter called TAFE) was 1:30 resulting from mixing TA aqueous
solution at 2x10* M concentration with the aliquot of the 6x102 M iron sulfate water
solution. The same protocol was applied for the preparation of polyphenols-copper
complexes (complexes hereinafter called PYCU, SACU, GACU and TACU). Figure 16
shows all the above-mentioned solutions, prepared in a wide range of pH, from 3 to 12.
In addition Figure 17 presents their appearance when deposited and dried on a cellulosic

support.
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Figure 16.  Photograph of 107 M solutions of individual phenolic compounds and when complexed

with copper and iron . Samples were prepared at different pHs,
from 3 (left) to 12 (right).

The pH of the complexes applied on paper was measured by dropping 500 uL

of the complex solution on the paper surface. This drop was maintained during 90 seconds



on the paper. Then, the drop was removed from the paper and its pH was measured.

The experiment at different TA-Fe concentration ratios was carried out by preparing
solutions of TA and FeSOy at the concentration 10 M in water and mixing different
volumes of these solutions to reach the following TA-Fe ratios (v/v): 10:1, 3:1, 1:1, 1:3,

and 1:10.
Solid samples

A drop (~ 30 puL) of the previously prepared inks solutions was deposited on glass
microscopy slide or filter paper (Figure 17 and Figure 18) and left to dry at room
temperature until the total water evaporation, at least for 24 hours. Afterwards, the
resulted inks layers were scratched (Figure 18) and the corresponding ink flakes were

analyzed without any other treatment.
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Figure 17.  Photograph of 10> M solutions of individual phenolic compounds (left) and when complexed
with copper (center) and iron (right) deposited on paper. Samples were prepared
at different pHs, from 3 (left) to 12 (right).

20 pm

Figure 18.  Microscopic images of solid IGI samples taken under 50x-long distance objective.
From left to right and above to below: (a) PYFE at pH 10, (b) GAFE at pH 3,
(c) TAFE at pH 6, and (d) SAFE at pH 6.
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i1) Preparation of samples for FTIR spectroscopy
IR spectra were measured on the KBr pellets of the IGIs prepared by mixing
the corresponding solid sample and KBr at 1:30 ratio in weight. Besides, gum Arabic
samples have also been prepared by adding 50% in weight of gum to the iron-polyphenol
complexes. Pellets were prepared using a 16 mm-diameter stainless steel matrix and press
machine operating with load configuration at 10,000 kg pressure applying it during

5 or 10 minutes (in vacuum). The resulting samples (Figure 19) were dried at room

temperature.
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Figure 19.  Images of the infrared pellet samples of polyphenol-iron complexes prepared with (+)
and without (-) gum Arabic at pH 3, pH 6 and pH 10.

111) Preparation of inks based on historical recipes
Different IGIs were also prepared following the procedures found in the literature
. The different composition in weight percent of the prepared inks is displayed

in Figure 20.

For instance, the IGI4 ink was prepared as follows: 4,1 g of TA was dissolved
in 20 mL of Milli-Q water. Then, 0,12 g of FeSO4 was added and water was refilled
to obtain 50 mL of solution. Afterwards, 33,5 mL of an aqueous solution of gum Arabic

(gum) was also added. Concentration of aqueous solution of gum was 78,5 g. L.
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Figure 20.  Composition in percent weight of different TA-based inks prepared according to different
recipes reported in the literature and used in the study.

33 Preparation and characterization of metal nanoparticles

We have previously defined that plasmons correspond to the collective electron
oscillations in metal NPs. Therefore, they are sensitive to changes occurred regarding
the NPs' morphology (shapes), aggregation state as well as presence or absence
of a specific medium which defines the NPs' interface. Therefore, different preparation
protocols were selected in order to change the morphology (spherical vs nanostar shapes
and different sizes) of the metal nanoparticles and the chemical properties of the surface.
Silver nanoparticles (Ag NPs) are the most commonly and frequently used SERS
substrates due to their high resonance of the surface plasmon in the visible-infrared range,
high sensitivity and stability, as well as an easy manufacture. There are several ways
of Ag NPs production, the most common ones are the chemical reduction and/or laser
ablation since they represent simple and effective methods. In the present thesis we have
selected chemical reduction methods because they rendered the more stable results.

Gold colloids were also fabricated in order to be compared with Ag.

Ag colloidal suspensions of NPs were prepared by the chemical reduction
of an aqueous solution of silver nitrate (AgNO3) using two different reduction agents:
trisodium citrate dihydrate and hydroxylamine hydrochloride. The aqueous solutions

were prepared by using Milli-Q water.

= (Citrate-reduced silver colloid (AgC, Figure 21) was prepared according

to a modified Lee-Meisel method [77]. In concrete, 10° M AgNOs (aq) solution
was prepared by dissolving a total of 8,5 mg of AgNO3 in 50 mL of Milli-Q water.
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Then, a total of 1 mL of a 1 % (w/v) trisodium citrate aqueous solution was added
to 50 mL of a boiling silver nitrate solution. The mixture was kept boiling under
reflux for one hour. The obtained colloid showed a turbid greyish aspect
with an extinction maximum at ~ 420 nm (Figure 21) and a final pH of ~ 6-7.
Despite being highly sensitive, when using this type of NPs in SERS measurements,
it is common to observe Raman bands arising from citrate or other coating agents
that can negatively interfere with the identification of the studied molecules ,

3

Hydroxylamine-reduced silver colloid (AgH, Figure 21) was obtained by the method

described by Leopold and Lendl . Briefly, solutions of silver nitrate (102 M)
and hydroxylamine hydrochloride (1,6x10 M) were prepared in Milli-Q water.
Then, 10 mL of a silver nitrate solution was added dropwise to 90 mL
of hydroxylamine hydrochloride solution adjusted to pH ~ 9 under vigorous stirring
at room temperature. The resulting colloid showed a dark gray coloration
with spherical Ag NPs of 35 nm average diameters and plasmon extinction band
at ~ 405 nm (Figure 21) . Because of the reduction, the final pH decreased
up to 6-7.

The obtained colloid shows a similar sensitivity as the AgC colloid. However,

AgH colloidal NPs can be used immediately after their preparation and the advantage

that no anomalous Raman bands of the residual ions are visible here. By modifying

the order and speed of stirring of the two main reagents, the size and dispersion

of the resulting colloids can be controlled.

Citrate-reduced gold colloid (AuC, Figure 21) was prepared according to a modified

Sutherland-Winefordner method I mL of citrate solution (1% w/w) was added
to 50 mL of a boiling solution of HAuCls at concentration 0,01 % w/w keeping
the mixture boiling during 5 min. The resulting spherical nanoparticles rendered
a plasmon resonance maximum at 520 nm and showed a rather homogeneous
distribution of sizes (15 nm of average diameter).

Star-shaped silver colloid (AgNS, Figure 21). These nanoparticles were prepared

by using the method reported by Garcia-Leis ef al. . According to this, 500 puL
of 6x10 M neutral hydroxylamine were mixed with 500 pL of NaOH (0,05 M).



Later, 9 mL of 10> M AgNOs were droped to the first solution under agitation.
The solution became brown. After 5 min, 100 pL of an aqueous solution of trisodium
citrate (1 % w/w) was added to the mixture. The resulting solution was shaken
for 15 min. The resulting NPs showed a predominant star-shaped morphology
with diameters oscillating between 100 and 300 nm. These NPs were demonstrated
to be more efficient in the intensification of the electric field in comparison
to the spherical NPs . This is due to the existence of areas with a great curvature
in the tips of NSs highly increases the electromagnetic field by the lightening effect
making unnecessary the aggregation of the nanoparticles as in the case
of the spherical NPs. However, in the case under study, regarding the studied
polyphenols and their metal complexes, both the Au NPs and Ag NSs were not
so efficient as AgC or AgH colloids, therefore, we have used them just for the basic

characterization.

The pH value, UV-vis extinction and Raman spectra of such colloids were always
checked before their employment. The AgC and AgH colloids demonstrated to have
similar morphological and chemical characteristics usually observed in such SERS

substrates , s
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Figure 21. Visual appearance of the metal colloids prepared in this thesis.
TEM images obtained from the NPs contained in these
colloidal suspensions. UV-vis extinction spectra of the colloids.

1) Preparation of samples for SERS

As mentioned above, chemical synthesis of SERS-active nanoparticles is commonly
done by reducing metal ions in a solution, using reducing agents such as citrate, sodium
borohydride or hydroxylamine hydrochloride whereas all Ag’ ions are assumed
to be reduced to atomic silver. Besides, capping agents which bind to the surface
of the nanoparticles thereby preventing aggregation by either repulsive or steric forces
are also commonly used. In addition, as in our case, a potassium nitrate (KNO3)
as a charge neutralizer and to aggregate the colloid can be used, making the particles

larger in size and apparently changed in their shape ,

SERS measurements were carried out mostly on silver colloids. Since the addition of
the polyphenol molecule did not induce any significant aggregation of the colloid, the
activation of the colloid before adding the polyphenols was needed in the case of the
spherical NPs. This activation consisted of a partial aggregation of the colloidal particles
and, to accomplish this, an aliquot (usually 50 puL) of 0,5 M potassium nitrate was added
to 1 mL of the colloid. The final concentration of the polyphenols in colloidal suspensions

were 10> M (if not stated otherwise).



34 Historical Manuscripts

Different documents, manuscripts and letters were collected by the doctorand
over the years in Slovakia and Spain. She visited the local flea markets as well as made
exchanges or bought directly different documents and/or fragments found in different
institutions or private collections. Table 4 shows a summary of the acquired and analysed
artefacts. We have focused to collect pieces which come from both Slovakia and Spain
(country where they were collected), and which can be dated to different centuries,
from the year 1703 to 1930. The objects were analyzed in the laboratory of Raman
spectroscopy at the Dpt. of biophysics, Faculty of Science, UPJS in Kosice, by using
the Renishaw InVia Raman microspectrometer. Besides the Raman spectra, we have also
revised the pH of the studied documents by using an innovative drop method of the pH-

measurement.

Our group have also established a collaboration with different Spanish institutions
which possess collections/deposits of manuscripts and documents containing IGIs.
In particular, we regularly visited the MAN (Museo Arqueoldgico Nacional) in Madrid
(Spain) and the analysed artefacts are summarized in Table 5. We studied sealed
document called “Mensaje a Castelar 1899”°* in-situ by means of the Delta Nu portable
Raman spectrometer. (*Don Emilio Castelar y Ripoll was a Spanish republican politician,

and a president of the First Spanish Republic.)

In each case, the analysis of the work in-situ is made difficult by the support
that contains it, cellulose for this type of manuscript. The ink penetrates through the paper
fiber and this makes it difficult to analyze. This support increases the Raman fluorescence,

hindering a clear and defined spectrum.

To obtain an in-situ Raman spectrum, the most important thing is to correctly tune
the focus point on the surface. For this, it is recommended to use a silicon plate,
which has an intense band at 520 cm™!, when this is at its maximum intensity we will have

for sure the point of focus.

It is also recommended to look for microscopically ink crystals formed on the surface
to obtain an optimal Raman signal. However, in some situations, on these points the signal
i1s so strong that the equipment saturates. Then, at this point is possible to vary the

power/exposure time or move the focus to a less saturated point of ink.


https://en.wikipedia.org/wiki/First_Spanish_Republic
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Table4.  Summary of the photos and microscopy images (50x-objective)
ofthe art works (documents, manuscripts, etc.)

by the Renishaw InVia Raman spectrometer.

analyzed

Year

Description

Image

1855

1855

Official documents
from different archives
of Kezmarok (Slovakia).

Official documents
from different archives
of Kezmarok (Slovakia).

Fragments of documents
of unknown origin
and time.

o

Year

Description

Image

1856

1855

Fragments of documents
of unknown origin
and time.

Official documents
from different archives
of Kezmarok (Slovakia).
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Official documents
from different archives
of Kezmarok (Slovakia).
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Year

Description

Image

1858

1854

1930

Official documents
from different archives
of Kezmarok (Slovakia).

Official documents
from different archives

Written correspondence
between Spanish
emigrants in Cuba.

of Kezmarok (Slovakia).
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Year

Description

Image

1930

~1930

1835

Written correspondence
between Spanish
emigrants in Cuba.

Written correspondence
between Spanish
emigrants in Cuba.

Supplier and
infrastructure
maintenance invoice
commissioned by
hospital in Oviedo
(Spain).
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Year

Description

Image

1905

MATERIALS AND METHODS

1775

1703

Music sheet issued
from the company

The last sheet belonging
to Breviarium Romanum

Courtesy sheet belonging
to missal scrawled

“Andres Vidal y Llimona scrawled in time in time with ink
Barcelona” (Spain). with ink. )
(S

wloatse ke Ll ol

“Mensaje a Casterlar 1899”

Table 5.

Table corresponding to the signatures found in "Mensaje a Castelar

1899" analyzed in this thesis. They are sorted by province, counted
and an estimation of signatures written by different inks is also given.

Number of manuscript folds

Province and the number sign in each | Tota] | +

1°12°13°|4°| 5°|6°
Lugo 65| 51 | 34 | 31 | 65 264 | 33
Ledén 83 | 130 | 118 | 96 | 38 | 91 | 556 |40
Pontevedra | 15 | 48 93 9
Ourense 12| 49 | 156 | 124 341 |19
Coruiia 74 1198 | 123 | 53 448 | 43
Palencia | 70 70 |10
Soria 71 71 17
Guadalajara | 45 45 7
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3.5 Measurement of the pH on historical manuscripts

The pH of manuscripts was measured by using the drop method which is increasingly
used in the field of cultural heritage, especially in the case of pictorial surface analysis.
For instance, its use is divulged by institutions such as the Getty Museum through Chris
Stavroudis and his Youtube channel "Getty Conservation Institute" . In addition,
itis also discussed in scientific publications dedicated to contemporary paintings
and prepared by the Department of Conservation and Restoration of Cultural Heritage,

Faculty of Fine Arts, Polytechnic University of Valencia

It is a very innovative method since the pH of liquids has been commonly measured,
but not that of solids. The proposed method allows measuring in a certain way the ionic
charge of a solid using a drop of water or a gel deposited on its surface and used
as a vehicle, thus, assessing the pH of the studied solid. It is supposed, that the water drop,
when applied to the manuscript's surface, is going to reach an equilibrium with the ink

of the manuscript what results in a possibility to estimate indirectly a pH.

The measurement protocol was determined as follows: firstly, the measurement time
was decided to be one minute to avoid a significant loss of the drop volume. At the same
time, the minimum volume of the drop needed to carry out an accurate experiment
was defined by the instrument and the corresponding technical parameters. It means,
a generous drop of Milli-Q water of about 500 pL was deposited on the manuscript's
surface and left to rest for one minute. Further, it was essential to collect as much
as possible of the residual volume of the drop, put it in an appropriate container
and measure its pH. The Hanna HI 2221pH/ORPM pH meter was employed

to accomplish it.

3.6 Instrumentation

1) UV-vis spectrophotometer
UV-vis absorption/extinction spectra were obtained by using a Shimadzu UV-
VIS/NIR 3600 double-beam spectrophotometer (Shimadzu Corp., Kyoto, Japan)
equipped with a PMT for light detection in the UV-visible range, and detector for the near
infrared (NIR). Samples were placed in quartz cells of 1 cm-optical path, after dilution
to 30% in Milli-Q water (v/v) and spectra were recorded in the 250-1000 nm range
with the 0,5 or 1 nm-step.
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i1) Infrared spectrometer
FTIR spectra of pure polyphenols in powder were registered directly by the ATR

!, on the FTIR spectrometer

method at room temperature in the region 2000-520 cm’
(ABB, model FTLA2000-100) using Nicolet 8700 IR Microscope. The spectra resolution
was set to 4 cm™! and the final spectra are the results of 128 scans. Further, FTIR spectra
of iron complexes in KBr pellets were registered by absorption/transmission
measurements in a FTIR Bruker IFS66 spectrometer, performing 1000 scans and using

the Globar source and the DTGS detector.

i11) Fourier-Transform Raman spectrophotometer
FT-Raman spectra were obtained by using a Bruker MultiRAM spectrometer (model
RFS 100/S) equipped with Nd-YAG excitation source at 1064 nm and high purity Ge
detector cooled by liquid nitrogen. Spectra were acquired with the 4 cm™-resolution,
in the spectral range 4000-100 cm™' and a 180° geometry was employed. The output laser
power was set to 200 mW, and the laser power at the sample was 20 mW. The Raman

spectra displayed in this work were the results of averaging 500-1000 accumulations.

