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RESUMO

Silva, G.T.M. Pigmentos hibridos a partir de argilas fibrosas e cromdforos inspirados nas
cores de frutas, flores e vinhos. 2019. 118p. Tese (doutorado) — Programa de Pds-
Graduacdo em Quimica. Instituto de Quimica, Universidade de Sdo Paulo, Séo Paulo —

Brasil.

Caracteristicas como cor, brilho, fluorescéncia e estabilidade s&o extremamente
importantes em aplicagfes de pigmentos. As antocianinas, 0s pigmentos naturais
responsaveis pela maioria das cores purpura, azul e vermelha das flores e frutas, tém
grande potencial para aplicacfes praticas como corantes ou antioxidantes. No entanto,
estas aplicacBes sdo limitadas pela sua reatividade quimica, que é afetada por diversos
fatores, incluindo o pH, temperatura, luz e oxigénio, entre outros. Os materiais hibridos
inspirados no antigo pigmento Maya Blue sdo uma alternativa promissora para melhorar
as propriedades e a aplicabilidade dos corantes naturais e sintéticos. Os cations flavilios
servem como modelos para a reatividade quimica e fotoquimica das antocianinas. Da
mesma forma, os cations piranoflavilios servem como modelos do cromoforo
fundamental das piranoantocianinas, moléculas que podem se formar a partir de reacfes
das antocianinas das uvas em vinhos tintos durante sua maturacdo. Argilas fibrosas,
constituintes responsaveis pela excelente estabilidade do pigmento Azul Maia, possuem
canais que podem potencialmente permitir a inser¢éo parcial ou total dessas moléculas
corantes. Portanto, na presente tese, pigmentos hibridos foram preparados pela adsor¢édo
de uma série de céations flavilio e piranoflavilio sintéticos nas argilas fibrosas
paligorsquita e sepiolita e suas propriedades fotofisicas e estabilidade foram avaliadas. A

observacao de decaimentos biexponenciais de fluorescéncia é condizente com a emissédo



de moléculas do corante adsorvidas em dois sitios distintos nas argilas fibrosas. As
propriedades de fluorescéncia das moléculas de corante podem ser melhoradas,
dependendo da quantidade de corante adsorvida na argila, aos hibridos do tipo
corante/argila. A cor das moléculas de corante adsorvidas foi um pouco mais resistente a
alteragdes no pH externo, a estabilidade fotoquimica foi mantida e a labilidade térmica
foi marcadamente melhorada. Além do desenvolvimento de novos hibridos de cations
flavilios/argilas fibrosas, obtivemos avancos na estabilizacdo dessas moléculas corantes,
principalmente no que diz respeito aos equilibrios dependentes do pH e ao tratamento
térmico. Ao mesmo tempo, o presente trabalho representa o primeiro estudo sistematico
de materiais hibridos preparados a partir de cations piranoflavilios. Portanto, os resultados
aqui obtidos apontam definitivamente para cations flavilios e cations piranoflavilios como
cromoforos promissores e argilas fibrosas como substratos promissores para o
desenvolvimento de novos pigmentos hibridos altamente fluorescentes com cores

atrativas e estabilidade quimica e térmica marcante.

Palavras-chave: cations flavilios, cations piranoflavilios, corantes, argilas, paligorsquita,

sepiolita, pigmentos hibridos.



ABSTRACT

Silva, G.T.M. Hybrid pigments from fibrous clays and chromophores inspired by the
color of fruits, flowers and wine. 2019. 118p. PhD Thesis — Graduate Program in

Chemistry. Institute of Chemistry, Universidade de Sao Paulo, S&o Paulo — Brazil.

Features such as color, brightness, fluorescence and stability are extremely important in
applications of pigments. Anthocyanins, the natural pigment responsible for most of the
purple, blue and red colors of flowers and fruits, have great potential for practical
applications as dyes or antioxidants. However, these applications are limited by their
chemical reactivity, which is affected by several factors, including pH, temperature, light,
and oxygen, among others. Hybrid materials inspired by the ancient Maya Blue pigment
are a promising alternative to improve the properties and applicability of natural and
synthetic dyes. Flavylium cations serve as models for the chemical and photochemical
reactivity of anthocyanins. Likewise, pyranoflavylium cations serve as models of the
fundamental chromophoric moiety of pyranoanthocyanins, molecules that can form from
reactions of the grape anthocyanins in red wines during their maturation. Fibrous clays,
constituents responsible by the excellent stability of Maya blue pigment, have channels
that can potentially allow partial or full insertion of these dyes molecules. Therefore, in
the present thesis, hybrid pigments were prepared by the adsorption of a series of synthetic
flavylium cations and synthetic pyranoflavylium cations on the fibrous clays palygorskite
and sepiolite and their photophysical properties and stability were evaluated. The
observation of biexponential fluorescence decays is consistent with emission from dye
molecules adsorbed at two distinct sites on the fibrous clays. The fluorescence properties
of dye molecules can be improved, depending on the amount of dyes adsorbed on the

clay, by the formation of dye/clay hybrids. The color of the adsorbed dye molecules was



somewhat more resistant to changes in external pH, photochemical stability was
maintained and the thermal lability was markedly improved. Besides the development of
novel hybrid flavylium cation/fibrous clay, we have achieved advances in the stabilization
of these dye molecules, with regard mainly to the pH-dependent equilibrium and thermal
treatment. In addition, the present work represents the first systematic study of hybrid
materials prepared from pyranoflavylium cations. Therefore, the results obtained here
definitively point to flavylium cations and pyranoflavylium cations as promising
chromophores and fibrous clays as promising substrates for the development of novel,
highly fluorescent hybrid pigments with attractive colors and marked chemical and

thermal stability.