1v) Dispersive Raman spectrophometer

Raman spectra were recorded by using a micro-Raman inVia Renishaw spectrometer
(Wotton-under-Edge, Gloucestershire, UK), equipped with an electrically cooled CCD
camera, and a Leica DM 2500 microscope. The laser excitations at 785 nm (diode laser),
532 nm (Nd-YAG laser with doubler of frequency), 442 nm and 325 nm (He-Cd) laser
were employed as excitation sources. The measurements were performed using different
notch filters as well as different diffraction gratings in function of the used laser excitation
in order to optimize the measurements and to increase the final spectral resolution.
The Raman signal was collected over the range 100-2000 cm™ (or 4000 cm™), under
macro conditions using glass vials and working with a spectral resolution of 1 cm™.
The laser power at the sample was up to 2 mW. The signal was firstly calibrated by using

the 520 cm™ line of a Si wafer and a 20x objective.

v) Portable Raman instrument
The in-situ measurements of manuscripts corresponding to the Castelar's letters
of the MAN museum were recorded by using the Raman Inspector DeltaNu portable
instrument. This instrument was coupled to a NuScope microscope in order to register
small areas on the manuscript. The laser excitation was at 785 nm with a laser spot

of 0,01-1 mm on the sample. The spectral resolution was 8 cm™.


https://en.wikipedia.org/wiki/Wotton-under-Edge
https://en.wikipedia.org/wiki/Gloucestershire

vi) Data management
All the recorded data were processed using the software programs OriginLab and

Microsoft Excel.

vil) DFT calculations

In the present study, Raman spectroscopy was mainly used to carry out the analysis
of different iron and copper complexes of the selected polyphenols (TA, GA, PY and SA)
to find a correlation between Raman spectra and the IGI colorant structure. In order
to elucidate the structure of the IGIs and to perform a detailed assignment
of the vibrational modes of polyphenols and their complexes (something that was missed
in previous applications of Raman to IGIs), an optimization of the geometry of GA
and two different iron complexes, GA-Fe and GA-Fe>, was performed (Figure 22).
This optimization was followed by theoretical calculations of the normal vibrational
modes which was carried out by Density Functional Theory (DFT) methods. Since
the overall structure of TA is very complex, the theoretical study was performed on GA,
its basic structural unit. It is also worth noting that DFT calculations were performed

for the first time on the gallic acid complex with iron in the present thesis.

In the first case (GA-Fe complex; Figure 22b), the metal interacts with the COOH
group of GA, and in the second one (GA-Fe> complex; Figure 222), two Fe ions interact
with the OH groups of GA molecules. The Raman spectra of the optimized structures
were also calculated, in order to aid in the normal mode assignment of the GA, GA-Fe

and GA-Fe; vibrations.

For the GA molecule and the GA-Fe and GA-Fe, complexes, the optimization
of the ground state of the structures and the calculation of the theoretical Raman spectra
were performed in vacuum conditions with DFT using the Gaussian 09 package ,

. Calculations for GA were carried out considering the neutral and deionized (GA”)
singlet molecule, using a B3LYP hybrid exchange correlation functional in combination
with 6-311+G* as a basis set. The calculations of Fe complexes were performed
considering the Fe*" ion resulting from the oxidation of the initial Fe** ion. Two different
complexes were calculated considering the interaction of two Fe®" ions with the ionized
—OH groups (complex GAOH-2Fe), and the complexation of one Fe** ion with
the carboxylate anion (GACOO-1Fe), following the models reported by Ponce ef al.

In addition, the state multiplicities were considered to be quintet and sextet

for the complexes with two and one Fe ion, respectively. For simplicity, the coordination
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water molecules, necessary to complete the octahedral geometry of the Fe*" complexes,
were not included in the analyzed structures. This approximation was previously used
in the study of the Fe-catecholate complexes [90]. However, other authors included

the water molecules in their DFT calculations [91].
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Figure 22.  Optimized structures of the Ga-Fe> or GAOH-2Fe complex (a), where two Fe atoms interact
with the O atoms placed in positions 3,4,5; GA-Fe or GACOO-1Fe complex (b),
where the Fe atom interacts with both O atoms in the carboxylate group, and the non-
complexed GA™ (without interacting with any Fe atom) (c)
employed for theoretical calculations of spectra.

The mixed basis sets 6-311+G* + LANL2DZ (Los Alamos National Laboratory 2
double {) were used for the calculations of the Fe complexes. LANL2DZ is a widely used
effective core potential (ECP)-type basis set, and it was used to model the metal
atoms |92 ]. Both basis sets have been widely used along with DFT methods for studies
of transition metals-containing systems. Thus, the Los Alamos effective core potential
was employed on the transition metal, and the Pople-type basis set was used on all other

atoms (C, H, and O).

Upon optimization of the molecular geometry, Raman spectra were obtained.
No imaginary =~ wavenumbers were observed in the calculated spectra.
The GaussView 5.09 software was employed to view data and output images. Detailed
assignments of the vibrational normal modes were based on the best fit comparison
of the wavenumbers of calculated and experimental Raman bands. Scaling factors

of 1.05 was applied in all cases.
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4.1 UV-visible absorption spectra

UV-vis spectroscopy is a very suitable technique for the study and quantification
of phenolic compounds , , . These colorless compounds do not show
absorption features in the visible region of the electromagnetic spectrum. However,
phenolic substances can strongly absorb UV light. Thereto, certain phenolic compounds
can still lead to absorption features also in the visible range displaying a color. Pyrogallol,
having three hydroxyl groups attached to the aromatic ring (Figure 152), presents only a

weak absorption maximum at 266 nm and a medium shouldering band at 222 nm (Figure

23).
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Figure 23. UV-vis absorption spectra of 107 M aqueous solutions of the studied polyphenolic compounds,
pyrogallol (PY), gallic acid (GA), tannic acid (TA) and syringic acid (SA), measured at pH 7.

On the contrary, the UV-vis absorption spectrum of GA in an aqueous solution shows
two characteristic phenol bands appearing at 211 and 259 nm, corresponding to the 1La
and 1L, bands, respectively, originating from n—m* transitions . In the case
of SA, the latter can be observed as slightly red-shifted (to 261 nm) because of methyl
substitution of the two of three phenolic hydroxyl groups, Figure 15d, i.e. because
of the larger conjugated system. For tannins, despite the degree of polymerization of these
polyphenolic structures, the absorption features remain the same with a predominant

absorption band at around 276 nm. In particular, at neutral pH, the absorption spectrum



of TA aqueous solution exhibits peak at 216 nm and a very broad band at 276 nm
with a shoulder at 308 nm (Figure 23), due to the all possible configurations
that are possible in its intrinsic molecular complexity, and assigned to its neutral form

as was previously reported elsewhere 98] 100].

1) Effect of the metal on the UV-visible spectra
A study of the UV-vis absorption of the studied polyphenol compounds and their iron

and copper complexes was carried out at different pH ranging from 3 to 12 (Figure 24

and Figure 25).
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Figure 24,  (In the previous page) UV-vis absorption spectra of GA and TA (a,d), at concentration
6,6x107° M and the complex with Cu’* (b,e) and Fe*" (c,f) in aqueous solution
at 1/3 (gallic acid/metal) molar ratio (6x107/19.5x107 M/M) for GA-Fe complex
and 1/30 (tannic acid/metal) molar ratio (6x107°/19.5x10"* M/M) for TA-Fe complex.

For the sake of simplicity, the absorbance intensity is indicated with an inner bar. The spectra

were not offset and start from absorbance zero at the bottom. The upper pictures show
the colors of the solutions/suspensions of molecules and their corresponding metal complexes

obtained at pH ranging from 3 (left) to 12 (right).
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Figure 25, UV-vis absorption spectra of PY and SA (a,d), at concentration 6,6x107 M and complexes
with Cu’" (b,e) and Fe*" (c,f) in aqueous solution at 1/2 (phenol/metal) molar ratio for PY
(6x107°/13.0x107° M/M) and 1/3 for SA (6x107/19.5x107° M/M). For the sake of simplicity,

the absorbance intensity is indicated with an inner bar. The spectra were not offset and start
from absorbance zero at the bottom. The upper pictures show the colors
of the solutions/suspensions of molecules and their corresponding metal complexes obtained
at pH ranging from 3 (left) to 12 (right).
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The interaction of iron with all polyphenols studied in this work induced a strong
change in color that can be characterized by UV-vis absorption. However, this also can
be observed to the naked eye (see upper pictures in Figure 25 for the individual molecules
at different pHs ranging from 3 to 12). In addition, the increase of pH in non-complexed
polyphenols also led to a darkening, which is weaker than that produced by the iron
complexation. This fact can be attributed to the ionization of OH groups and a possible
oxidation and polymerization of the smaller units leading to more complex structures

(631, [79].

Figure 26 shows the UV-vis absorption spectra of GA (Figure 262) and TA (Figure

26Db) at selected pHs in order to observe more easily the effect of the different metals.
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Figure 26.  UV-vis spectra of GA (a) and TA (b) without metal (red), with iron at pH 7 (purple)
and pH 11 (blue), and with copper at pH 7 (green). Polyphenols were at concentration
6,6x107 M without metal and at 1/3 ( gallic acid/metal) molar ratio (6x1 07°/19.5x107° M/M)
for GA-metal complex and 1/30 (tannic acid/metal) molar ratio (6x107/19.5x10™* M/M)
for TA-metal complex. The region corresponding to the new broad band appearing at longer
wavelength due to the ligand-to-metal charge transfer (LMCT) is amplified
for tannic acid (c) and gallic acid (d).
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As we have already discussed (Figure 25), the UV-vis absorption spectrum of GA
(Figure 262) shows two characteristic phenol bands appearing at 210 and ~ 260 nm
which are in the case of TA shifted to 213 and 275 nm due to the polymer structure
of all the gallotannins and simpler galloyl glucoses included in this commercial sample
(Figure 26b). The interaction with metal cations, Fe*" and Cu?*, induces a weakening
of both 1L. and 1L, band intensities together with a redshift. This is more evident
for the 1Ly band, which is shifted to 310 nm in the case of TA. In addition, a new broad
absorption band appears at longer wavelengths, which in the case of Fe’" leads
to a maximum at 550—600 nm. This new feature is the responsible for the strong colour
change observed in the interaction of Fe*" with phenolic compounds. In particular,
the new broad band appearing at longer wavelength is attributed to the ligand-to-metal
charge transfer (LMCT) from the polyphenol to the Fe*" center of the complex

. It is interesting to note that the maximum of this new band undergoes a blue shift
from 600 to 564 nm and from 580 to 552 nm upon increasing the pH to 11 in both GA
and TA, respectively (Figure 25c and f). This shift is likely due to the polyphenol

autoxidation at alkaline pH, giving rise to quinone structures (Figure 27) as well

as oligomerization of polyphenols promoted at alkaline pH

0 o] o
H OH 8
OH _H*.g OH H*.g OH
_h- _"'
CH 18] o
OH OH OH
gallic acid (GA) semiquinone radical guinone (Q)
Figure 27. The reaction mechanism of the oxidation of gallic acid. The quinones are a class of organic

compounds derived from aromatic compounds such as benzene by conversion of an even
number of —-CH= groups into —C(=0)— groups with any necessary rearrangement
of double bonds, resulting in a fully conjugated cyclic dione structure

However, a change in the interaction stoichiometry of the ligand with the Fe** after
OH group ionization can also account for this shift . The absorbance increase of this
band as the pH rises (Figure 28) is likely connected to structural changes occurring
in polyphenols (ionization, oxidation, and polymerization). These changes modify

the complexing pattern of these molecules with metal ions.
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Figure 28.  Bar and line-symbol graphs show intensity changes of the absorbance bands associated
with metal-ligand complex formation as a function of different pH for iron and copper;
the polyphenol molecule concentration was 107~ M.

It is known that Fe’" has a 3d° electronic configuration (Figure 29), and that
the application of a strong crystal field induces, in an octahedral symmetry, a splitting
of the five orbitals into two groups e, (dz* and dx?y?) and ty, (dxy, dxz and dyz) (Figure
30) . The energy difference between the two orbital groups lies between 20,000 and
18,000 cm™ for most of the Fe*" complexes with cathecolate and other polyphenols
Usually, the LMCT band in the different iron-phenolic acid complexes are similar but
quite different from the value calculated for Fe(OH)Z~ (ca. 770 nm). This difference can
be explained by partly oxidized character for the ligand (semi-quinone) and the partly
reduced character of iron in the excited state during the charge transfer . For this
reason, the ultraviolet absorption of iron-phenolic acid complexes is quite different from
Fe(OH)Z™. This is an important fact that is related to the specific structure of polyphenols
when complexed by metals, which in turn also depends on the number of ligands
surrounding the metal sphere of coordination . Also, this effect can serve to establish

a correlation between the UV—vis absorption spectrum and the structure.
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Figure 29.  Structure proposed by Russell Feller and Anthony Cheetham. The red points represent
the oxygen atoms, the gray ones the carbons and the white depict the hydrogens,
the green is octahedral-crystal structure of the Fe’*. Schematic electronic configurations
of Fe’* Td and Fe’*Oh. Ao and At are the octahedral and tetrahedral
crystal field splittings in iron ions [89].
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Figure 30.  Diagram shows the octahedral complex ion formed between Fe’" ion and water
and the groups eg (dz2 and dx2y2) and t2g (dxy, dxz and dyz), the 5d orbital
in a tetrahedral crystal field [107].

In the specific case of Cu?’, the LMTC band is rather observed as a shoulder
in the 400-500 nm region. This leads to a noticeable increase of the absorbance
at 400—600 nm that can be seen in all polyphenols in the presence of the metal, which
is summed to the autoxidation and polymerization of the polyphenols and more evident

at high pH (Figure 26c and d; Figure 26b and ¢).
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4.2 Vibrational spectra

1) Raman spectra
Raman spectroscopy (RS) allows us not only to identify and characterize the selected
compounds but also to monitor, for example, deprotonation of the molecules,
their interactions with metal ions as well as different structural changes that occurred
during these processes. Since the four phenolic compounds analyzed here exhibit a certain
fluorescence emission in the UV-vis region, firstly, we have registered the FT-Raman

in their solid-state (Figure 31).
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Figure 31.  FT-Raman spectra of the studied polyphenolic compounds in their solid state: (a) pyrogallol;
(b) gallic acid; (c) tannic acid; and (d) syringic acid. Raman spectra were normalized
to the bands at 1627-1594 cm™. Excitation line: 1064 nm.

As expected, spectral differences can be observed, but at the same time, common

spectral features can also be found in the recorded spectra. This allows us to compare
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them, and consequently, to carry out an assignment of their vibrational modes. To do
a complete and detailed vibrational assignment is not a simple task. In fact, no satisfactory
assignment of bands was found in the literature although the Raman spectra of many
phenolic compounds have been already published , , . Furthermore,
the comparison of the IR and Raman spectra also serves as an additional help for a more
accurate assignment, since they are complementary due to the different selection rules
applied in these techniques which give rise to the vibrational bands with different relative
intensities. Thus, a vibrational assignment has been performed on the basis of the recorded
vibrational spectra as well as results found in the literature for the studied molecules, their
derivatives as well as other structurally related molecules , , , ,

. The experimental IR and Raman frequencies for various modes of vibration are

assigned and presented in Table 6.

In general, all polyphenols show a similar spectrum below 1000 cm
(in the 'fingerprint' region) owing to the similar skeletal structure; though, the exception
is the PY Raman spectrum. In contrast, the spectral region from 2000 to 1000 cm
displays a higher diversity. This is not the case of the region corresponding to the C=0
and C=C stretching vibrations (v(C=0) and v(C=C)) seen in the 1710-1530 cm™' region,
where some similarities are found between these molecules, with the exception of PY
which has no v(C=0) functional group. However, the main differences between them
are found in the 1400-1000 cm™! region where OH deformations (8(O-H)) and v(C-O)
motions appear, and this is because of the different substitution and distribution
of the functional groups (OH, OCH3) in the studied molecules. Finally, the region
from 4000 to 2800 cm™ is characteristic of the stretching vibrational modes associated
with the groups containing hydrogen (O-H, C-H), which is also variable according

to the substitution pattern of the aromatic rings.

Raman spectrum of the PY molecule differs the most (comparing to the other three
molecules) regarding especially the intensity of the observed bands (Figure 312). Firstly,
an intense Raman band at 3073 cm™ assigned to the aromatic C-H stretching vibrations
(v(C-H)) is visible. GA and TA do not differ too much concerning the frequency
of the v(C-H) bands. In particular, the bands at 3100/3063 cm™, and 3075/2965 cm’!
can be seen in the Raman spectra of GA and TA, respectively (Figure 31b and c).
Nevertheless, the Raman intensities of v(C-H) bands are relatively weaker in these

two polyphenols. Furthermore, as expected, the Raman spectrum of SA shows a higher



number of bands at this high-wavenumber edge of the spectrum due to the presence
of two methyl groups which give rise to symmetric and asymmetric stretching modes
of the O-CHj3 group observed at 2834 and 2857 cm’!, and at 2944 and 2973 cm’!,
respectively. The stretching at 3033 cm™ is the most intense v(C-H) band among these

polyphenols.

The bands attributed to ring C-C stretching appear in the region between 1400
and 1650 cm™!. In the Raman spectrum of PY, the benzene C=C stretching 8a mode
appears at relatively high position: 1627 cm™ (Figure 312). In the case of GA, a doublet
at 1615 and 1598 cm’!, assigned to the phenyl stretching vibrations coupled with the §(O-
H) and CH in-plane bending modes, is visible (Figure 31b). It was seen that the observed
doublet is characteristic of the GA crystals present in the monomer form
Because of the concurrent presence of the band at 1692 cm™ we can also suppose
the presence of the dimeric form of the gallic acid. However, the monomer dominates
the Raman spectrum of GA in its solid-state as deduced from the recorded FT-Raman

spectrum.

The high position of the 8a stretching vibration in PY (1627 cm™) as compared
to the other polyphenols can be attributed to absence of the conjugation of the C=0 bond
with carbon double bonds of the phenyl ring than occurs in the other polyphenols.
The v(C=0) of the carboxylic group is in the Raman spectrum of GA visible at 1692 cm’
! as a very weak band. On the contrary, the band at 1698 cm™ in the Raman spectrum
of SA is the strongest v(C=0) band of this series (Figure 31d). The high intensity of this
band, as compared to the equivalent one in GA, points out that this molecule is not

forming dimmers as in the case of GA.

TA displays a medium-intense and broad band at 1711 cm assigned
to the conjugated v(C=0O) vibration in the ester group (Figure 31c). The broadening
of this band is due to the numerous carbonyl groups found in the structure of TA as well
as existence of different intra- and inter-molecular hydrogen bonds. It can be also seen
asecond strong band at 1615 cm™ in the Raman spectrum of TA which is assigned
to the C=C stretching 8a mode at a similar position than GA. In general, TA presents very

broad spectral bands due to the different possible structures existing in the molecule.

In the next region, two intense bands at 1156 and 1065 cm™! can be seen in the Raman

spectrum of PY (Figure 312). They are related to the C-H in-plane bending vibrations,
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ring-deformation in-plane bending modes and C-O stretching vibrations ,
Finally, the fingerprint zone of the PY Raman spectrum is dominated by the intense band

at 714 cm™ which is attributed to the ring breathing mode

The major differences between the three molecules (GA, SA and TA) can be found
in the 1500-1000 cm™ region, where the C-H and O-H bending modes as well as C-O
stretching motions appear, because of the different functional groups found
in the structure of these molecules. In addition, bands assigned to aromatic v(C-C)
and 0(C-C-H) also appear in this region; while the v(C-O) modes mainly appear
in the 1300-1200 cm™ interval. SA shows a great deal of bands in this spectral region
because of the presence of the C-H bending modes of the methyl groups, showing
the most intense band at 1198 cm™ assigned mainly to the ring 3(CH) vibrations (Figure
31d). GA displays two relatively intense bands at 1324 and 1266 cm™ ascribed to v(C-
(), v(C-0) and 8(C-OH) modes (Figure 31b). The spectrum of TA displays similar bands
but showing a general broadening of the different vibrational modes (Figure 31c). This
is also typical for complex molecular systems where numerous hydrogen bonding takes

place

Since TA polymer includes in its structure many GA units, it is interesting
the comparison between the Raman spectra of both molecules in order to understand
the effect of polymerization in GA, aiming at the discrimination between these
two molecules in IGI inks. It is very well known the fact that TA can be degraded under
certain conditions, like acidic pH or by the polymer oxidation . Therefore,
the finding of spectral markers associated with this degradation could be very helpful
in the analysis of the manuscript chemical status. The main differences found between
the Raman spectra of both molecules in their solid-state are related to a general
broadening of bands, already commented, and the presence of three main bands in TA
at 1711, 1370 and 1200 cm™ (Figure 31c), attributed to the ester groups existing in TA.
In addition, the presence of characteristic bands at 1692, 1530, 1266 and 724 cm™ in GA
Raman spectrum (Figure 31b) can be related to the carboxylic group in the non-

polymerized molecule.



Table 6.

~

Observed (IR and Raman; solid-state, Aexe = 1064 nm) vibrational
frequencies of the studied polyphenol molecules (pyrogallol, PY;
gallic acid, GA; tannic acid, TA; and syringic acid, SA).

FTIR “/ cm™! FT-Raman “/ cm™ Vibrational
PY | GA | TA | sA PY GA TA SA assignment %<
157 w 142 w 149
wm, sh
184 vw 178 wm
198 vw 207 w
219 v 22 5(CCC)
242 vw
271 w- 269 w
m
296 w
321w 317 vw
337 w 331 vw, v(CO), y(ring)
sh
362
360 wm 360 w wm, sh 5(CO)
389 wm 385m
437 w
454 w, sh v(OH), y(ring)
485 w
504 w,
sh
522w 514 w /(ring)
540w | 532 wm 45 vw, | 547 wm, 545w
sh sh
555 s 554 wm 551w
582 m SBOVW | 597 ms | 583w | 572w, sh 57w | 1(CO),1(ring),
br 16a
597 vw
635 m .
648 650 w, ¥(CO), v(ring)
653 vw
wm, sh br
669m. | c6om | 669w | 669 ms 672 vw,
sh sh
692 m v(OH)
700 vs br ’ 687 ms 695 vw, sh | 693 vw | 689 wm
715 m 714 s 724 w v(ring breathing)
737 m,
764 5 731 svs sh 737w 740 vw, sh | 753 wm | 738 vw 4(CH)+y(OH)
766 m 754 ms 768 ms 774 w 786 wm
781 w,
791 w sh
800 w 802 w 803 w 803 m
831w,
827 m <h 841 vw 830 w 830 w 844 vw 4(CH)
860 vw 864 s 864 wm | 857 vw 850 vw
872 w 870 m 877 vw 878 vw 867 vw
899 m, 908 wm 909 w
br
957 m,
959 w S br 937w 944 yw 963 w-m 959w 938 w v(C-COOH)
1008 1019
999 vs 1014 svs - - 5(CH), v(ring).
1022 vs 1040 m 1037 vw 1033 [8a
wm
1065 m 1065 m S(CH)
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1097 w | 1082 ms 102}1 Wl 1091 w, sh | 1091 w 8(CH), 9b
1101 vs 1102 w 1102
wm
1116w, | 8(CH), v(CO)
sh
1157 s 1156 m 1154 w
ISIVZS 117bsr”s’ 1175 s 1174 vw “ZE §
1190 1202 8(CH), 3(OH)
11945 | 1202w 1200m | 1199
Vs AYAY
1217 1220 w
AAY
1244 1241
12425 | 1243 m o o 1239w |5 o), viring)
1261 1265w | 1276 w | 1266ms | 1260 | 1266 vV(CO)
1283 SVS wm, sh wm
1293
ww, sh
1317 s 1309 s 1308 svs | 1317 m 1324 ms 1322 m 1322 m
1329 s 1343 1334 ms,
sh wm sh
1350 s 1367 8(CH),
o - 1368 m | 1370m | 1370m | o0 om,
1385 s 1383 w 1383 1384 1386 w, v(ring)
sh m, sh sh
1398 s
br
1418 m 1424 w ,
1444 m 1443 w 1447 w | 1445 | Ving), 5(OH)
1456 m 1466 1 1460 w | v(ring), 5(0H),
ww, sh 79
1481 s 1490 w | 1484 vw a
1518 s 1333m 1y so0m | 1528w | 1530 wm | 1236 | 1521 v(ring), 5(C-
br yw vw OH),
1541 m 8(CH), 19b
r1;159s§z 1598 vs 1594 vs
1618s | 1608s | 1606s | 1616m | 1627m | 1615vs | 1615 vs v(ring), 3(OH),
8(CH), 8a
1658
vw
1672m, | 16995, | 1693 1692 wm 1698 vs | v(C=0) in acid
br br ms
1711 s v(C=0) in ester

“yw, very weak; w, weak;, wm, weak medium; m, medium; ms, medium strong, s, strong, svs, strong very strong; vs, very
strong; sh, shoulder, d, double
by, stretching, , in-plane bending/deformation; y, out-of-plane bending
¢ The assignments were done on the basis of references .

i1) Infrared spectra

To complete the vibrational features of the studied molecules we have also recorded

their FTIR spectra in the region from 2000 to 520 cm™! (Figure 32). Since the molecules

have no center of symmetry, most of their fundamental vibrations are active in both

Raman and IR spectra whereas the FTIR spectra of all four molecules showing greater

similarity than their Raman spectra. As expected, the IR spectra of phenolic compounds



show common spectral bands associated mainly with the aromatic six-membered rings

and phenols moieties.
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Figure 32.  ATR-FTIR spectra of the studied polyphenolic compounds in their solid state: (a) pyrogallol;
(b) gallic acid; (c) tannic acid; and (d) syringic acid.

The FTIR spectra of these molecules are dominated by strong broad bands
in the 1200-1000 cm™ attributed to v(C-O), v(C-C) and in-plane §(C-H). In general,
the vibrations containing the in-plane 8(C-H) vibration appears in the range of 1450-
1000 cm!, while the vibrations including the out-of-plane §(C-H) motions are stronger
in the FTIR spectra and appear in the 1000-750 cm! range in aromatic compounds (Table
6). In addition, the O-H in-plane bending motions may couple with C-H bending
vibrations and ring stretching vibrations leading to very broad bands appearing

in the region 1420-1300 cm™’. Besides, broad absorption bands appearing in the region
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710-520 cm™ are generally associated with the out-of-plane bending vibrations of the O-

H group and it is characteristic for the spectra of alcohols and phenols ,

SA displays a characteristic series of very narrow medium intense bands at 1456-
1317 cm™ (Figure 32d) attributed mainly to in-plane deformations and associated with
the presence of the methyl groups in its structure (Figure 15d). On the contrary, GA and
TA FTIR spectra display intense absorption bands at 1309 and 1308 cm™, respectively
(Figure 32b and ¢) which are related to the coupled vibrations of the ring v(C-C)
and the carbonyl v(C=0), together with the contribution from 6(C-H) and 6(C-OH)

vibrations

In the FTIR spectra of TA and SA the band assigned to v(C=0) vibrations is observed
at 1699 and 1693 cm’!, respectively (Figure 32¢ and d). In the case of GA, there is just
a weak broad and not well-defined band in this spectral range due to the existence
of dimers that partially quenches the activity of the v(C=0) mode in -COOH dimer
vibrations (Figure 32b). As expected, the PY does not possess this vibration (band in its

spectrum; Figure 322) due to the absence of the carboxyl group in its structure (Figure

154).

While in the Raman spectra the ring stretching vibrations in polyphenols are very
prominent and highly characteristic of the aromatic rings (these vibrations appear
in the range of 1650-1200 cm™), in FTIR spectra these vibrations are less intense
than those involving oxygen functional groups. For instance, the 8a benzene ring
vibration appears at 1618 cm™ in PY (Figure 322). However, PY shows two more intense
and characteristic bands observed at 1518 and 1481 cm™ attributed to 8(C-OH) coupled
to ring stretching motions that correspond to the /9a and 7/9b ring vibrations
GA shows the 8a benzene ring band at 1608 cm™ and a new band at 1541 cm™ also
corresponding to 6(C-OH) motions coupled to ring stretching vibrations (Figure 32b).
Inthe TA FTIR spectrum, the 8a benzene ring band is downshifted to 1606 cm
and an equivalent broad band centered at 1530 cm™ appears (Figure 32¢). In the case
of the SA, the ring stretching appears at 1616 cm™ with a shoulder at 1595 cm™!, and,
in addition, bands at 1520 and 1456 cm™ attributable to §(C-OH) and 8(CH3) are also seen
(Figure 324d).

As mentioned above, the v(C-O) stretching vibrations also coupled with the adjacent

v(C-C) modes lead to strong band in the 1260-1000 cm™ region. Since these bands occur



at different position depending on the structure of the analyzed compounds, they could
be good spectral markers for the identification of each polyphenol. For instance, intense
bands can be observed at 1190 cm™ and 999 cm™! in the PY FTIR spectrum; in the GA
FTIR spectrum at 1022 cm™'; the TA FTIR spectrum shows broad bands at 1178 cm’!
and 1014 cm’'; and finally, a doublet at 1194/1175 cm™ as well as a very strong band
at 1101 cm™ are seen in the FTIR spectrum of SA. The latter can be also assigned

to the ether C-O-C bond existing in this molecule

Furthermore, the analysis of the fingerprint zone, where out-of-plane bending
vibrations of the O-H group mainly appear, reveals the existence of characteristic marker
bands associated to each polyphenol. For instance, PY shows two intense bands
at 764 and 700 cm’'; in the GA spectrum two bands, at 731 and 555 cm™!, are visible;
TA with its complex structure gives rise to a broad and not so intense band at 754 cm!
with a shoulder centered at 737 cm™'; and finally, SA displays a series of very intense

bands at 768 and 687/669 cm™'.

111) Vibrational spectra of polyphenol/metal complexes

The Raman spectra of TA display bands at 1711 and 1613 cm™! (Figure 33c and
Figure 332) attributed to the C=0 stretching of the carboxylate and the 8a stretching
vibrational mode of the benzene ring, respectively (Table 7) . These two bands
undergo a strong decrease upon the interaction with iron. The band at 1711 cm™' almost
disappears as a consequence of the metal complexation, while the 8a vibration of the
benzene ring undergoes a strong decrease and a shift to 1580 cm ™! (Figure 332 and c).
The latter also agrees with the suggested spectral ranges for vibrations of monosubstituted
benzenes: for the "light” substituents the 8a vibration can be found in the wavenumber
range from 1620-1590 cm™ whereas the "heavy” substituents shift the band to lower

wavenumbers, within the 1615-1565 cm™ region

Definitely, the Raman spectrum of the Ta-Fe complex is dominated by three main
bands appearing at 1477 (vi), 1344 (v2), and 603 (v3) cm '. In fact, these bands
are the classic ones employed for a positive identification of iron gall inks in historic
documents as described by Lee [4]. A similar metal effect was also observed in the case
of the GA—Fe complex (Figure 33¢ and 2) as well as for PY and SA (Figure 34). Figure

35 and Table 7 summarize the position of these marker bands in the cases of TA, GA,
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PY, and SA. The big difference between free and the metal-complexed polyphenols
suggest a deep restructuration of the polyphenol, which is also translated to their

vibrational spectra.

L) I L) I L) I L) I L)
1613 Tannic acid
1711
1477 (a)
1344
603

Gallic acid
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Figure 33.  Raman spectra of TA in the solid state (a), TA—Fe complex on paper (b) and in aqueous
solution (2 X107 /6 X107 M/M) at pH 7 (c), GA in the solid state (d) and in aqueous solution
(2 X107 M) (e), and GA—Fe complex on paper (f) and in solution (2 X107/ 6 X 107> M/M)
atpH 7 The excitation line was at 1064 nm for the samples in the solid state (FT-Raman)
and 785 nm for the solutions and complexes deposited on the paper.
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Figure 34.  Raman spectra of PY in solid state (a) and in aqueous solution (2 X 107> M) at pH 7 (b)

and PY—Fe complex on paper (c), SA in solid state (d) and in aqueous solution (2 X107/6 X
1072 M/M) at pH 7 (e), and SA—Fe complex on paper (f) and in solution (2 X107/6 X 107>
M/M) at pH 5 (g). The excitation line was at 1064 nm for the samples in the solid state
(FT-Raman) and 785 nm for the solutions and complexes deposited on the paper.

The new vibrational features observed in the Raman spectra correspond
to the characteristic bands detected in many IGIs found in manuscripts, which have been
traditionally employed to attribute black colours in paintings or inks in manuscripts [ 15],

[31]-[39]. Even so, the assignment of these bands was not carried out in depth so far.
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Raman Intensity

1200 800
Wavenumber /cm”

Figure 35.  Raman spectra of polyphenol-iron complexes in aqueous solution recorded at pH 7
(at pH 5 for the SA-Fe complex): PY-Fe (2x1072/6x10~> M/M) (a), GA-Fe
(2x1072/6x107° M/M) (b), TA-Fe (2x1073/6x107° M/M) (c), and SA-Fe
(2x1072/6x107° M/M) (d). Spectra were background-subtracted and normalized
to the intensity of the vi band.

Table 7.