Keywords: flavylium cations, pyranoflavylium cations, dyes, clays, palygorskite,

sepiolite, hybrid pigments.
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CHAPTER 1

Theoretical framework

In this chapter, the main theoretical aspects necessary for the development of this
thesis are presented. Based on several works available in the literature, the theoretical
basis that resulted in the main idea for the development of the studies presented in the

next chapters is outlined, together with the importance and significance of these studies.
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1.1 Anthocyanins

Anthocyanins (from the Greek words for flower, anthos, and blue, kyanos) are
naturally occurring plant pigments responsible for most of the blue, red and purple colors
of the plant kingdom (examples in Figure 1.1) (Quina et al., 2009). Among the natural
pigments of fruits and flowers and water-soluble natural pigments, the anthocyanins are
particularly noteworthy from the standpoint of their widespread occurrence and the range
of colors that they are capable of producing in nature as the result of changes in their
chemistry, conferring attractive shades and bright colors to many flowers, fruits,

vegetables and plant leaves (Quina and Bastos, 2018).

Figure 1.1 — Examples of pigmentation of anthocyanins in nature.

The basic chromophore of anthocyanins is the 7-hydroxyflavylium cation (Figure

1.2). However, naturally occurring anthocyanins usually have additional hydroxyl groups
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at positions 5 (sometimes glycosylated, Gly) and 3 (always glycosylated, apparently
necessary for thermal stability), and the 2-phenyl- or B-ring has one or more hydroxy or
methoxy substituents, as shown in Figure 1.3 for the six basic anthocyanidin (or
deglycosylated anthocyanin) structures. Therefore, the structural diferences between a
given anthocyanidin and the corresponding anthocyanin are due to the nature and extent

of glycosylation and to the presence or absence of additional acyl groups attached to the
sugars (Quina et al., 2009; Silva et al., 2016).

HO O. O
~
e

Figure 1.2 — The basic chromophore of anthocyanins, the 7-hydroxyflavylium cation.

Cyanidin (50%) Pelargonidin (12%) Peonidin (12%)
OH OCH; OH
OH OH OH
+ + +
HO l Oy O OH HO O Oy O OCH, HO ! Oy O OCH,
Z OH Z OH Z OH
OH OH OH
Delphinidin (12%) Malvidin (7%) Petunidin (7%)

Figure 1.3 — The six most common basic anthocyanin chromophoric structures,
represented as anthocyanindins, with the approximate relative

percentages found in nature indicated in parentheses.
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Anthocyanins are of great interest to the food, pharmaceutical, and cosmetic
industries. Due to their antioxidant and color properties, they possess several health
benefits (acting in the prevention and reduction of chronic diseases, such as diabetes,
cancer, cardiovascular and metabolic diseases) and great potential for practical
applications as dyes, for example as alternatives to substitute toxic synthetic food dyes as
food additives in jams, confectionaries and beverages (Castafieda-Ovando et al., 2009;
Khoo et al., 2017). In addition, they are non-toxic and have affinity for aqueous media,
which makes them interesting for use as natural water-soluble liquid colorants, for
example for shampoos, hair conditioner, liquid soaps and lotions, among others.
However, these applications are limited by their chemical reactivity, which is affected by
several factors including pH, temperature, light, oxygen, among others (Castafieda-
Ovando et al., 2009; Cavalcanti et al., 2011; Ferreira Da Silva et al., 2005; Quina et al.,
2009; Silva et al., 2016).

Taking as an example the predominant pH conditions in plants, food and in the
digestive system (pH range 1-8) (Fernandes et al., 2015), anthocyanins undergo
transformations in their structure and consequently changes or loss of color due to acid-
base reactions, hydration and isomerization. Figure 1.4 shows the pH-dependent
multiequilibria of anthocyanins in aqueous solution. Below pH 3, the dominant form of
anthocyanins is the red or red-purple flavylium cation form (AH"), which undergoes
attack of water at the 2-position above about pH 3 to form the colorless or pale yellow
hemiacetal (B), followed by ring-opening tautomerization to form the (E)-chalcone (EC)
and then slow isomerization to the (Z)-chalcone (ZC), which are also colorless or pale
yellow. At short times and slightly higher pH, the hydroxyl group of AH* undergoes
deprotonation, resulting in the conjugate base (A), which exhibits a different color

(usually a bluish color) in relation to AH" (Quina and Bastos, 2018; Silva et al., 2016).
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OGlc

Figure 1.4 - pH-dependent multiequilibria of anthocyanins in aqueous solution, including
deprotonation (Ka) to form the conjugate bases (A), hydration (Kn) to form
the hemiketal (B) and subsequent ring-opening tautomerization (Kt) to form

the (E)-chalcone (EC) and isomerization (Ki) to the (Z)-chalcone (ZC).

In order to prevent the hydration-dependent loss of color of anthocyanins, as well
as improve photo and thermal stabilities, researchers have tried to isolate or encapsulate
the anthocyanins in an environment that prevents external contacts. Indeed, the inclusion
of synthetic analogues of anthocyanins (flavylium cations) in inorganic matrices such as
mesoporous materials (Kohno et al., 2011), zeolites (Kohno et al., 2008) and clays
(Kohno et al., 2010, 2009, 2007), as well as in supramolecular and colloidal systems, such
as cucurbiturils (Held et al., 2016) and anionic micelles (Lima et al., 2002), represent

promising alternatives for preventing the undesirable chemistry of these dye molecules.
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1.1.1 Flavylium cations

Isolating anthocyanins from nature is not an easy task, since they are present as
mixtures of different basic structures with different degrees of glycosylation. In addition,
when purified or in solution, they decompose easily. Such factors represent a barrier to
systematic studies of the chemistry of natural anthocyanins (Quina and Bastos, 2018).
Fortunately, the chemical and photochemical features of synthetic flavylium cations
mimic many of those of natural anthocyanins (Pina et al., 2012).

Flavylium cations are synthetic analogues that contain the chromophore of
anthocyanins and have the advantage of the facility and versatility of modifying and
varying systematically the positions and nature of the substituents on the flavylium
chromophore in order to develop structure-property and structure-reactivity correlations.
Consequently, the reactivity can be manipulated, as for example in the 3’,4°,7-
trimethoxy-flavylium cation (FL1), in which only hydration occurs, the 7-hydroxy-4-
methyl-flavylium cation (FL4), in which the acid-base equilibrium is preserved but
hydration is blocked, and the 7-methoxy-4-methyl-flavylium cation, in which none of the

multiequilibria occur (see structures in the next chapter, Scheme 2.1).

1.2 Pyranoanthocyanins

Pyranoanthocyanins are one of the most important classes of anthocyanin
derivatives. They are formed during the storage and aging of red wines (Casassa and
Harbertson, 2014; Heras-Roger et al., 2016; Tang et al., 2017), from chemical reactions

of grape anthocyanins with yeast metabolites, colorless copigments or other additives
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present in the wine (Brouillard et al., 2003; Figueiredo-Gonzalez et al., 2014; Fulcrand et
al., 2006; Marquez et al., 2013; Oliveira et al., 2014; Schwarz et al., 2003). Figure 1.5

shows a representation of pyranoanthocyanins formation from anthocyanins.

OCH; OCH;

OH I/
-
o. O R _ HO

HO
O S OCH,
Z
OGIc

OH
Malvidin 3-O-glucoside

Visitin B type pyranoanthocyanin

Figure 1.5 — Formation of pyranoanthocyanins during the maturation of red wine from

anthocyanins reactions (example mavidin 3-O-glucoside).

Among the products formed during the maturation process of red wine,
pyranoanthocyanins contribute to the coloration of the wine, because they have greater
color intensity and stability at wine pH (de Freitas and Mateus, 2011). In addition, they
have the potential for contributing to the taste (e.g., astringency) (Garcia-Estévez et al.,
2017), antioxidant capacity (Azevedo et al., 2014; Tomankova et al., 2016) and the health
benefits (Oliveira et al., 2016) of moderate consumption of red wines.

The origin of the higher colour intensity and chemical stability of
pyranoanthocyanins compared with their anthocyanin precursors is associated with the
structural features of the pyranoanthocyanins, which consist of an additional pyran ring
formed between the OH group at position C-5 and C-4 (de Freitas and Mateus, 2011;
Freitas et al., 2018). This prevents the hydration reaction that would lead to the loss of
color. However, pyranoanthocyanins can still to undergo deprotonation leading to the
formation of the neutral quinoidal base or anionic base (depending on the substituents).

As reported recently by us, synthetic pyranoflavylium cations are weak acids in the
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ground state, with pK, values between 3.5 - 4.5, similar to flavylium cations and

anthocyanins, which have pK, values around 4 — 5 (Freitas et al., 2018).

1.2.1 Pyranoflavylium cations

Just as flavylium cations are analogs of anthocyanins, pyranoflavylium cations are
analogs of pyranoanthocyanins, i.e., pyranoflavylium cations are synthetic analogues
containing the basic chromophore of pyranoanthocyanins. Pyranoflavylium cations have
the advantage of relatively facile and versatile modification of the substituents and,
consequently, the reactivity and properties of the chromophore. Therefore, studies of
synthetic pyranoflavylium cations should contribute to a better understanding of the
properties and reactivity of the much more complex, but analogous pyranoanthocyanins.
Indeed, recently we have reported ground and excited state properties of pyranoflavylium
cations, with regard to acidity, triplet excited states, and singlet oxygen formation (Freitas

et al., 2018; Siddique et al., 2019; Silva et al., 2019).

1.3 Clays

The joint nomenclature committes (JNCs) of the Association Internationale pour
I’Etude des Argiles (AIPEA) and the Clay Minerals Society (CMS) defined clay as: “a
naturally occurring material composed primarily of fine-grained minerals, which is
generally plastic at appropriate water contents and will harden with (sic) dried or fired”,
and clay minerals as: “phyllosilicate minerals and minerals which impart plasticity to clay

and which harden upon drying or firing’’. Unlike clay, which by definition cannot be
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synthetic, the origin of clay minerals is not part of the definition; therefore, clay minerals
can also be synthetic materials (Bergaya and Lagaly, 2006).

Studies of clays and clay minerals have a multidisciplinary nature, so that it is
common to find scientists from diverse backgrounds with diverse interests in this field,
for example chemists, geologists, materials engineers, physicists and biologists. Although
we have worked in this thesis with clay minerals, we have used the term clay in order to
simplify and facilitate for the reader. It is important to emphasize that, although there are
distinctions between clay and clay minerals, there is no uniform nomenclature and, in the
literature, the treatment of both as clay is accepted.