Positions of the marker polyphenol-iron complex bands (vi, v2 and v3)
and differences between the position of the v; and v, bands deduced
from the corresponding Raman spectra of the polyphenol-iron
complexes recorded at pH 7 (at pH 5 for the SA-Fe complex).
For comparison, the same characteristics are also given for the TA—Cu
complex Raman spectra recorded at pH 5.

vi /em! v2 /em! vi-v2 /em? | v3/em’!
PY-Fe complex 1464 1299 165 600
GA-Fe complex 1470 1322 148 576
TA-Fe complex 1477 1344 133 603
SA-Fe complex 1489 1314 175 595 /490
TA-Cu complex 1492 1319 173 270

In order to elucidate the assignment, we have measured the Raman spectra of TA—Fe

complexes at different conditions: (i) in aqueous solution at different pHs

and (ii) in the solid state (it will be discussed later). This analysis was performed

to evaluate the influence of pH on the ink. In order to assist in the assignment

of the TA—Fe and GA-Fe complexes’ Raman spectra, DFT calculations of GA
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and the GA—Fe complex were also carried out. The resulting theoretical spectra
are compared to the experimental spectrum in Figure 35. As can be seen, similar spectral
changes are deduced from the calculations between the GA—Fe complex (Figure 36b)

and GA (Figure 36¢).

Experimental

(a)

GAOH-2Fe (b)

Raman Intensity

GA™
ﬂ A u (©)
A

GACOO-1Fe
d
A—L — ALM—E\)_
! | ! | ! | ! | ! |
1500 1200 900 600 300

-1
Wavenumber /cm

Figure 36.  Experimental Raman spectrum of GA—Fe in water (2 X107%/6 X 107> M/M) at pH 7 exciting
at 785 nm (a) and calculated Raman spectra of the GAOH—2Fe complex (b); GA~
and GACOO—1Fe complex The theoretical spectra were multiplied with a 1.05 correction
Jactor. Schemes of the 8a and 19b benzene ring vibrational modes discussed in the text
are included in the figure.

The vi band appears in the 1485-1465 cm™! interval, depending its position
on the structure of the phenol (Figure 35 and Table 7). According to the performed
calculations (Figure 36), this band can be attributed to the benzene 795 vibration coupled
to C—O stretching (v(C—0)) and C—H bending (6(C—H)). This agrees with the assignment
reported by other authors in ortho-disubstituted benzene . Therefore,

this vibration has a large contribution from the stretching of carbons attached
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to the oxygen atoms . In general, this band is weak in the non-complexed phenol.
However, the complexation gives rise to an intense enhancement because of the strong

variation of polarizability that induces the coordination with iron.

In the case of PY, where three OH groups are disposed in an adjacent positions
in the benzene structure (Figure 152), the interaction of oxygen atoms with iron
is presumably stronger leading to a vi band downshifted to 1464 cm™' (Figure 34b and c).
When the benzene is substituted by more mesomeric (M+) groups, like carboxylic acids
or esters, the wavenumber of the vi band is shifted to higher values, reaching its maximum

value at 1489 cm!

in the specific case of the SA—Fe complex (Figure 34f and g2).
In this case, the interaction with iron is weaker due to the substitution of the OH
by methoxy groups. Therefore, the position of this band is highly connected
to the chemical structure of the polyphenol, and it could be used as sensitive marker

to classify different inks fabricated from different polyphenolic plant sources.

The v, band appears in the 1345—1295 cm™! region and is attributed to ring stretching
bands coupled to v(C—0) and 6(C—H) . This mode is also sensitive to the polyphenol
structure, and an increase of the wavenumber value is observed in the direction TA > GA
> SA > PY (Figure 35 and Table 7). This band also exhibits sensitivity to the pH, but

this is lower than that of the v;.

Other less intense bands of the TA—Fe complex appear at 1580, 1430, 1395, 1290,
1217 and 1100 cm™! (Figure 33c). The relative intensity of these bands is variable among
the phenolic compounds and could also help discriminate among the different molecules.
Unfortunately, poor attention was devoted to all these bands in previous Raman analysis.
The 1580 cm™! band is attributed to the 8a ring mode, which is strongly weakened upon
the interaction with the metal. The 1430 cm™! band and, presumably, the 1395 cm™! one
are associated to the —COO™ symmetric vibrations. These normal modes are present
in the TA Raman spectrum due to the existence of an ester while in GA or SA
it is attributed to the carboxylate —COO™. PY does not show such bands due to the absence
of these groups in its structure. The weak doublet at 1299/1217 and the broad band
at 1100 cm™! (Figure 34c) can be assigned to v(C—O) and 6(C—H) vibrations
These bands can be very useful in the identification of phenolic compounds in inks
due to the fact that they are related to the specific localization and substitution pattern

in the ring of polyphenolic compounds.



The v3 band is attributed to the stretching modes of the new Fe—O bonds (v(Fe—0))
resulting from the interaction of iron with oxygen in polyphenolic compounds
. This band can appear in a very large range of wavenumbers from 650 to 400 cm ™.
In this region, several peaks can be distinguished that are related to the different
interactions of the iron cation with the oxygen atoms in polyphenols. In fact, different
v(Fe—0O) bands appearing at 650, 600—595, 560-550, and 400 cm' can be seen
in the Raman spectra of TA and the other polyphenols. The position of the v(Fe—O) bands
can vary due to the different molecular environment of this bond. In amorphous IGI
complexes, as it is the most common case, a non-completely coordinated Fe octahedral
coordination sphere is expected, and thus, the octahedron is completed with water
molecules in chelate (Figure 372) and bichelate (Figure 37b) complexes , ,
. In this case, there will be a coupling of the Fe—O stretching with the Fe—O—H
bending vibrations. Conversely, in crystalline IGI complexes the iron octahedral
coordination sphere is supposed to be completely filled with GA molecules (Figure 37¢)
that can interact with the metal through both the OH and carboxylate groups in a bridging
structure . Another element of variability is the fact that iron can be found under
two different forms: Fe?* and Fe*". This is due to the incomplete oxidation of the ferrous
form of vitriol, stopped in part by the reducing character of the paper, since the position
of the Fe—O stretching band is predicted to vary depending on the state of oxidation
of iron . Since ferrogallic ink recipes often imply a large excess of the ferrous sulfate,
the reaction products of Fe** with cellulose may even be a major constituent of the ferric

iron in manuscripts

(b)

o— GA O
-——-',"‘,0’: ------ i l‘\ ______ \\'\
GA\ \\Fe_;k,_,_,;"‘,o
\b‘\\GA
Figure 37.  Schemes of the different possibilities in the GA—Fe coordination complex at the level

of the iron octahedral coordination sphere: chelate bichelate,
and (c) completely bridged complex.
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Because of this high variability, the exact structure of iron complexes in inks is still
unknown. Ponce et al. reported a structure where three iron atoms interact with a single
molecule of gallate at a 3:1 concentration ratio of Fe and GA . According to this,
two different types of Fe—O bonds could be associated with the complex: those linked
to the —OH groups and those associated to the carboxylate. In addition, the complexes
with —OH groups can be of different configurations: monodentate, bidentate, chelate
or even bichelate. This means that a large amount of different Fe-O structures is possible
in IGIs as has been reported by several authors . Figure 36 shows
the theoretical Raman spectra resulting from the calculation of two different
GA-Fe complexes: one having two Fe** ions interacting with the —OH groups
(GAOH—2Fe complex; Figure 222 and Figure 36b) and another where one Fe*" interacts
with both O atoms in the carboxylate group in GA (GACOO-1Fe complex; Figure 22
and Figure 36d). As can be seen, the first one matches better the experimental GA—Fe

spectrum (Figure 362), and it is also very close to the experimental TA—Fe.

The normal mode calculation also predicts several vibrational modes corresponding
to the symmetric and asymmetric Fe—O stretching in the GAOH—2Fe appearing between
550 and 650 cm™!' (Figure 36b). The lower component of the experimental TA—Fe
and GA—Fe complexes (at 560 cm™!) can be attributed to bichelate ring vibrational modes
as in the case of catecholate—iron complexes (Figure 37b) , . Conversely,
the higher component (595-600 c¢cm™!) is assigned to Fe—O vibrations associated
to chelate interactions where terminal —OH groups interact with the metal
and the coordination sphere is completed with water molecules (Figure 372)

In the latter complexes, the v(Fe—O) vibration is coupled to deformations of either
Fe—O—H bonds and the benzene deformation rings at these lower wavenumbers

Moreover, the 490 cm ' band observed in the SA—Fe complex can be ascribed
to the Fe—COO™ symmetric stretching band, which corresponds to the theoretical band
at 452 cm ™! in the case of the GACOO—1Fe complex (Figure 36d). The last band is not
seen in the GA—Fe complexes, so a preferential interaction of iron with the —OH groups
is deduced for the amorphous complexes. Finally, the extreme bands at 650 and 400 cm !
can be attributed to Fe—O stretching in bridging structures (Figure 37¢) , which are

more evident in more crystalline 1GIs.



Therefore, the bands related to Fe—O bonds are very sensitive to the ink preparation
protocol and, presumably, on the aging process after its fabrication. Thus, they could also

serve to discriminate among different types of I1GIs.

The difference between the position of the vi and v» bands is associated
to the structure of polyphenols since these bands are related to the degree of electronic
delocalization (ED) inside the aromatic system. In general, the smaller this difference,
the higher the ED. At pH 7, this difference is 133, 148, and 165 cm™' for the TA—Fe,
GA-Fe, and PY—Fe complexes, respectively (Figure 35 and Table 7). The delocalization
is higher in TA due to the polymerization of several GA units. For SA, this difference
rises to 175 em™!, which is also attributed to the lower ED of this molecule due to the
presence of methoxy groups. These functional groups exert a positive mesomeric effect

on the aromatic ring due to the withdrawal of electrons from the aromatic system.

The vi band is also related to the electronic state of phenolic rings as it depends
on the bond order inside the benzene ring of the phenol. Moreover, the intensity
ratio between the two main bands (vi/v2) can be related to the structure of the ligand
in the complex as this ratio depends on the ionization state (related to the —OH groups)
of the molecule, and thus, it depends on the pH of the medium as it will be shown
in the section 4.2.iv). In degradation processes resulting from the manuscript aging,
this ratio was demonstrated to be very useful to deduce the time effect (results

will be discussed later).

The interaction of the ion Cu?* with all the polyphenols was also investigated. Figure
38 shows, as an example, the spectrum of the GA—Cu complex at pH 5 together

with the corresponding GA—Fe spectrum.

In general, the resulting Raman spectra of the copper complexes are much weaker
than the iron ones, as indicated by the stronger sulfate band. This is attributed to a lower
Raman resonance effect of these complexes. UV—vis absorption spectra reveal
the existence of LMCT band at ca. 500 nm (Figure 382 and b). The general increase
of the absorbance in the visible region induces a darkening of the solution. However,
the suspension adopted a reddish colour due to the blue shift of the absorbance maximum.
The interaction with Cu®" ions induces similar spectral changes on GA as observed

for the GA-iron interaction.
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Figure 38.  Raman spectra of the TA—Cu complex (a) as compared to the TA—Fe complex (b)
at concentration 2x1073/6 <1072 M/M. The inset plot displays in more detail the region
corresponding to the vibrational modes v, and v>. The upper picture shows the colors
of the TA—Cu complexes obtained at pH ranging from 3 (left) to 12 (right).

1

The most intense bands are observed at 1492 and 1319 cm ', corresponding to the vi

and v» modes. The difference between these bands is 173 cm™

, which is very similar
to the difference observed for iron when interacting with SA (Figure 34). This fact
indicates that the interaction with copper ions is weaker than that of iron, since the degree
of electronic delocalization inside the aromatic system is also low. The v3 band
corresponding to the Cu—O interaction may correspond to the band observed at 270 cm ™

since this is the most intense band also observed in CuO oxide [11].
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The FTIR spectra of the GA and TA complexes with iron together with the FTIR
spectra of non-complexes GA and TA are shown in Figure 39. The FTIR spectra of these
molecules are dominated by strong broad bands at 1200—1000 cm ! attributed to v(C—0),
v(C—C), and in-plane o(C—H) and 6(C—OH) motions . In addition, intense
absorption bands at 1309 and 1308 cm™!, respectively (Figure 392 and c), which
are related to the coupled vibrations of the ring v(C—C) and the carbonyl v(C=0),

form together with the contribution from 6(C—H) and 6(C—OH) vibrations . The band

assigned to v(C=0) vibrations are observed at 1693 and 1699 cm™!, respectively.

GA 1541 1309 1014

731
1608f 870

1423

IR Absorption

17101623

TAFE

T T T T T
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Figure 39. FTIR spectra of: GA (in ATR), GA-Fe complex (in KBr); TA (in ATR);
and TA-Fe complex (in KBr).

While in the Raman spectra the ring stretching vibrations in polyphenols are very
prominent and highly characteristic of the aromatic rings (these vibrations appear
in the range of 1650—1200 cm™!; Figure 39), in FTIR spectra, these vibrations are less

intense than those involving oxygen functional groups. The GA spectrum shows the 8a
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benzene ring band at 1608 cm ™!, while that of TA shows that this band downshifted
to 1606 cm™' (Figure 39c¢). The complexation with iron induces strong changes
in the 1300—1000 cm™' region. In the GA spectrum, the strong bands at 1309 and
1014 cm™! decrease, and a strong feature at 1083 cm ™' appears instead (Figure 39b).
Since these bands have a large contribution from the v(C—0), 6(C—OH), and v(C—C)
vibrations, an interaction of iron with the —OH groups of the phenolic group is deduced.
The strong band appearing at 1382 cm™! in the GA—Fe complex is attributed

to the carboxylate group interacting with the metal in the complex.

Additionally, the interaction with OH groups induces intense changes in the out-of-
plane bending vibrations of the O—H group (y(OH)): the band at 870 cm™! is weakened,
and the 731 cm™! band is shifted to 750 cm™!. The new band observed at 607 cm!
can be assigned to the v(Fe—O) band of the GA—Fe and TA—Fe complexes. Similar results
were observed in the FTIR spectrum of the TA—Fe complex (Figure 39d). The intense
bands seen at 1308, 1178, and 1014 cm ™' in TA spectrum (Figure 39c) decrease
in the case of the TA—Fe complex, and a strong band at 1085 cm™! appears. Furthermore,
the v(Fe—O) band appears at 607 cm™'. The bands at 1710, 1440, 1343, and 1202 cm!
in the complex are associated with the ester group in TA , . All these bands
undergo a large shift upon complexation that suggests the interaction of iron with the ester

groups.

iv) pH effect on the Raman spectra of polyphenol-iron complexes

The structure of the polyphenol is not a unique factor that can affect the position
of bands in the Raman spectrum in IGIs. We have observed that some phenol bands
can undergo a shift in these inks due to a possible structural degradation caused by light,
pH, humidity, and other unknown effects that evolve with time. Therefore, firstly,
we have focused on the effect of pH on the Raman spectra both in solution and in the solid
ink deposited on paper. In the TA—Fe complex, a shift from 1478 to 1472 cm™' is noted
upon increasing the pH of the original TA solution from 3 to 12 (Figure 40c). In contrast,
this band shifts from 1469 to 1482 cm™! in the GA—Fe complex on paper. A similar trend
is observed in solution (Figure 40b). The same can be observed for the PY—Fe complex,
where this band shifts from 1452 to 1467 cm™! in going from acidic to alkaline pH (Figure
402). In contrast, a negligible sensitivity to the pH variation is observed in the case of the

SA—-Fe complex (Figure 40d).
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Figure 40.  Raman spectra of (a) PY-Fe complexes (PY:Fe = 1:2; [PY] = 6.6x107 M);
2 ) ) p

(b) GA-Fe complexes (GA:Fe = 1:3; [GA] = 6.6x1 0°M); (c) TA-Fe complexes

(TA:Fe = 1:30; [TA] = 6

.6x10° M); and (d) SA-Fe complexes (SA:Fe = 1:3;

[SA] = 6.6x107° M), recorded in suspension at different pH. Spectra were normalized

to the intensity of the v; band. Excitation line: 785 nm.
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In addition, pH and redox processes are linked in IGIs. The effect of iron
on polyphenols cannot be only simplified in a mere change in the colour based
on a darkening of the solution. The presence of Fe?" can also induce a series of redox
reactions related to the Fenton reaction due to the presence of molecular oxygen
in the solution where the pH plays an important role , . The Fe*" ion undergoes
autoxidation by the molecular oxygen, leading to the formation of Fe**

This autoxidation is strongly pH-dependent, and it is almost hampered at pH below 7

, but the strong interaction of Fe*" with polyphenols, in particular, gallic acid,

accelerates the autoxidation , giving rise to the strong darkening of the solution.