Clays have high availability (mainly due to natural occurrence), are inexpensive,
and environmentally friendly. In addition, they have desirable properties, such as ion-
exchange capacity, adsorbent capacity and chemical, thermal and mechanical stabilities,
which make them a good inorganic substrate to host or adsorb ions or molecules,
important for the production of hybrid materials.

Clays can be classified as lamellar or fibrous clays (Oliveira et al., 2013), besides
other types of classifications such as 2:1 or 1:1 tetrahedral and octahedral layers
associated with the structure (Brigatti et al., 2006). Several studies of the association of
flavylium cations and anthocyanins with clays or other inorganic substrates have been
reported in the literature, as indicated in section 1.1. However, no study involving
flavylium cations and fibrous clays was found prior to our first publication, which is
described in Chapter 2. Background about the two known types of fibrous clays used in

this work, palygorskite and sepiolite, is outlined below.
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1.3.1 Palygorskite and sepiolite

Palygorskite, also named attapulgite (because it was found in the deposit of
Attapulgus, Georgia— USA), and sepiolite are hydrated magnesium (and aluminum in the
case of palygorskite) phyllosilicate clay minerals. Both have a fibrous morphology
resulting from the modulated molecular organization, which consists of a layer structure
of ribbons of tetrahedral silica and central magnesium octahedra oriented along the fibers
(2:1 phyllosilicate structure). Figure 1.6 shows representations of the structures of
palygorskite and sepiolite. The octahedral sheet is sandwiched between two tetrahedral
sheets that have periodic inversion of apical oxygen in every two (palygorskite) or three
(sepiolite) silicate chairs, causing a periodic discontinuity of the octahedral sheet. As a
result, alternated blocks and well-defined one-dimensional cavities or tunnels (Doménech
et al., 2011; Sanchez Del Rio et al., 2009) with dimensions 3.7 x 6.4 A for palygorskite
and 3.7 x 10.6 A for sepiolite (Brigatti et al., 2006) are formed. On the external surface
of the clay fibers, the partially open channels form grooves (Martinez-Martinez et al.,
2011; Ruiz-Hitzky, 2001). As the octahedral sheet is discontinuous, coordinated water
molecules (bonded to Mg ions), protons and a small number of exchangeable cations
complete the coordination and charge balance. Furthermore, water molecules adsorbed
on the external surface and a variable amount within the tunnels, commonly called zeolitic
water which is associated to the structure by hydrogen bonding, completes the various
types of water in the structure of these clay minerals (Brigatti et al., 2006; Giustetto et al.,

2006; Madejova et al., 2017).

22



a
() ® Mg, Al

° ® o0
H,O (coordinated)

® H,O (zeolitic)

Internal channels: tunnels External channels: grooves

(b)

Figure 1.6 — Two-dimensional representation of the structures of (a) palygorskite and (b)

sepiolite.



The structure of these clays can undergo isomorphic substitution of cations by
other cations with lower valence, for example replacement of Si** by APP* in the
tetrahedral sheets, and additionally for palygorskite AI** by Mg?* in the octrahedral
layers, resulting in negatively charged sites (Martinez-Martinez et al., 2011; Tung et al.,
2011). In general, the partial charge generated in the clay structure is low, which results
in a low cation exchange capacity (CEC).

Three types of active sorption sites are present in the structure of these clays: water
molecules coordinated to Mg ions at the edges of structural ribbons; oxygen ions on the
tetrahedral sheets of the ribbons; and SiOH groups (along the fibre axis) formed by the
broken Si-O-Si bonds at external surfaces and of acceptance of a proton and/or a hydroxyl
group for charge balance (Galan, 1996).

The porous structure of these clays, which provide good surface properties for
sorption, colloidal-rheological properties and catalyst supports has increased the interest
in and the applicability of these clays, ranging from the use as adsorbents of dyes (Eren
et al., 2010; Moreira et al., 2017; Tabak et al., 2009) and heavy metals (Bahabadi et al.,
2017; Potgieter et al., 2006; Wang et al., 2018) to the production of hybrid materials in
general, such as bionanocomposites (Ruiz-Hitzky et al., 2013), organoclays (Paiva et al.,
2008) and hybrid pigments (Li et al., 2018; Wang et al., 2016b). In relation to the latter,
both clays are well known to play an important role in the constitution of the Maya Blue

pigment (see next sections).

1.4 Hybrid materials

The definition recommended by the International Union of Pure and Applied

Chemistry (IUPAC) for a hybrid material is a material composed of an intimate mixture
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of inorganic components, organic components, or both types of components, in which the
components usually interpenetrate on scales of less than 1 um (Alemén et al., 2007).
Therefore, the definition of hybrid materials is completely linked to their constitution,
which is composed of two or more components (more commonly of different nature) and
structurally organized at the nanometer or molecular level.

The great advantage of hybrid materials is that they often exhibit multifunctional
properties, better than those of their isolated components; consequently, they can have
better potential for applications. Hybrid materials with organic dyes adsorbed on
inorganic substracts, such as clays for example, have aroused the interest of several
researchers for the development of materials with variable structures, functionalities,

properties and excellent stability approaching that of Maya Blue.

1.4.1 Maya Blue

The Maya Blue pigment was widely used in murals, codices, ceramics and
sculptures by the Mayan civilization in the Pre-Columbian era. It is probably, the oldest
and most famous type of dye/clay hybrid material. First identified in 1931, Maya Blue
pigment stands out for its amazing stability, able to resist concentrated nitric acid, bases,
organic solvents, oxidants, reducing agents, moderate heat and light, without losing its
color (Arnold et al., 2008; Chiari et al., 2008; José-Yacaman et al., 1996; Sanchez Del
Rio and Martinetto, 2006). Thus, Maya blue paintings have lasted for a millenium, despite
being exposed to harsh climatic conditions, high temperature and humidity. As shown in
Figure 1.7, the famous wall paintings at Cacaxtla (an archaeological site located in

Mexico) are an example of this amazing stabilty, where Maya Blue has displayed
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remarkable durability over hundreds of years of exposure under humid conditions (Chiari

et al., 2008).

Figure 1.7 - Maya blue pigment in the famous wall paintings at Cacaxtla, Mexico. Image

reproduced from: Chiari et al., 2008.

After the first identification of Maya Blue, it took a few decades to actually
conclude that Maya blue pigment is a nanostructured material formed by the mixture of
palygorskite clay (there are also cases with sepiolite) and the natural dye indigo extracted
from plants (such as Indigofera suffruticosa specie). Based on the study of Van Olphen
(Van Olphen, 1966), who produced a pigment with properties similar to those of Maya
blue from the blend of palygorskite and synthetic indigo (less than 0.5 %), indigo and
palygorskite were recognized as the main components used to prepare Maya Blue
pigment. He also pointed out that an analogous stable pigment could be prepared from
sepiolite and indigo (Van Olphen, 1966).

Nowadays, it is well known that, although palygorskite and sepiolite do not
contribute to the pigmentation of Maya Blue, they play an importante and active role in
the chemical, photo- and thermal stabilization of the indigo dye. In the Maya Blue

structure, indigo is located (apparently irreversibly) in the tunnels of palygorskite or
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sepiolite clay, protected from external treatments (Chiari et al., 2008; Giustetto et al.,
2011, 2006, 2005; Tilocca and Fois, 2009).

Because of its excellent color stability, the Maya Blue pigment has inspired the
development of new materials based on the association of dyes with inorganic
compounds, such as clays, zeolites and mesoporous materials, among others.
Consequently, the use of paygorskite and sepiolite for hybrid strategies has increased,
associating similar properties and enhanced stability with other colors and potential
applications. These include hybrids with interesting self-cleaning properties (Wu et al.,
2019; Zhang et al., 2016a, 2016b) and highly stable hybrid pigments with a range of
colors, formed from organic dyes (Fan et al., 2014; Giustetto et al., 2014; Giustetto and
Wahyudi, 2011; Wang et al., 2016b; Wu et al., 2018, 2017; Yuan Zhang et al., 2015;
Yujie Zhang et al., 2015b, 2015a) or inorganic pigments (Li et al., 2018; Tian et al., 2017;

Wang et al., 2016a).

1.5 Objectives

In view of the aforementioned considerations, our attention in this thesis was
drawn to the formation of hybrid pigments from palygorskite and sepiolite fibrous clays
as part of our interest in manipulating and controlling the chemistry of flavylium and
pyranoflavylium cations in order to promote an improvement in their fluorescence
properties and chemical, thermal and photochemical stabilities.

In Chapter 2, we investigated the preparation of flavylium cation/palygorskite
(FL/PAL) complexes as prototypes for fluorescent hybrid anthocyanin/palygorskite
pigments, as well the evaluation of the color stability and photophysical properties of the

hybrid pigments formed. Following a similar strategy, in Chapter 3, we report results for
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hybrids prepared by the adsorption of a series of flavylium and pyranoflavylium cations
on sepiolite clay. Dictated by the fact that the tunnels and grooves of sepiolite are wider
than those of palygorskite, we have also used pyranoflavylium cations as potential

prototypes for fluorescent hybrid red wine pyranoanthocyanin/sepiolite pigments.
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CHAPTER 2

Organic/inorganic hybrid pigments from

flavylium cations and palygorskite

This chapter, which was published in Applied Clay Science

(https://doi.org/10.1016/].clay.2018.07.002) as a research paper, reports the preparation,

photophysical properties and stabilities of a series of hybrid pigments based on flavylium

cations adsorbed on palygorskite clay.
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Abstract

Features such as color, brightness and fluorescence are extremely important in
applications of pigments. Hybrid materials inspired by the ancient Maya Blue pigment
are a promising alternative to improve the properties and applicability of natural and
synthetic dyes. In this Chapter, we report the preparation, photophysical properties, and
stability of several fluorescent hybrid pigments based on flavylium cations (FL) adsorbed
on palygorskite (PAL). Five flavylium cations were investigated, viz., the 3°,4°,7-
trimethoxyflavylium (FL1), 7-hydroxy-4’-methoxy-flavylium (FL2), 7-hydroxy-4-
methylflavylium (FL3), 5,7-dihydroxy-4-methylflavylium (FL4) and 7-methoxy-4-
methylflavylium (FL5) cations. Only FL1 and FL2, without a methyl substituent at the 4-
position that could hinder inclusion in palygorskite channels, adsorbed strongly on PAL,
producing fluorescent hybrid pigments with attractive colors. The spectroscopic and
fluorescence properties of the FL1/PAL and FL2/PAL hybrid pigments were
characterized. The color of the adsorbed dyes was somewhat more resistant to changes in
external pH, photochemical stability was maintained and the thermal lability was
markedly improved in the FL/PAL hybrid pigments, pointing to flavylium cations as
promising chromophores for the development of fluorescent hybrid pigments with

attractive colors.
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2.1 Introduction