On the other hand, the complexation with polyphenols induces the release of protons
to the medium, thus inducing a pH decrease. Therefore, despite the pKa values being
in the range of 7-9 for the most phenolic hydrogen, polyphenols are easily deprotonated
at or below neutral pH in the presence of iron and form very stable complexes
All these processes are fast and occur immediately after the addition of ferrous sulfate

to the polyphenol solution (Figure 41).

OH
Fast Slow
OH
H,0, Fer RQOH
} H,S0, OH
S0,

Figure41.  Scheme of the redox reactions occurring in pyrogallol-type polyphenols.

The oxidation of Fe** to Fe** upon binding to polyphenol ligands is facilitated
by the higher stability of the interaction of Fe**, which is a harder Lewis acid than
the ferrous ion, with the hard Lewis base oxygen ligands existing in polyphenols
Afterward, slower redox processes can occur consisting of the oxidation of polyphenols,
in particular pyrogallol-like ones , giving rise to o-quinone structures
and Fe?*, and releasing H ions with the time. These processes are considered responsible
for the subsequent acidification of IGI inks and the degradation of paper in ancient

manuscripts.



Because of all the above effects, one of the consequences of the redox processes
occurring in IGIs is the pH decrease in the mixture. As can be seen in Figure 422,
the addition of Fe?" to a TA solution prepared at pHs ranging from 3 to 12 leads
to areduction of pH of the mixture. The value of the pH is maintained at 3 until
the pH of the TA solution is increased above 9. This is an effect related to the ionization
of OH groups in polyphenols. The pH decrease is moderated when the ink is deposited
on paper since it stays constant at 6.5 regardless of the pH of the TA solution. Only when
the pH of the solution is above 9 it increases up to 7 in presence of the TA—Fe complex.
This effect can be attributed to the buffering effect of the cellulose of the paper on the pH
of the ink. A similar effect was observed when using other polyphenols and Cu®* instead
of iron. The addition of gum arabic, another important ingredient of IGI inks,

to the tannic-iron complex, also induced an increased pH
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Figure 42. Variation of the pH in the TA—Fe complex at the following situations: in a just prepared
aqueous suspension (black circles), the same aqueous suspension after 25 days
(open triangles), and after drying on paper (open circles). Variation of the pH measured
for the different polyphenol/Fe complexes and effect of the time on this pH. /ariation

of the v1/v> ratio with the pH of the original solution for the TA—Fe (shaded squares),
GA—Fe (open circles) and SA-Fe (stars) complexes.
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Figure 42b shows the effect of time on the pH of the different polyphenol/Fe
complexes studied in this thesis. As can be seen, the time induces a further diminution
of the pH value to a common value of 3,0 because of a combined effect of the oxidation
of Fe(Il) to Fe(Ill) and the progressive interaction of the latter ion with OH groups

in polyphenols. The latter interaction induces a removal of H' ions from polyphenols.

The acidification of TA—Fe complexes seems to occur as well in the case of GA—Fe,
PY—Fe, and SA—Fe complexes as deduced from the similar behaviour at different pHs.
The effect of time with further acidification was also observed for the other polyphenols.

This means that this is a general behaviour of these compounds.

Since the pH of the polyphenol solution is decreased after the complexation
with iron, the a posteriori effect of pH after the formation of the complex was also
analysed. Figure 43 shows the Raman spectra of TA—Fe complexes at pHs ranging
from 3 to 12. The resulting spectra show changes in the 1473/1340 cm™! bands,
which slightly shift to higher wavenumbers, while the (vi—v2) value decreases as the pH
gets more alkaline. These changes can be attributed to the ionization of OH groups since

the v(C—0) and 6(C—OH) vibrations of these groups are involved in the vi and v, bands.
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Figure 43.  Raman spectra of the TA—Fe complex measured at different pH regulated after the formation
of the complex. Samples on the paper. Excitation at 785 nm.



Figure 42c shows the variation of the vi/v> ratio with the pH for the studied
polyphenols where a clear increase of the vi/v; ratio when increasing the pH is observed
in the case of TAFE and GAFE complexes. In fact, at high pH, the ionization of phenol
groups to phenolate induces a negative mesomeric effect (M-), which increases the bond
order of the ring C=C bonds in the aromatic ring. This leads to an enhancement of the v;
band intensity. On the contrary, the vi/v2 ratio does not undergo any variation
for the SAFE complex. This is attributed to the different behaviour of the unique —OH
present in SA molecule, which shows a lower acidity because of the presence of methyl

groups.

The ionization of OH groups on increasing the pH highly affects the complexation
pattern of polyphenols with iron. This is evident when analyzing the situation of the Fe—O
bands. The main band observed at 608 cm™' at pH 3 indicates that the interaction
atacidic pH is taking place through terminal —OH groups in TA. Moreover,
these Fe atoms might be also coordinated to water molecules forming TA—Fe—OH>
adducts. However, the increase of other Fe—O stretching bands at 523 and 400 cm™!
at alkaline pH suggests the existence of other structures where the coordination sphere
of iron is completely filled by phenolic groups, leading to the formation of TA—Fe—TA
adducts , , . The increase of the coordination number at alkaline pH values
is attributed to the higher stability of the complexes of completely coordinated Fe atom
after the ionization of polyphenols . Moreover, a possible degradation of IGIs
can be also induced at alkaline pH since similar bands are also observed in historical inks
analyzed by Raman . The degradation of inks could be related to the increase of redox
processes occurring in the polyphenol—iron mixture that can lead to the oxidative
browning of the ink with time. This colour change is produced by the slow oxidation
of polyphenols to o-quinone structures. Moreover, the oligomerization of polyphenol

units associated to the OH ionization and quinonization of the ring can also occur ,

One of the most interesting effects of the complexation of iron with polyphenols
is the strong fluorescence quenching induced on the Raman emission spectra of these
molecules. Figure 442 shows the emission spectrum of TA, which consists of both Raman
and fluorescence signal, before and after complexation with iron. The spectrum of TA

in aqueous solution shows a large fluorescence emission centered at 2000 cm '



RESULTS AND DISCUSSION

(which corresponds to 724 nm since the excitation line was 633 nm in this case).
This emission is enhanced at alkaline pH (red bars in Figure 44b). This is attributed
to the absorbance increase undergone by TA in the red region at alkaline pH

due to the formation of phenolate ions and the possible structural change of polyphenols

at high pH.
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Figure 44. Emission (Raman and fluorescence) spectra of TA and the TA—Fe complex measured

Raman and Fluorescence Emission

at pH 6 (excitation at 633 nm). Variation of the fluorescence emission of the 2000 cm™!
band (724 nm) for TA alone and the TA—Fe complex at different pH (excitation at 633 nm).
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As a general rule, and in the cases that concern us most, i.c. TAFE and GAFE

complexes, the addition of iron decreases the fluorescence in solution and even more so
in the solid state. PYFE has a &mﬂawgf\e;gh ‘{i) rr‘[l ¢ preyjeus ones as from pH 8 and SAFE
shows hardly any change. In the case of the copper complex and TA (TACU),

the fluorescence of this solution decreases, whereas in the case of the solid TACU,



the fluorescence increases at pH < 5. Solution of the GACU complex again decreases
fluorescence, even more in solid. On the other hand, SACU shows an even higher
fluorescence signal in solution and, finally, PYCU complex from pH 9 onwards decreases

its fluorescence.
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Figure 45, Variation of the fluorescence emission of the 2000 cm™" band (~ 724 nm) for polyphenol-Fe
(a) and polyphenol-Cu (b) complexes (bars in blue) recorded in solution (bars in grey)
and solid (bars in red) state at different pH (excitation at 633 nm).

v) Effect of the Iron Concentration
Figure 46 shows the Raman spectra of TA—Fe complexes obtained after varying
the relative concentrations of TA and FeSO4 in aqueous solutions. This experiment was
carried out in order to test the influence of the relative ligand-to-metal (TA:Fe)
stoichiometry in the resulting complex. At relatively high TA concentrations (9x107° M
in the 10:1 ratio complex, v/v) a clear effect of iron is already observed with the

appearance of the vi band at 1497 cm™!, the v» band at 1344 ¢cm™!, and the v3 band

at 602 cm ™.

At this high concentration, the number of bridged oligomers rises as demonstrated
by the presence of Fe—O stretching bands at 550, 506, and 362 cm™!. A progressive
downshift of the vi band from 1497 to 1472 cm™! is observed upon increasing the iron
concentration. In addition, the band at 606 cm™! in the Fe—O stretching region dominates
the spectrum at high metal concentration. This is observed from 1:1 to 1:10 complexes,
5x1073 M/5%103 M and 1073 M/9x10> M TA-Fe ratios. These changes are a

consequence of the coordination restructuration of the TA—Fe complex at different

-03 .
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relative metal concentrations. Thus, a transition from bridged (TA—Fe—TA) to terminal
(TA—Fe—water) structures takes place as the concentration of iron is increased [62], [ 78].
As the relative concentration of iron increases, a weakening of the 8 mode of benzene,
which is downshifted, and a strong enhancement of the 796 mode at 1472 cm ™' are also
observed. The iron concentration also has an important effect in the texture
of the resulting sample. Inset images in Figure 46 show the pictures of two dried
complexes obtained at 1:10 and 10:1 ratios. The latter shows a rough grainy appearance,

and the former displays a darker and flat look.
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Figure 46.  Raman spectra of the TA—Fe complexes deposited on paper at different TA:Fe relative ratio
as indicated on each spectrum, meaning that this ratio was used in the different added volumes
of original 107> M concentrations of both TA and FeSOy in aqueous solution.
Inset pictures correspond to the TA—Fe complexes prepared by using 1:10 and 10:1 ratios,
respectively, and deposited on the paper.

It can be seen that the 3:1 ratio presents an excess of tannins and the 1:1 ratio
is in balance with iron. The changes observed in Raman correlate with those provides
by the UV-vis absorption spectra for the same samples, indicating that the restructuration
of the TAFE complexes with different stoichiometry is also projected to the color

appearance.
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Figure 47 shows the plot of the maximum absorbance bands registered as a function
of the TA-Fe ratio as derived from the corresponding UV-vis data. The intensity
of the 275 nm-absorption band decreases proportionally to the amount of iron present
in the sample, except for the 1:30 ratio where a slight increase in comparison
to the 1:10 ratio is observed. Since this band is a characteristic absorption feature
of the polyphenol molecules, its decrease with iron concentration's increase points out

on an effective interaction of the polyphenol molecule with the iron ions.
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Figure 47.  Plot of the UV-vis absorption maxima (at 275 and 570 nm) measured in the TA-Fe complexes

at different Fe”™ concentrations. The TA-concentration was maintained constant
([TA = 107 M) in order to test the effect of the ligand to metal (TA-Fe) stoichiometry
in the resulting complex.

In addition, at the visible spectral region, an increase of the absorption band
at 570 nm is visible when increased concentration of the iron ions in the samples, whereas
the 1:30 TA-Fe complex shows the highest intensity. The enhancement of the 570 nm

maximum is due to the formation of iron coordination centers in the mixture.

vi) Effect of time
The composition of the ink can vary with ingredients, pH and time. Figure 48 shows
Raman spectra of the TA-Fe complexes in solution recorded at different times ranging

from 1 hour to 8§ days.
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24 h (1 day)

Raman intensity

189 h (8 days) .

1 v 1 v 1 v 1 v 1
1750 1400 1050 700 350
Wavenumber /cm”

Figure 48.  Raman spectra of TA-Fe complexes in solution obtained at different times: from 1hour
to 8 days after the complex preparation.

At first look, the Raman spectra show a gradual decrease of the total intensity
resolution which denotes a strong chemical changes, i.e. a degradation process takes
place. In addition, the spectral profile also changed significantly with time losing
resolution in comparison to the first spectrum. In particular, a series of intense bands,
at 1709, 1610 and 1486 cm™ which are respectively attributed to the stretching vibration
of the ester C=0 band, the benzene C=C stretching 8a and /9b modes, decrease in time
until the first two bands totally disappear. The intense band related to different bending
vibrations, at 1352 cm™!, remains the same and the most pronounced one even after 8 days.
Besides, the fluorescence background signal also increases in time. Finally, the loss
of the complex structure can also be deduced from the decreased intensity/disappearing

band at 602 cm ™! which is assigned to the v(Fe—Q) vibration of the TA—Fe complex.

vii) Effect of gum Arabic
Since gum Arabic is one of the principal ingredients of the IGIs, we have also studied
its effect on the vibrational spectra of these inks in order to get some information about its

influence on the overall structure of the actual colorant of IGIs, i.e. the polyphenol



complex with metals. Since this polysaccharide has a low Raman cross section we have

studied the effect of the gum by FTIR spectroscopy.
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Figure 49. R absorption spectra of the polyphenol-Fe complexes in the presence of gum Arabic prepared
as pellet samples at pH 6. (1) (a) Gum Arabic (gum), (b) TA-Fe complex, (c) TA-Fe-gum
sample, (d) sum of the spectra (a) and (b). (Il) (a) PY-Fe-gum sample, (b) GA-Fe-gum sample,

(c) TA-Fe-gum sample, (d) SA-Fe-gum sample, and (e) Arabic gum (gum). All spectra were
normalized to the —OH stretching vibration band at ~ 3400 cm’.

Figure 491b and ¢ shows the FTIR spectra of TAFE complex in the absence
and in the presence of the gum Arabic compared to the FTIR spectrum
of the polysaccharide (Figure 4912). A significant participation of the gum
can be deduced from the IR spectra of all studied polyphenols. Gum Arabic exhibits
characteristic vibrational bands, at 3402 cm™ and 2932 cm, assigned to the stretching
vibrations of the -OH and -CH»/-CH3 aliphatic groups, respectively. The absorption band

at 1614 cm! is related to the symmetric stretching movements of the -COO" functional

-97 .
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group. In addition, carboxylic acids show characteristic -OH in-plane bending band
at 1423 cm’! . The bands observed between 1200 cm™ and 800 cm™ represent
fingerprint zone of carbohydrates, i.e. C-O, C-C and C-O-C stretching, C-O-H and C-H
bending modes of the polymer backbone . Finally, the bands lying between 700 cm”
"and 400 cm™! can be attributed to the skeletal mode vibrations of the pyranose ring.
The presence of gum in the TAFE complex induce clear changes in the region
corresponding to v(C-O) motions, where it is observed a shift from 1082 to 1068 cm™'.
In addition, a new band is observed as a shoulder at ca. 1030 cm™'. Other changes
are the weakening of the 1208 cm™! band of TAFE and the slight intensification of the /9
mode at 1478 cm™'. All these features point out the existence of H-bonds between gum
Arabic and phenol groups in TA that could be the responsible for the stabilization

of the mixture.

Figure 4911 shows the FTIR spectra of all polyphenols in the presence of gum Arabic.
The analysis of these spectra also reveals differences in the region corresponding to the 8a
and 719h modes as well as the 1200-1000 cm™ region corresponding to the v(C-O)

vibrations.

4.3 SERS spectra

Surface-enhanced Raman scattering (SERS), in general, can overcome the main
disadvantages of Raman spectroscopy because of the fluorescence quenching
of the analyte, as well as the high sensitivity provided by the giant intensification
of the radiation intensity in the presence of the metal nanoparticle. As a Raman derived
techniques, an additional advantage of SERS is that it affords a vibrational spectrum from
the analysed molecule, which can be useful to determine its structure and possible
chemical changes that occur on fading or other molecular degradation. Therefore, SERS
is being developed as a promising microdestructive technique for characterizing natural
organic pigments and dyes in works of art and cultural heritage materials. Moreover,
Raman analysis of black inks can also be found in the literature [4], s ,

. Nevertheless, to the best of our knowledge, up to now, there are no SERS studies
of the IGIs; we have found just one paper dedicated to the application of TERS (Tip-
Enhanced Raman Spectroscopy) for in-sifu detection of indigo and IGIs on paper

However, the SERS spectra reported in this paper could not correspond to the IGI ink but



to another component also present in the analysed manuscripts. In this thesis, we have
also focused on the SERS analysis of IGIs. The SERS spectra of the polyphenols
were previously measured in order to better attribute the SERS features of the iron

complexes.

1) SERS spectra of polyphenols

The corresponding SERS spectra of the analyzed polyphenols (Figure 50 and Figure
51) show significant changes in comparison with the Raman spectra of the polyphenols
both in solid state (Figure 31) and in aqueous or ethanol solution (Figure 33 and Figure
34). The Raman spectra of polyphenols in aqueous solution (in the case of SA in ethanol)
are also shown in Figure 50 and Figure 51 for comparison with the corresponding SERS
spectra. In solution, these polyphenols only show slight spectral differences in relation
to the solid state attributable to the different molecular states with respect to the formation
of intramolecular and intermolecular hydrogen bonds in the solid-state and the interaction

with the solvent.