Hybrid materials prepared by the combination of dyes with inorganic substrates
have been extensively studied in search of materials with unique properties and color
attributes (preferably bright and/or fluorescent) that are chemically, thermally and light
stable (Laguna et al., 2007; Teixeira-Neto et al., 2009, 2012; Dejoie et al., 2010; Giustetto
etal., 2014; Lin et al., 2014). One of the oldest and perhaps the most famous example of
an organic-inorganic hybrid material is the Maya Blue pigment, which was widely used
in murals, codices, ceramics and sculptures by the Maya civilization in the Pre-Columbian
era. Maya Blue is extremely stable, able to resist the attack of concentrated nitric acid,
bases and organic solvents without losing its color (Sanchez Del Rio and Martinetto,
2006; Arnold and Branden, 2008; Chiari et al., 2008; Giustetto et al., 2011). The amazing
chemical and photochemical stability of Maya Blue is presumably due to its unique
structure, which consists of the dye indigo protectively (and apparently irreversibly)
inserted into the channels of palygorskite or sepiolite clay (Giustetto et al., 2005, 2006,
2011; Chiari et al., 2008; Tilocca and Fois, 2009).

Palygorskite (PAL) is a hydrated magnesium and aluminum phyllosilicate clay
mineral. Unlike most clays, PAL has fibrous morphology, consisting of a layer structure
of ribbons of tetrahedral silica and central magnesium octahedra oriented along the fibers.
The octahedral sheet is sandwiched between two tetrahedral sheets that have periodic
inversion of the apical oxygen, resulting in well-defined one-dimensional cavities or
tunnels (Sanchez Del Rio et al., 2009; Domenech et al., 2011) with dimensions 3.7 x 6.4
A (Brigatti et al., 2006) and, on the external surface of the clay fibers, partially open
grooves or channels (as denominated for sepiolite by, e.g., Ruiz-Hitzky (2001) and
Martinez-Martinez et al. (2011)). Several studies have shown that palygorskite has two

main types of acidic sites, sites of stronger acidity with an effective pK, in the range of
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5-5.5 and more weakly acidic sites with a pKa around 9-9.5 (Frini-Srasra and Srasra,
2008; Acebal and Vico, 2017). The porous structure of this clay allows the insertion
and/or adsorption of organic molecules and ions, making it a good adsorbent (Giustetto
et al., 2014; Mu and Wang, 2016). Recent studies involving dyes and PAL clay have
obtained several novel Maya Blue-like pigments (Lima et al., 2012; Fan et al., 2014;
Zhang et al., 2015a, 2015b; Zhang et al., 2015c, 2015d), some of which are materials with
interesting self-cleaning properties (Zhang et al., 2016a, 2016b). Adsorption of dyes onto
PAL and PAL composites (Mu and Wang, 2016) and biomedical applications clay-drug
hybrid materials (Kim et al., 2016) have been recently reviewed and the use of PAL as an
adsorbent for environmental remediation continues to be of interest (Ugochukwu et al.,
2013; Boudriche et al., 2015; Yang et al, 2018).

The chromophoric group of anthocyanins, which are responsible for most of the
purple, blue and red colors of flowers and fruits, is a 7-hydroxyflavylium cation. The
chemical and photochemical reactivity of synthetic flavylium cations mimics that of
natural anthocyanins, with the advantage of the facility and versatility of modifying the
substituents on the flavylium chromophore and consequently their reactivity. Although
anthocyanins and synthetic flavylium cations have great potential for practical
applications as dyes or antioxidants, these applications are limited by their chemical
reactivity, which is affected by several factors including pH, temperature, light, oxygen,
among others (Ferreira da Silva et al., 2005; Castafieda-Ovando et al., 2009; Quina et al.,
2009; Cavalcanti et al., 2011; Silva et al., 2016).

The inclusion and/or adsorption of anthocyanins and flavylium cations in/on
inorganic substrates such as mesoporous materials (Kohno et al., 2008a, 2011, 2015;
Gago et al., 2017) and clays (Lima et al., 2007; Kohno et al., 2007, 2009, 2010; Ogawa

etal., 2017; Ribeiro et al., 2018), may represent promising alternatives for preventing the
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undesirable chemistry of these dye molecules. In the present work, we have investigated
the preparation of flavylium cation/palygorskite (FL/PAL) complexes as prototypes for
fluorescent hybrid anthocyanin/palygorskite pigments. The complexes that retained the
more intense colors and fluorescence after exhaustive washing with acidic methanol were
chosen for evaluation of the thermal, photochemical and pH stability of their color and

fluorescence.

2.2 Experimental Section

2.2.1 Materials

The flavylium cation salts 3°,4°,7-trimethoxyflavylium chloride (FL1), 7-
hydroxy-4’-methoxy-flavylium chloride (FL2), 7-hydroxy-4-methylflavylium chloride
(FL3), 5,7-dihydroxy-4-methylflavylium chloride (FL4) and 7-methoxy-4-
methylflavylium chloride (FL5) used in this work (Scheme 2.1) were available from
previous studies of the group and the syntheses have been previously reported (Freitas et
al., 2013; Held et al., 2016; Silva et al., 2018). The palygorskite used in this work was the
Source Clay PFI-1 from the Clay Minerals Society. The chemical composition,
characterization and properties of this clay have been described (Shariatmadari et al.,
1999; Borden and Giese, 2001; Chipera and Bish, 2001; Guggenheim and Koster van
Groos, 2001; Madejova and Komadel, 2001; Mermut and Cano, 2001; Li et al., 2003,
Dogan et al., 2006; Frost et al., 2010). Hydrochloric acid (HCI, Vetec) was used as
received, methanol (Merck) was treated with sodium and ultrapure water was used for the

preparation of all aqueous solutions.
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Scheme 2.1. - Structures of the flavylium cations (FL) used in this work.
2.2.2 Preparation and physical characterization of the FL/PAL hybrid pigments

Aliquots of solutions of the FL in methanol (in which FL cations are highly
soluble) containing 1% 1.0 mol dm™ HCI (in order to suppress proton transfer and
hydration of the flavylium cations) were added to the appropriate amount of PAL clay
powder. The initial FL/PAL ratios utilized were 0.050, 0.075, 0.100 and 0.125 mmol g*.
The resulting dispersions were stirred for 24 h in the dark at room temperature,
centrifuged and the solid washed exhaustively with HCI-acidified methanol and dried at
45 °C under vacuum for 2 h. The amount of flavylium cation adsorbed was estimated
from the decrease in the absorbance of the supernatant employing the known molar
attenuation coefficient of each FL.

Powder X-ray diffractograms of PAL and FL1/PAL were determined with a
Bruker D2 Phase diffractometer using Cu-K, radiation (1.5418 A, 30 kV, 15 mA)
employing a scan step of 0.05°. Nitrogen adsorption/desorption isotherms were

determined at -196 °C using a Quantachrome volumetric adsorption analyzer (Model
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100E). The samples were outgassed for 24 h under reduced pressure at 80 °C. The specific
surface areas (Sget) and total pore volumes (Vi) of the samples were determined by the
BET (Brunauer et al., 1938) and BJH (Barrett et al., 1951) methods, respectively. Surface
areas of the micropores (Smicro), the external surface areas (Sext), the micropore volumes
(Vmicro) and the sum of meso- and macropore volumes (Vmeso+macro) Were estimated by the

t-plot method (Lippens and de Boer, 1965).

2.2.3 Spectroscopic measurements

For the infrared measurements, about 1.50 mg of solid sample was added to
approximately 150 mg of dry KBr in a small agate mortar and mixed by grinding. The
resulting powder was pressed into a pellet using a hydraulic press (Caver, model 3912,
Wabash). Infrared spectra of the pellets were collected using a Bruker Vector 22 FTIR
spectrophotometer in the frequency range of 4000-500 cm™, 32 scans at 0.5 cm™ digital
resolution.

The UV-Vis-diffuse reflectance (DR) spectra were measured with a Varian Cary
50 UV-vis Bio spectrophotometer equipped with a Barrelino™ diffuse reflectance probe
(Harrick Scientific Products, Inc.). Samples with greater amounts of adsorbed flavylium
(FL1 and FL2) were diluted in barium sulfate. The diffuse reflectance spectra were
converted to the corresponding remission function, F(R), employing the Kubelka-Munk

equation (Tomasini et al., 2009):

(1-R)’

F(R) = —p
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where R is the measured reflectance at each wavelength. CIELAB Color coordinates (CIE
L*a*b*) (Gilchrist and Nobbs, 1999) were obtained from the UV-vis-DR measurements
by using the software Agilent Cary WinUV Color. In this case, the samples were not
diluted in barium sulfate in order to obtain the true color coordinates of the samples.
Absorbance spectra were measured using the same spectrophotometer or a Hewlett
Packard 8452A diode array spectrometer.

All steady state fluorescence measurements were performed with a Hitachi F-4500
fluorescence spectrophotometer. For analysis of the solid samples, the instrument was
equipped with a solid sample holder. The excitation and emission wavelengths are
indicated in the figure legends. The slits were set to bandwidths of 5.0 nm for both
excitation and emission monochromators of the hybrid pigments, and for FL1 and FL2
were 10/20 and 2.5/5.0 nm (excitation and emission), respectively. The experiments with
the hybrid pigments were conducted in the solid state. For the steady-state fluorescence
anisotropy measurements, the fluorescence spectrophotometer (Hitachi F-4500) was
fitted with manual polarizers placed in the excitation and emission light pathways. The
steady-state anisotropy (r) was calculated for the emission intensities determined for the
four orientations of the polarizers: vertical-vertical (VV), vertical-horizontal (VH),
horizontal-horizontal (HH) and horizontal-vertical (HV) employing the following

equation (Lakowicz, 2006):

= Iyy — Glyy
Iyy + 2Glyy

where G = Inv/lnn is a correction factor for the relative sensitivity of the detection system

to horizontally and vertically polarized light.
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Time-resolved fluorescence decay experiments were carried out using an OB920
single photon counting system (Edinburgh Instruments), exciting the sample with a 405
nm Picosecond Pulsed Diode Laser (EPL405). The solid sample was placed in a shallow
quartz cell that was covered with a quartz glass and was placed in a front-face sample
holder which is tilted so as to minimize specular reflections (Zhang et al., 2014). The
bandwidth for the emission monochromator was 16 nm. A neutral density filter was
employed for control of the photon flux from the excitation source that reached the
sample. The emission wavelengths set for the collection of the decays for the FL1/PAL
and FL2/PAL samples were 575 and 525 nm, respectively. The fluorescence decays were
collected with a 50 ns time window and the number of counts in the channel with
maximum intensity was 10,000. Barium sulfate powder was used as a scatterer to collect
the instrument response function (IRF). The fluorescence decays were fit to a sum of
exponentials employing Edinburgh Instruments FO00 software for reconvolution to
extract the lifetimes. The quality of the fits was determined by the randomness of the
residuals and the 2 values, which are ideally between 0.9 and 1.3.