The SERS spectra were obtained by using AgC NPs. On the contrary, no SERS
spectra could be obtained on AgH NPs except for the SA molecule (Figure 50d).
However, the AgC colloid may show bands of the residual citrate ions used for preparing
the colloid which can overlap the bands of the analyte. The higher activity of AgC NPs
to render intense SERS spectra is related to the fact that the citrate residual species,
still adsorbed onto the metal surface, and its oxidation products can better interact
with the —OH groups of polyphenols through the establishment of H-bonds between —
COOH in citrate and —OH groups in phenols

In general, the SERS spectra are dominated by broad bands that may corroborate
the formation of H-bonds between the adsorbed molecules and the organic molecules
covering the NPs. Moreover, the big changes observed between the Raman spectra
in solution and the SERS points out the occurrence of strong polyphenol structural
modifications as a consequence of their interaction with the metal surface. Another reason
that may contribute to the broadening of bands is the deep structural changes
that these polyphenol molecules may undergo because a possible polymerization leading

to more complex structures as we have also reported in previous works
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Figure 50. Raman spectrum of PY in aqueous solution (20 mg/mL); (b) SERS spectrum of PY
(at concentration 10~ M) in AgC NPs; (c¢) Raman spectrum of SA in ethanol solution

(20 mg/mL) after subtracting the ethanol spectrum; and (d) SERS spectrum of SA
(at concentration 107 M) in AgH NPs. Excitation line: 785 nm.

At first look, the adsorption of the acidic polyphenols (GA and SA)
on Ag nanoparticles induces the ionization of carboxylate groups that can be deduced
from the weakening of bands at 1688 and 1687 cm™!, for SA and GA, respectively,
of the solution (Figure 50c and Figure 512). In addition, a remarkable weakening
of the 8a mode is observed in all the cases. Another important feature in the SERS of all

! region, attributed

polyphenols is the intensification of a band in the 1505-1475 cm"
to the /9a mode of the benzene ring , that seems to be enhanced
regarding the same weak band in aqueous solution upon the interaction
of these polyphenols with the metals surface (see expanded spectrum over the Figure 50

one in the 1450-1550 cm™ region). This mode is more intense in the FTIR spectra,



due to the fact that the corresponding vibration implies a strong variation of the molecular

dipolar moment, while the variation of polarizability is rather weak [ 7], ,
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Figure 51. Raman spectrum of GA in aqueous solution (20 mg/mL), (b) SERS spectrum of GA
(at concentration 10° M) in AgC NPs; Raman spectrum of TA in aqueous solution

(20 mg/mL); and (d) SERS spectrum of TA (at concentration 10 M) in AgC NPs.
Excitation line: 785 nm.

Therefore, the interaction with the metal in the surface seems to induce a structural
change of the molecule in such a way that leads to an increase of the variation
of polarizability associated with the /9a mode. Furthermore, another general
characteristic of SERS spectra is the enhancement of a new broad band which appears
with a high intensity at 435-410 cm™ region in the SERS spectra of PY, SA and GA
(Figure 50b and d, and Figure 51b), while in TA it appears at slight lower wavenumbers

(386 cm™) (Figure 514).
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It is worth noting the singularity of the SA SERS spectrum (Figure 50d) regarding
the observation of sharp and intense bands unlike the SERS spectra of the other three
molecules (GA, TA and PY). This result can be related to the presence of the methoxy
groups in its structure. These groups may exert an influence on the natural tendency
of polyphenols to polymerize, and for this reason sharper bands could be observed.
The strong band observed at 1306 cm™!, attributed to the v(C-O) motion coupled to ring
stretching, seems to be an evidence of the preservation of the original structure

of this molecule and the absence of any polymerization.

In contrast, the SERS spectrum of PY (Figure S50b) displays strong changes
regarding the aqueous solution with a new strong band at 1502 cm™ together
with the intensity decrease of the 8a vibration at 1612 cm™'. But the most important
change in this molecule is the complete disappearance of the ring breathing band seen
in the aqueous solution at 703 cm™! (Figure 502). Besides, new strong bands in the low
wavenumber region, i.e. at 560 and 430 cm’!, appeared likely associated to the deep

structural changes undergone by this molecule upon adsorption on the surface.

The SERS spectrum of GA also displays a great deal of changes that indicates a deep
structural change of this polyphenol on Ag NPs (Figure 51b). There are hints that points
out a direct interaction of GA carboxylate groups with silver, specifically, the strong
weakening of the 1687 cm™ band in aqueous solution (Figure 512), attributed
to the carboxylic acid, and the enhancement of the band at 1367 cm™' in the SERS (Figure
51b) attributed to the carboxylate group in the gallate ion.

In contrast to the other analyzed polyphenols, the SERS of TA (Figure 51d) is the
one that displays a lower difference in comparison to the corresponding Raman spectrum
(Figure 51¢). The main difference is the new band at 1480 cm™, associated with the 79b
ring mode due to the interaction of phenol groups with metals, that is general for all
the other polyphenols. The higher correspondence with the Raman in solution indicates
that TA may undergo a lower structural transformation on the silver surface due
to its higher size and the fact that it is an already polymerized polyphenol. Likewise,
a high correspondence can be observed between the SERS of GA and TA (Figure 51
and d), being the main difference the existence of a medium band at 1704 cm™ attributed
to the ester v(C-O) vibration, that seems to be absent in the SERS of GA. This similarity
corroborates that GA undergoes a polymerization on the surface although it does not

involve the formation of ester groups.



Concluding, the SERS spectra of the analyzed polyphenols show significant changes
in comparison with the Raman spectra. This result indicates the occurrence of strong
polyphenol structural modifications as a consequence of their interaction with the metal
surface. Another effect observed in the SERS spectra is the broadening of bands derived
from a possible polymerization of this molecules to more complex structures. The most
important modifications observed in the SERS spectra of these compounds
is the remarkable weakening of the 8a ring vibration and the subsequent intensification
of the /9a and 7/9b mode of the benzene ring. This latter mode is also more intense
in the FTIR spectra, and its intensification in the SERS spectra could be related
to an increase of the variation of polarizability associated with the /9a and 195 modes
as a consequence of the structural change of the molecule induced by a strong interaction

with the metal in Ag NPs.

Tannic acid is the polyphenol that displays a lower difference in comparison
to the corresponding Raman spectrum, and this is attributed to a weaker interaction
with the surface that implies a lower structural modification when adsorbed
on the surface. In contrast, gallic acid undergoes deep structural changes on the Ag
surface. The similarity of the SERS of gallic with that of the tannic acid suggests

that the first may undergo a polymerization when adsorbed on the surface of silver.

1) SERS spectra of Iron Gall Inks
In this thesis, the first SERS spectra of iron gall inks were obtained. No previous
applications of plasmonic nanoparticles to analyze these kind of materials was reported

up to now.

The analysis of IGI inks by SERS leads to a huge increase of the Raman scattering
signal from the ink. This is an important effect that allows the analysis of tiny amounts
of materials that can be detached from the manuscript. In SERS, there are two questions
that must be addressed when analyzing some organic material: 1) the possibility
of a structural change when the organic molecule interacts with the metal substrate
employed for doing SERS; and 2) the limit of detection that the technique can provide

in the analytical detection.

The first issue is a direct consequence of the SERS analysis. In fact, this technique

is based on the approaching of the analyte to the interface. This converts the analytical
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method in an adsorption associated method that depends on the specific solution
to surface equilibrium stablished between the adsorbate and the metal surface.
This process involves the solubilization of the molecule in the aqueous medium,
as well as the subsequent diffusion of the analyte to the surface and the corresponding
adsorption on this surface. There are many factors affecting the adsorption. Among them,
the pH of the medium is obviously an important factor that may influence all these
processes, both solubilization and adsorption. Therefore, this was an effect
that was deeply studied in the case of the complexes of polyphenols with iron. The effect
of time was also investigated in order to know if the iron complexes underwent some

structural modification.

111) SERS of different IGIs

The SERS spectra of the different IGIs prepared in this thesis, including the TAFE
complex, are shown in Figure 52. The normal Raman spectra of the IGIs are shown
in Figure 53 for comparison. SERS spectra display similar spectral patterns in relation
with the TAFE complex and IGI inks, although some differences can be observed
between them. These differences are more evident in the Ag-O and Fe-O regions,
which are enhanced in the SERS regarding the normal spectra, and this reflects a different
interfacial behavior of the iron complexes between TA, Fe, citrate, chloride and the silver

surface.

For instance, it is possible to observe a weakening of the shoulder at 620 cm’!
of the TAFE spectrum in the aqueous solution (Figure 522) and the intensification
of bands at 567, 530 and 425 cm™ (Figure 52b-f). These changes are associated
to a structural rearrangement of the iron sphere coordination when adsorbed on the silver
surface. In fact, we observed the enhanced of bands related to bridged TA-Fe complexes,
where the coordination sphere of the iron is interacting with different ligands.
The predominant band in solution and on AgNPs is observed at 597 cm™,
which is assigned to terminal complexes where the iron ion sphere is not completed
and the unoccupied places are filled with water molecules , , . In general,
the intensification of the v3 band at 597 cm™ in SERS is connected with different effects:
a) approaching of the Fe-O bonds to the surface according to the SERS selection rules;

b) a resonance effect mediated by the charge-transfer from the complex to the silver

surface involving the specific part of the iron environment.
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Figure 53.  Normal Raman spectra of the inks: (a) IGl1, (b) IGI2, and (c) IGI3.

Another noteworthy change is the appearance of new bands falling in the Ag-O
region corresponding to the adsorption of oxygenated species on the silver surface.
These species can be citrate, the oxidation products of citrate , , and the different
species integrating the TA sample . The new bands appearing in the latter region

are seen at 290 and 225 cm™!

In addition, it was also observed an enhancement of certain bands in the 1000-
700 cm! region at 744, 827, 967 cm™!. The latter bands may be assigned to ring vibration
(ring breathing and trigonal vibrations) which undergo an intensification
due to the resonant Raman effect induced by the presence of the silver surface.
This resonance is related to the adsorption of the iron complex on the metal nanoparticle
and is associated to charge-transfer processes existing between the complex at the level
of the iron coordination center and Ag. The resonant effect is supported by the appearance
of new bands at 1938 and 2076 cm™' that are due to the sum of (vi+v3) and (v2+v3) modes
(Figure 55), respectively. These combined modes are intensified under resonance

conditions ,

These structural changes also affect the aromatic rings. In fact, the vi band

at 1477 cm™ in the Raman spectrum of the solution undergoes a shift to 1483 cm



in the SERS. This is indeed associated to structural rearrangements of the complex
in the presence of the metal surface and the specific complexation established
on the metal surface. The shift towards higher wavenumbers involve a weakening
of the polyphenol interactions with iron, as deduced from previous experiments
with different polyphenol/iron complexes. The weakening of the complex bonds
on the presence of the Ag NPs is attributed to the adsorption of the TA complexes
on the silver surface through the iron Fe*" ion. This is related with the formation of a new
iron-tannin complex on the surface mediated by the citrate ions adsorbed on the surface.
The formation of these kind of complexes accounts for the formation of bridged

complexes and the shift upwards of the vi mode.

Finally, the weak bands observed in the normal Raman at 1240, 1433 and 1690 cm’
!, attributed to C-O and C=O stretching vibrations of the TA ester groups, undergo a clear
weakening upon the presence of Ag NPs. This effect is a consequence of the further

position of these groups regarding the silver surface and the short-range effect

of the SERS effect s ,

Another effects that should be considered when TA-Fe complexes are adsorbed
on the surface are the chemical processes that the TA ligands may undergo in the presence
of the Ag surface. These effects are produced by the hypothetical catalytic effect that
the silver surface can exert on polyphenolic molecules . Among the possible chemical
changes on the surface we can mention the hydrolysis, oxidation and iron complex

rearrangement 5 R

At first look it seems that only slight variations between each ink are seen. However,
the main changes are observed in the Fe-O and the Ag-O regions. As mentioned above,
the more striking effect of the adsorption of the ink complex on Ag NPs
is the intensification of bands in the Fe-O, with the appearance of new bands
and shoulders associated with the establishment of new iron bonds with the oxygenated
species present on the interface. As can be seen, only small differences can be observed
between the Raman of inks prepared with different recipes. The intensity of the bands
at 1600 and 1700 cm™!, related to free ligands in TA, is lower in the IGI2. This is attributed
to the high iron/TA ratio that leads to a higher complexation degree.

Additionally, between the different IGI samples, we have noted slight differences

that mainly affect the Fe-O and Ag-O regions. In some cases, it is evident the existence
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of stronger bands at 530 and 425 cm!, and the corresponding Ag-O bands observed below
300 cm™! (samples IGI2, IG4 and TA-Fe). We hypothesize that the 530/425 cm™ pair
of bands is related to stretching vibrations derived from carboxylate moieties interacting
with iron (—COO-Fe bonds). Carboxylate groups are present on the surface because
of the citrate ions, but they are also present in the tannic acid commercial compound,
since it was previously reported to be an actual mixture of several galloyl subproducts
including gallic acid . DFT calculations also supported this assignment. In fact,
the normal mode calculations made in this thesis supports that there is a mode at 576 cm’
!, which can be assigned to COO-Fe bonds in the GA-Fe complex where this carboxylate-

iron interaction was studied

Likewise, when the above two bands are more intense, there are two band at 290
and 228 cm! that also undergo a clear enhancement. These bands are attributed
to the citrate adsorbed on the surface and corresponds to Ag*-COO™ bonds. In order to
demonstrate this assignment, we have registered the spectra of citrate in the AgC
nanoparticles at different pH (Figure 54). At pH 5 the Ag-O region shows the existence
of two bands at 285 and 222 cm™' that correspond to the interaction of citrate with silver.
When lowering the pH to 3, a unique band is observed at 225 cm™ that is assigned

to the Ag-O in the carboxylate groups.

In the case of the IGI prepared with a higher relative concentration of gum Arabic
(Figure 52c and d), i.e. the IGI3 and IGI1, all the carboxylate related bands are weakened
in the presence of gum Arabic. Conversely, the IGI2 and 1GI4 inks for which a lower gum
concentration was used (Figure 52¢ and 1), the 530/425 cm™ and the band at 290 ¢cm’!
bands are enhanced. The intensification of the carboxylate bands in IGI2 and IGI4
is associated with a stronger interaction of the TA-Fe complex with the silver surface.
The effect of gum on the Fe-O and Ag-O regions demonstrate the protective effect
attributed to the gum Arabic on the stability of the complex, as also reported previously
by M.G. Zamorano . Other differences between the IGI1 and IGI2 inks
are the existence of a doublet in the v, mode region (1345/1322 cm™)
and the intensification of the weak band at 1230 cm!, pointing out the influence of the
—OH groups in the establishment of H-bond with the —OH phenol groups
in the polyphenols.
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Figure 54.  SERS spectra of citrate at pH 1-5 and detail of the Ag-citrate bands (top).

1v) SERS on different silver colloids
SERS spectra of the IGI4 ink sample were obtained in different metal substrates, gold
and silver, prepared by different methods in order to investigate the efficiency
of the different nanofabrication methods on the enhancement of IGIs SERS (Figure 55).
As can be seen, SERS spectra can be divided in four different regions to better analyze
them: (i) the region corresponding to the Ag-O interactions, related to the interaction of all

species present in the interface (citrate and TA species) with the silver atoms
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of nanoparticles; (ii) the region corresponding to all the Fe-O interactions involving
the different oxygenated functional groups existing in all the species (carboxylates,
hydroxyl, phenols, ester groups); (iii) the region corresponding to the specific TA
molecular vibrations; and (iv) a high wavenumber region where overtone bands
can appear. The presence of overtones indicates the strong influence of intensification via

Raman resonance.
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Figure 55.  SERS spectra of the IG14 ink recorded on different Ag and Au NPs.

In terms of intensity, the four SERS spectra indicates a strong enhancement in those
metal nanoparticles where citrate exists (Figure 56). The exception is AuC, but in this
case we presume that the affinity of TA-Fe for this metal is lower, and also the gold
can induce a catalysis of the citrate species adsorbed onto the Au surface as already
reported in previous works . The enhancement of the Raman spectrum
in the presence of citrate is related to the higher affinity of the TA-Fe complex on citrate-
capped nanoparticles. We suggest that citrate and its oxidation products, can favor
the adsorption of the TA-Fe complex by stablishing interfacial complexes of the way
indicated in Figure 57.
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Figure 86.  Block diagram of the intensity of the vs band of the IGI4 ink diplayed
as a function of different metal nanoparticles.

v) Interaction of TA-Fe complexes with the silver surface: adsorption models

Ag nanoparticles capped with citrate ions leads to new complexation possibilities
for the iron sphere of coordination mediated by the citrate that do not exist in other
nanoparticles. The adsorption of citrate on Ag surfaces seems to take place through
the formation of bidentate complexes on the surface, while on Au the adsorption pattern
is monodentate | 156], [92], [80]. As it was shown above, the TA-Fe complex seems
to be strongly adsorbed on the AgNPs surface as deduced from the high intensification
of the SERS spectra. This is something possible only when a large amount of complexes
is able to migrate from the bulk towards the interface. On the other hand, the binding
point of the TA-Fe complex seems to be the iron Fe** ion, which acts as driving force
to induce the adsorption. This interaction leads to an extra enhancement of the v3 mode
assigned to the Fe-O stretching motions in the iron coordination sphere, which is placed
close to the interface. In the case of AgH, where no citrate ions are present, a lower SERS
intensity is observed, although the still high intensity of the v; mode is probably
due to other kind of interactions with the surface, such as the direct interaction of free
—OH groups with the Ag atoms on the surface, or an interaction of Fe** ions with the CI°
ions adsorbed on the silver surface.

Figure 57 shows the adsorption models proposed in the present work
on the adsorption of TA on the surface through the interaction with the Ag@citrate@Fe**
linking site under monodentate bridged (Figure 572), completely bridged (Figure 57b)
and bidentate configurations (Figure 57d). A direct interaction of TA or GA is possible
by interaction of phenol —OH groups with Ag atoms on the surface (Figure 57¢).

=110 -
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At this point, it is interesting the analysis of the role of gum on the ink adsorption.
The presence of gum in the medium alters the interaction of the TA-Fe complex
with the surface, since the citrate mediated bands are weaker for those IGI inks where
the gum concentration is higher. We suggest that the polysaccharide also participates
in the coordination with iron leading to TA-Fe-gum mixed complexes, but this occurs
in the bulk, although these ternary complexes could afterwards be adsorbed through direct
interaction of then through the pyrogallic moiety. It seems that the formation of these TA-
Fe-gum mixed complexes represents a chemical protection against the chemical
degradation induced by the metal. This effect indeed opens an interesting discussion
regarding the role of this ancestral ink component, the gum Arabic, in relation with
the stability of the resulting inks. In fact, a similar protective effect could have been
exerted when these inks are impregnating the paper, since iron can also interact
with the cellulose inducing a chemical degradation of the paper by the natural oxidation
on the cellulose of the paper. This degradative process could be avoided in the presence

of gum, which can compete with cellulose when the ink is applied to the paper in historic

manuscripts.
(a) m (D) on (C) R,
TA
OH o o A OH
o o f OH
OH (o] o]
0H2|||||-/.EF9\+3 -H,0 0
C
©) ™
oH
o o
\hi':i + \‘A’é-l- \‘A’éc-
Figure 57.  Adsorption models for TA-Fe complexes on the Ag surface: (a) monodentate adsorption

through the citrate linker and bridged TA-Fe with still incomplete iron coordination sphere;
monodentate adsorption through the citrate linker and bridged TA-Fe with complete iron
coordination sphere, (c) direct interaction with the silver surface through pyrogallic terminal
groups, and (d) bidentate adsorption of TA-Fe through two different
carboxylic groups of citrate.



vi) SERS of GAFE vs TAFE complex
The SERS of the GA-Fe complex (Figure 58) shows stronger 530/425 c¢cm™ bands
indicating the prevalence of interactions with the nanoparticle surface through
the pyrogallol moiety through the Ag@citrate@Fe*" linking groups. In addition, a more
intense band at 298 cm! is seen, thus demonstrating the existence of direct interactions

of GA molecules with the surface as well.
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Figure 58.  SERS spectra of TA-Fe and GA-Fe complexes in the different important regions.

As mentioned above, the commercial TA is actually a mixture of different compounds
with the presence of a certain amount of free gallic acid . Therefore, the SERS
spectrum of TA could have a large contribution from free GA molecules existing
in the mixture, although it is clear that other galloyl derivatives are detected in the SERS,
as demonstrates the spectral differences between TA and GA spectra: a) the position
of the vi mode (1483 cm™ in TA and 1473 cm™ in GA); b) the inversion of the v> mode
to the lower component at 1318 cm’!; c) the intensification of the band at 1229 cm™;
and d) the lower intensity of the 568 cm™ band. The similarity of the SERS spectra of TA-
Fe and GA-Fe demonstrate that GA exists in the TA commercial compound, although

the differences found between them indicates that other related compounds are present.

In order to get more insight on the role of iron regarding the TA-Fe adsorption
on AgNPs, we have developed different experiments in which the TA-Fe compex
was prepared in the presence of the silver nanoparticles under different orders:

a) AgNPs/TA/Fe; b) TA/Fe/AgNPs; and c) AgNPs/Fe/TA. If the TA-Fe complex
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is previously prepared and added to the AgNPs suspension the SERS spectrum is very
similar to that of the experiment where the TA molecules were added on the silver
and then the iron sulfate is added to the TA/AgNPs mixture (Figure 592 and b). However,
a completely different situation is found when iron is first added to the AgNPs and then
the TA molecules are added on the nanoparticles containing iron. In the latter case,
stronger bands corresponding to the interaction of TA via carboxylate groups
are observed pointing out the great importance of iron in the interaction of polyphenols

on the Ag NPs.

The role of iron in the adsorption of polyphenolic compounds with Ag surface

is further confirmed by using GA and a growing concentration of iron (Figure 59c¢ and
). When an excess of iron is previously added to AgNPs, strong bands at 530, 425
and 225 cm™! are seen. This demonstrates the gain the importance of the citrate/Fe linker

in the adsorption of these polyphenols on the silver surface.
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Figure 59. SERS spectra of TA-Fe complexes prepared ex-situ (a) and in-situ by adding first FeSOq
in the AgNPs colloidal suspension and then the TA (b). SERS spectra of the GA-Fe
complexes prepared in-situ by adding FeSOy at relative concentrations 1:10 (c) and 1:100
(GA/Fe M/M).



vii) Effect of the pH on the SERS of the TA-Fe complex

Figure 60 shows the SERS spectra of the TA-Fe complex at different pH. Typical
bands of TA-Fe complex are mainly seen with remarkable intensity in the 4.5-7.0 interval
of pH. At pH 3.0, no TA-Fe bands are detected. Since the citric acid first pKa is 2.79,
the absence of TA bands below 4.0 is attributed to the extensive protonation of the citrate
anions to the completely protonated citric acid. The solubility of citric acid in solution
is drastically reduced and, then, while its the affinity for the silver surface increases.
In addition, the protonation of the exposed carboxylic acid groups to the bulk reduces
the possibility of an interaction of TA-Fe complexes through the citrate. Because of all
these reasons, the adsorption of TA-Fe complexes on the surface is hampered
and the SERS bands are absent. In fact, the bands observed at 1415 and 895 cm’!
are assigned to the carboxylate symmetric bending and the C-COO™ coupled to CH:
rocking motions. In the Ag-O region, a higher component at 215 cm™! is seen, indicating

the interaction of the carboxylate with the silver (Ag-COO").
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Figure 60.  SERS spectra of TA-Fe complex (107°/2x107, TA/Fe M/M) at different pH.



RESULTS AND DISCUSSION

On the other hand, at pH above 7.0 the intensity of the SERS decreases because
of the removal of the TA-Fe from the surface due to the predominant adsorption of OH"
ions. The interval of pH at which the SERS bands are more intense (4.0-7.0) indicates
that the adsorption of TA-Fe is favored in the presence of the monoanionic (CitH>") and
the dianionic (CitH?>") citrate ions. Under these forms, citrate is adsorbed on the surface
and exhibits carboxylate groups to the bulk that may interact with the pyrogallol moieties
of gallic and galloyl species via the Fe*" ions as indicated in the Figure 41. The SERS
intensity maximum is seen at pH 5.5, which is the optimal value to register the SERS
spectra of these compounds. At the latter pH, an intense Ag-O band at 290 cm™! is seen,
thus indicating the existence of TA-Fe complexes interacting directly with the surface

through the pyrogallic moieties.

viii) Effect of time on the SERS of TAFE and GAFE complexes
Raman spectroscopy was also employed to test the effect of time on TA-Fe
and GA-Fe complexes. The normal Raman spectra of TAFE complexes show slight

differences when studied in a period of time ranging from 1 h and 44 months (Figure 61).
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Figure 61.  Normal Raman spectra of TA-Fe complexes measured after 1h (black); 22 month (green)
and 44 months (brown).



In general, a progressive diminution of the intensity is seen and some slight changes
are observed in the spectra. All these changes are associated with a progressive
aggregation of the complex which is evident when time passes. When the TAFE samples
which undergo the effect of time were analyzed with SERS the slight differences observed
in the normal Raman are clearly enhanced (Figure 62). The most evident effect of time
on the TA-Fe SERS spectra is the modification of the v2 mode, which undergoes
a weakening accompanied by the appearance of a multimode structure of bands appearing
at 1390, 1333 and 1302 cm! after 44 months. A similar effect was observed in the case
of GA-Fe complexes (Figure 62b), although a lower 1333 cm band was seen.
The citrate-Fe-TA bands at 530/425 cm™! almost disappear after 44 months.
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Figure 62.  SERS spectra of TA-Fe (a) and GA-Fe (b) complexes measured after 1h (black),
[ month (red); 32 months (green) and 44 months (brown).

The v3 mode underwent an inversion between the most intense band in the fresh
complex at 597 cm™! and the 568 cm™ one, being the latter one the unique band seen after

44 months. Similar behavior was also observed in GAFE.

Finally, the Ag-O region also underwent clear changes indicating a different
adsorption pattern of the polyphenolic species existing in the mixture. In the TAFE
complex, the final result is a unique band at 225 cm™ (Figure 622) pointing out

a prevalent interaction of TAFE complexes through the Ag-citrate-Fe-TA adsorption
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mechanism. Conversely, the final situation of the GAFE complex in this region
is the existence of a 285/225 cm™! doublet indicating that the indirect and direct interaction

of this complex on silver is still taking place.

The changes observed in the Fe-O region affords important hints to understand
the chemical modifications underwent by these important complexes with the time.
The inversion of the 598/568 cm™ doublet bands demonstrates that a change
in the complexation pattern of TA-Fe from predominant terminal complexes to bridged
complexes. This suggests that the initial complexes formed in the mixture are still
incomplete regarding the iron sphere of complexation. The evolution in time leads
to a progressive cross-linking of tannic species via the iron centers with the formation
of bridged final complexes. This induces a structural change in the C-O bonds, which
are the basis of the v> mode, and in the Fe-O spectral pattern. The creation of final cross-
linked structures with a higher size accounts for the aggregation observed
in the suspension, as well as the predominance of the 225 cm™ Ag-O band related
with the indirect adsorption complexes. However, in the case of the gallic acid there still
exists a high amount of free GA molecules and smaller GA-Fe that can interact directly

with the silver surface.

4.4 Analysis of Historical Manuscripts

The analysis of historical manuscripts by Raman is a highly difficult task that implied
the knowledge of the formation of metal complexes with the different materials employed
in the fabrication of metallogallic complexes, the effect of these different components

on the stability of the final ink and the effect of the time on inks.

Since the complex of polyphenolic compounds with iron and copper is the main
process that is involved in the fabrication of metallogallic inks, we have previously
studied these complexes in the above sections. SERS provided a helpful technique,
not only to analyze very tiny amounts of the material, but also to induce an artificial aging
on the ink. In fact, the SERS results provided important information about the possible
protective effect of the gum Arabic. In this section the results obtained
from the application of Raman spectroscopy on real historical manuscripts is presented

in order to evaluate the effect of the aging on the original metallic complexes contained



in IGI inks. The changes on the key Raman features imposed by the pass of the time could

afford important hints to evaluate and to date the analyzed manuscript.

1) [In-situ Raman spectroscopy analysis of manuscripts from Spain

Figure 63 shows Raman spectra of the manuscripts belonging to the group of works
originated in Spain (Table 4, ). Among all the analysed
manuscripts, only a clear Raman spectrum bearing an IGI profile was observed
in the SO012 and SO015 samples by using a laser excitation at 785 nm. The works that did
not provided any intense signal at 785nm (S009, S010, S011, S013, S014) were analyzed
at 532 nm. At the later conditions very weak v; and vz could be seen. A common
characteristic of these samples is the presence of two broad bands centered at ca. 1360
and 1550 cm’! that point out the presence of carbon-based black pigments in these inks.
Therefore, we have concluded that the ink of these manuscripts was prepared by mixing

IGI with carbon in different proportions.
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Figure 63.  Raman spectra of above mentioned manucripts analyzed at J.exc = 785nm (measurement
paramenters: power 0.1 to 1% (mW), exposure time of 30 seconds, 1 accumulations)
and Aexe = 532nm (measurement paramenters.: power 0.1 to 0.5% (mW), exposure time
of 10 seconds, 1 accumulations) (b). The presented data represent the averaged Raman
spectra recorded for 3 different points on the ink.

Figure 64 displays the Raman spectra recorded on the manuscripts dated from

the year 1703 (S015) to 1835 (S012) and they are compared to the IGI3 ink (freshly
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prepared in the lab, i.e. now). As can be seen, all the samples present vi, v2 and v3 spectral
features. However, they exhibit clear differences between them that can be summarized

as follows:

- The relative intensity of the v mode decreases with the time and undergoes a shift.

- The vs mode is enhanced and is shifted to lower wavenumbers. In some cases, it
appears as a doublet (598/549 cm™'; S012).

- There appears a medium band at 410 cm™ with the time.

- Other medium bands at 1710, 1430 and 1243 cm™" are weakened with the time.

- The 8a aromatic band of benzene at 1610 cm! is shifted to 1578 cm™.
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Figure 64.  Normal Raman spectra of the IGI3 ink as compared to the IGI in manuscripts no.S012,
corresponding to the year and no. S015 dated from the year.

These changes can be attributed to the progressive degradation of the IGI ink.
For instance, the decrease of the v> mode can be related to the oxidation of the polyphenol,
that implies the disappearance of —OH groups and the appearance of other oxygen-
containing functions like ketonic ones. The hydrolysis of polyphenols at the level
of the ester groups is considered the responsible for the weakening of the 1710, 1430
and 1243 c¢cm™' bands. Finally, the clear changes in the Fe-O region are related
to the formation of new Fe-O bonds after the degradation process of the original organic
compounds. This process leads to the reorganization of the iron complexes

and the formation of new metal coordination spheres. The effect of aging observed



in this thesis was similar to those observed in other previously reported studies
of historical IGI manuscripts.

However, no explanation about the chemical processes involved in the ink
degradation was proposed up to know. Therefore, a possible dating of historical
documents made with IGI is proposed for the first time in this thesis based on the above

spectral changes involving the Raman marker bands.

i1) Raman spectra of manuscripts from similar period of time collected from
Slovakia

An interesting aspect in the effect of time on the metallogallic inks is the analysis
of manuscripts dated from a similar age in order to observe possible effects on the ink
structure that can be independent from the aging effect. Figure 65 displays the Raman
spectra registered from manuscripts with Slovak origin (Archives from KeZmarok) dating
from the 1854-1858 period of time. In all these documents we observed similar effects
of the time as described above, but between them it was observed a disparity in the aging

effects. The analysis of the Fe-O spectral region could more be helpful in the comparative

study.
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Figure 65.  Raman spectra of the manuscripts no. S001 to S008 registered after in-situ analysis

of the manuscripts in selected areas. (J.exc = 785 nm, spectra were normalized to the band
at 1575 em™ and measurement parameters were: 0.1 to 1% (mW), exposure time
of 30 seconds, 1 accumulation.)
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Figure 66 shows in more detail the 800-200 cm™' region. Although the predominant
band in the Fe-O region is usually centered at 570 cm™!, with observation of a unique band
(samples S001, S005 and S008), in some other cases a doublet can be observed (samples
S002, S003, S004 and S006). When this doublet is balanced to the lower components
such as in the case of the sample S007, where this mode appears at 560 cm™) the
degradation of the ink seems to be stronger as deduced from the higher fluorescence
background and the more intense degradation evidences (lower v mode and weaker 1430

and 1243 cm! bands).
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Figure 66.  Spectra of the Figure 65 amplified in the 800-200 cm™ region.

Therefore, it can de deduced that the v mode, corresponding to the Fe-O vibrations,
1s very sensitive to the degradation and corrosion of metallogallic inks undergone by these
materials with the time, and this marker band can be employed in aging studies related
to the inks. In any case, a deeper analysis based on higher statistics has to be performed

to find a more precise correlation.

Necertheless, the shift downward of the Fe-O v3 mode to 550 cm™ together
with the appearance of a medium band at ca. 400 cm™! and the broad feature in the 200-
300 cm! interval in historical manuscripts is clear in the Raman spectra registered from

the Slovak manuscripts dating from the 1854-1858 period, is indeed related



to the degradation of these manuscripts. These new bands observed in aged manuscripts
can be associated with the appearance of oxalate in inks. The formation of oxalate
has been also reported by other authors in recent analysis of historical manuscripts
revealed by FTIR and Madssbauer spectroscopies . The above bands could be
associated to the formation of oxalate-iron complexes as also reported by Conde-Morales

in Raman spectra of iron oxalates after Fenton reaction of other biomolecules.
This is a similar process that could also occur in the complex environment of manuscripts,
where many different biomolecules (polyphenols, carbohydrates) coexist in the same
medium. Lerf et al. reported that the oxalate could be produced after degradation
of carbohydrates (cellulose and gum Arabic) by the oxidative action of Fe**. In addition,
the formation of oxalic acid could contribute to a further decrease of pH that is summed

to the final degradation of the paper in manuscripts.

ii1) pH of manuscripts

The pH of the analysed manuscripts measured according to the drop method

( ) are shown in the Figure 67.
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Figure 67. pH data obtained from the samples of the Figure 65
and the reference sample, water. The presented data are the results of three independent
measurements. (b) Linear representation of the estimated pH values data
for the analyzed samples.

The estimated pH values of the analyzed samples are really close each to other.
In detail, the biggest difference between the pH of the most acidic manuscript and the pH
of the most alkaline manuscript was found to be just 0.74 of pH unit. Besides, all inks
in the manuscripts decreased their pH above the pH of the water (pH ~ 6.4). Moreover,
there are two specific cases demonstrating even stronger pH decrease, i.e. sample
no. S007 and S008. In the first case, it can be correlated to the high chemical degradation
as deduced from the recorded Raman spectra. Therefore, a correlation between Raman

data and the pH of the IGI found in the manuscript can be assumed.

1v) Analysis of the Letters from Cuba
The analysis of the ink found in letters originated in Cuba (samples no. S009, S010
and SO11) gives rise to rather complex spectra when exciting at 785 nm (Figure 68).
In principle, the recorded spectral features correspond to a mixture of pigments where
three different components can be identified: a) black carbon, with broad bands
at 1360/1580 cm™'; b) iron gall ink, with features seen at 1478 and 1338 cm™!; and c) other

bands which do not correspond to any of the black pigments analyzed before, such as that

at 1518 cm™.
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Figure 68.  Raman spectra of the ink samples no. and analyzed in the letters sent from Cuba

in the year 1930.



In these samples, many bands are appearing in the Fe-O region, at 555, 518, 433,
365,298 and 265 cm™'. Thus, one can suggest the presence of many different components
in these inks what makes them very difficult to be analysed by Raman spectroscopy.
In particular, the bands at 1518, 518 and 365 cm™ suggest the presence of modern
synthetic pigments in these inks dating from the beginning of the XX century, a period

of time where the addition of these kind of colorants to inks was already a habitude.

v) The Castelar letters from the National Archaeological Museum (MAN)
of Madrid

The analysis of the Emilio Castelar letters is interesting from the point of view
of localization since these letters came from different parts of Spain, but we can classify
them into the same time period. These documents dated from the end of the XIX century
(around 1895). Therefore, the ink found in these letters could contain valuable
information about the ink composition related to the same time period, but characterized
by different geographical origins (different Spanish regions). We had to use to study these
documents a portable Raman instrument Delta Nu (Figure 69). It was necessary to use it
since in this case it was not allowed to move the Castelar letters from the MAN to our
laboratory. A total of 35 samples of the ink's tracks corresponding to different signatures

found in the analyzed documents and classified by the museum in provinces were

analyzed.
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Figure 69.  Pictures are showing the in-situ measurements of Raman spectra on the Castelar letters
made predominantely on the ink's tracks corresponding to different signatures found

in the analyzed documents.
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Different measurements were done on several points of the letters corresponding
to the inks employed by different persons who stamped their own signatures
on the document. Therefore, this study provided the spectral evidence from diverse
sources of inks in these documents. The Raman spectra corresponding to the punctual
measurements from the different analyzed documents originated from Lugo, Leon,

Castilla la Nueva and Guadalajara Spanish regions are displayed in Figure 70.
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Figure 70.  Raman spectra measured on different points of the Castelar letters analyzed in the Museo
Arqueologico Nacional de Madrid (MAN).



Two main spectra were identified in punctual analysis applied on these letters
that are shown in the Figure 71. The spectrum of the Figure71a shows intense bands
at 1510 and 577 cm™'. These bands cannot be assigned to the iron gall inks, although they
could have been assigned in principle to the IGI vi, v2 and vz modes. They can be rather
attributed to some other synthetic colorant employed in the time where these letters were

written.
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Figure 71. Two main Raman spectra obtained from the Castelar letters analyzed in the Museo
Arqueologico Nacional de Madrid (MAN).

Several authors have reported that aniline colorant could have been added to the ink
prepared at the end of the XIX century , in order to enhance the intensity of the ink
and induce new and attractive hues in the ink. These colorants were introduced
from the 1860 year following the synthesis done by Perkin of the aniline mauve. The use
of aniline colorants was also generalized in the ink printing and stamps . Therefore,
the Raman spectrum of the Figure71a can be assigned to some aniline colorant,
the most probably to aniline blue, employed at the end of the XIX century, the time
at which the Castelar letters were written. Unfortunately, there is no published work

dealing with the Raman analysis on aniline blue in the literature.

C.A. Smiths reported in 1944 an article entitled “The Chemistry of Inks” ,

which could be a good reference, due to the close proximity in time with the writing
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habitudes of the end of the XIX and the beginning of the XX centuries. He reported
the existence of a Black-permanent ink which writes black, become blacker by age,
and that was good for V-mail letters. Likewise, he reported that it could be fabricated
by two main methods: a) by mixturing gallotannate with a mixture of 3-4 aniline
colorants, and b) by oxidizing logwood extract (hematoxylin) with chromate of soda,
producing hematin, giving rise to a purple-black color. Therefore, it seems that
there could be different versions of the pen inks rendering blue-black and purple-black
colors in the resulting commercial inks. This is precisely what we have observed
in the Castelar letters, where these two versions of colors were identified

in the documents together with other brown colors (Figure 71).

A similar colorant, the aniline mauve or mauveine, was recently analyzed by Raman

. This dye shows intense features at 1637, 1566, 615 and 562 cm™'. Although these
bands are not exactly identified in the spectra of the MAN documents. Nevertheless,
it should be also considered the possible effect of the metal complexation and the effect
of the time to account for the aging of the structure of these colorants. This is something

that is also missing in the literature and could be an interesting work for the future.

The other predominant Raman spectrum measured in the Castelar letters (Figure71b)
1s assigned to cellulose, which is evident in some points where the intensity of the ink
colorants is weaker. In some cases, a negative band was registered at 1328 cm’
that correspond to the background produced by the light emission of the ambient light

of the museum.

The synthetic colorant seems to have been added on the IGI ink to enhance the color
intensity. The fact that no IGI characteristic band was observed in the recorded spectra
is likely due to the predominance of the synthetic colorant spectrum, that could overlap
the Raman spectrum from the IGI ink. However, in some cases, like those corresponding
to the m4 sample of the Lugo series (Figure 70), the presence of weak IGI bands is more
evident at 1480 and 1348 cm’', that can be attribute to the IGI v; and v» modes,
while the v3 may be overlapped by the modern colorant band at 577 cm™. Furthermore,
the synthetic colorant identified in the Castelar letters displays similar bands to those
observed in the Cuban letters (Figure 68), what indicates the generalized use of aniline

colorants as ingredients in the original IGI inks from the year 1860.



The bands at 1510 and 577 cm™ are very intense in the letters coming from two
particular Spanish provinces: Lugo and Le6n. These regions are geographically close
and are localized in the Northwest part of Spain. Therefore, the presence of these bands
in geographically related regions suggests that the modern ingredients could be originated

from similar provider.

Conversely, the later bands are weaker in letters coming from the letters originated
from Castilla la Nueva and Guadalajara, two regions that are currently forming part of the
same Spanish region: Castilla La Mancha, localized in the center part of Spain.
The presence of the 1605/1510/577 cm™ group of bands in these letters is only evident
in certain points like in the s3 sample. In addition, these bands are even weaker
in the letters from Guadalajara. In fact, the main part of analyzed points give rise to
a predominant spectrum corresponding to the cellulose, thus indicating the lower

concentration of the colorant in the latter samples.
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5. CONCLUSIONS/CONCLUSIONES



Conclusions

The Optical spectroscopy techniques used in the frame of this PhD thesis (UV-vis
absorption spectroscopy, IR and Raman spectroscopies, SERS spectroscopy) offer
an efficient tool to describe both qualitatively and quantitatively composition
and structure of the IGIs prepared in the laboratory and those analyzed in historical

manuscripts.

The vibrational and UV-vis absorption spectra clearly differ between the individual
polyphenol molecule and its metal complexes. In particular, Raman spectroscopy
demonstrated to be very useful in the analysis of iron interactions with phenolic

compounds.

a. The observed spectral changes can be associated with the complex

formation, i.e. with the interaction of polyphenols with metal ions.

b. UV-vis absorption spectra demonstrate appearance of a new band at higher
wavelengths in the case of complex formation associated to ligand-to-

metal charge transfer.

Tannic acid and gallic acid show very similar behavior in all studies. These molecules
present the strongest interaction with metals among the molecules studied, while

the syringic acid exhibits the weaker interaction with metals.

Three main Raman bands appeared at 1450-1490 cm™ (v1), 1320-1345 cm™ (v2),
and 400-650 cm™ (v3), that are characteristic of the metal complexes, and whose
positions and intensities can be used to characterize the complex in function
of the original structure of the polyphenol, and the changes undergone with pH, aging

time and complex stoichiometry.

The difference between the position of v and v> bands and the intensity ratio vi/vz
are connected with the structure of polyphenols, since these bands are related
to the degree of electronic delocalization of the aromatic system. These two
parameters depend on the ionization state of the molecule, which increases with
the pH and can be employed to test the structure and chemical conditions

of manuscripts.



An alkaline pH induces the polyphenol polymerization as well as formation of new
polyphenolic species that strongly increases the fluorescence emission. This high

fluorescence is quenched upon the formation of the iron complex.

The interaction with iron produces side effects such as the pH lowering. This is
a negative effect in the case of the use of IGls, as it induces a progressive degradation
of the paper. In addition, it was demonstrated that the pH decreases even more

with time after the deposition of the complex on the paper.

The formation of the complex leads to the fluorescence quenching, and this is
a positive effect for the study of these complexes by Raman, as polyphenols show

a strong fluorescence emission that overlap the Raman signal.

The presence of gum Arabic in IGI inks seems primordial to induce a protection
ofthe polyphenol, preventing the oxidation and acidification because
of the formation of H-bonds between hydroxyl groups of the polyphenol
and the polysaccharide.

The SERS spectroscopy provided a wuseful structural information about
the complexes and induced a large intensification of the Raman emission, mainly

on the citrate reduced Ag NPs.

The presence of metal nanoparticles leads to a structural change with the formation
of H-bonds between the citrate adsorbed onto the metal and the complex. The citrate

acts as a linker attracting polyphenols and changing the coordination sphere of iron.

The adsorption of polyphenol/iron complexes on plasmonic nanoparticles induces
a quick structural modification of the complex similar to the aging effect observed
in historical manuscripts of different centuries, consisting in a weakening of the v»

mode and the large change of the FeO vibrations.

The analysis of historical manuscripts by Raman revealed the keys
for the interpretation of the aging effect of iron gall inks, which consists
in the oxidation and hydrolysis of polyphenols, along with a change in the

coordination pattern of iron.

The pH deduced from the analysis of historical manuscripts points out that a further

acidification occurs on manuscripts as time passes.



The analysis of manuscripts dating from the end of the XIX -century
and the beginning of the XX one revealed the presence of modern synthetized

colorants that were added to 1GI inks.



Conclusiones

Las técnicas de espectroscopia Optica utilizadas en el marco de esta tesis doctoral
(espectroscopia de absorcion UV-vis, espectroscopia IR y Raman, espectroscopia
SERS) ofrecen wuna herramienta eficaz para describir cualitativa
y cuantitativamente la composicion y estructura de los IGI preparados

en el laboratorio y los analizados en manuscritos historicos.

Los espectros de absorcion de vibracion y UV-vis difieren claramente entre
la molécula de polifenol individual y sus complejos metalicos. En particular,
la espectroscopia Raman demostr6 ser muy util en el analisis de las interacciones

del hierro con los compuestos fendlicos.

a. Los cambios espectrales observados pueden asociarse con la formacion
de complejos, es decir, con la interaccion de polifenoles con iones

metalicos.

b. Los espectros de absorcion UV-vis demuestran la aparicion de una nueva
banda a longitudes de onda mas altas en el caso de la formacion

de complejos asociados con la transferencia de carga de ligando a metal.

El 4cido tanico y el 4cido géalico muestran un comportamiento muy similar
en todos los estudios. Estas moléculas presentan la interaccion mas fuerte con
los metales entre las moléculas estudiadas, mientras que el &cido siringico exhibe

la interaccion mas débil con los metales.

Se observaron tres bandas Raman principales a 1450-1490 cm™! (v1), 1320-1345
cm’™! (v2) y 400-650 cm™ (v3), que son caracteristicas de los complejos metalicos,
y cuyas posiciones e intensidades pueden utilizarse para caracterizar el complejo
en funcion de la estructura original del polifenol, y de los cambios sufridos

con el pH, el tiempo de envejecimiento y la estequiometria del complejo.

La diferencia entre la posicion de las bandas viy v y la relacioén de intensidad
vi/v2 estan relacionadas con la estructura de los polifenoles, ya que estas bandas
estan relacionadas con el grado de deslocalizacion electronica del sistema

aromatico. Estos dos parametros dependen del estado de ionizacion



de la molécula, que aumenta con el pH y pueden emplearse para probar

la estructura y las condiciones quimicas de los manuscritos.

Un pH alcalino induce la polimerizacién de polifenoles asi como la formacion
de nuevas especies polifenolicas que aumentan fuertemente la emision
de fluorescencia. Esta alta fluorescencia se apaga con la formacion del complejo

de hierro.

La interaccion con el hierro produce efectos secundarios como la disminucion
del pH. Este es un efecto negativo en el caso del uso de IGls, ya que induce
una degradacion progresiva del papel. Ademas, se demostrd que el pH disminuye

aun mas con el tiempo después de la deposicion del complejo sobre el papel.

La formacién del complejo conduce a la extincion de la fluorescencia, y esto
es un efecto positivo para el estudio de estos complejos por Raman, ya que
los polifenoles muestran una fuerte emision de fluorescencia que se superpone

a la senal Raman.

La presencia de goma ardbiga en las tintas IGI parece primordial para inducir
una proteccion del polifenol, previniendo la oxidacion y acidificacion debido
ala formacion de enlaces H entre los grupos hidroxilo del polifenol

y el polisacarido.

La espectroscopia SERS proporciond informacion estructural ttil sobre
los complejos e indujo una gran intensificacion de la emision Raman,

principalmente en las NP de Ag reducidas en citrato.

La presencia de nanoparticulas metéalicas provoca un cambio estructural
con la formacion de enlaces H entre el citrato adsorbido en el metal y el complejo.
El citrato actiia como ensamblador atrayendo polifenoles y cambiando la esfera

de coordinacidn del hierro.

La adsorcion de complejos de polifenol/hierro sobre nanoparticulas plasmonicas
induce una rapida modificacién estructural del complejo similar al efecto
de envejecimiento observado en manuscritos histéricos de diferentes siglos,
consistente en un debilitamiento del modo v2 y el gran cambio de las vibraciones

de FeO.



El anélisis de manuscritos histdricos por parte de Raman revelo las claves para
la interpretacion del efecto de envejecimiento de las tintas con hiel de hierro,
que consiste en la oxidacion e hidrélisis de los polifenoles, junto con un cambio

en el patron de coordinacion del hierro.

El pH deducido del andlisis de los manuscritos histéricos indica que se produce

una mayor acidificacion de los manuscritos a medida que pasa el tiempo.

El analisis de manuscritos de finales del siglo XIX y principios del XX reveld
la presencia de colorantes sintéticos modernos que se afadian a las tintas 1GI

durante ese periodo.
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