For the anisotropy experiments, the diode laser was rotated to achieve vertical and
horizontal polarizations of the excitation beam. For the emission collection, the polarizer
between the sample and the emission monochromator was set to the required angles. The
anisotropy decay measurements were performed with a 20 ns time window and the time
required to collect 10000 counts was estimated. This time and the neutral density setting
for the excitation beam were kept constant for the collection of the 4 decays with the
different polarizations. The four decays were collected for each anisotropy calculation

(Iwv, IvH, Iy, 1vH) and combined to obtain the anisotropy decay (Lakowicz, 2006):

rt) = Iyy (t) — Glyy(t)
Iyy (t) + 2Glyy(t)
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The anisotropy decay, calculated using the F900 software, was then fit to a sum of

exponentials to estimate rotational correlation lifetimes.

2.2.4 Wide field and confocal fluorescence microscopy

Confocal fluorescence images were obtained using a plate scanning instrument
based on a microscope (Olympus 1X71) with a digital piezoelectric controller and stage
(PI, E-710.3CD and P-517.3CD) for nanometric sample scanning. The excitation of the
samples at 473 nm was provided by a Cobolt Blue diode laser. The circularly polarized
laser beam was focused on the samples with an UPLFLN 40X Olympus objective. The
emission signal was separated from the laser excitation beam using Chroma Z470rd and
ZET 473NF dichroic and notch filter, respectively. Photons were counted using an
avalanche photodiode point detector (Perkin EImer, SPCM-AQR-14) aligned with a 50
um pinhole in the confocal line. Transistor-transistor logic (TTL) detector signals were
registered in a counter/timer PCI card (NI 6601) and transferred to a personal computer
for 2D plotting using a scanning control program written in C# (Ferreira et al., 2011).
Fluorescence images were recorded using false-color mapping, reaching the best contrast
enhancement according to the difference in intensity of the fluorescence signal. Wide-
field images were obtained with the same fluorescence microscope by adapting an optical
lens in the epifluorescence entrance with focus on the back aperture of the objective. The
samples were excited at 405 nm with a Coherent Cube CW laser and the emission was
selected by a dichroic cube (Chroma, z405Ip) and images were registered in a color
camera (ThorLabs DCU223C) coupled to the right primary port of the Olympus IX71

(Lauer et al., 2014).

48



2.2.5 Photochemical and thermal stability and sensitivity to pH

The UV radiation resistance tests of the samples were performed using an Oriel®
(California, USA) Sol UV-2 Solar simulator (85.7 % UV-A, 11 % UV-B and 3.3 % of
visible light). The samples were exposed to a radiation intensity of 75.0 W m?2 UV-A
(365 nm) and 43.0 W m? UV-B (312 nm). The irradiations were carried out at room
temperature (25 °C) with an exposure time of 6 h. UV-vis-DR measurements were used
to verify any spectral and color changes.

In order to verify the reactivity of the FL cations adsorbed into/onto PAL,
FL1/PAL and FL2/PAL samples were added to 5 mL of 10 mmol dm= phosphate buffer
solution at pH = 9. After 24 h, the samples were centrifuged and dried. UV-vis-DR
measurements were used to verify any spectral and color changes. In order to compare
the stability of the hybrid pigments with the respective free FL, the spectra of FL in 10
mmol dm phosphate buffer solution, pH = 8.5, were also obtained. The reversibility was
examined by adding FL to 10 mmol dm™ acetate buffer solutions at pH = 4, 5 or 6,
followed by addition of 0.1 g of PAL after discoloration of the solutions due to hydration
of the flavylium cation. This test was carried out under stirring at room temperature (ca.
20 °C) and accomplished by taking digital images as a function of the time.

Thermal stability was investigated by submitting FL1/PAL and FL2/PAL samples
to heating at 120 °C under vacuum for 24 h and comparing with FL cations in solid form
that were submitted to the same temperature for 2 h. Measurements of the color

coordinates and digital images were used to verify any color changes.
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2.3 Results and discussion

2.3.1 Hybrid pigment formation

Initial studies clearly showed that the relative amount of flavylium cation
adsorbed and the colors of the samples were influenced by the substituents on the FL
cations. Five FL cations with similar substituents at different positions but with different
pH-dependent equilibria and different molecular sizes and solvophobicity/solvophilicity,
were chosen for evaluation. Both FL1 and FL2 adsorbed strongly on PAL (Table 2.1) and
imparted attractive colors to the samples (Figure 2.S1 of the Supplementary Material),
even after exhaustive washing with acidic methanol with the objective of removing
loosely physiosorbed dye. In contrast, the other three flavylium cations all have a methyl
group at the 4-position, i.e., FL3, FL4 and FL5, and all adsorbed poorly on PAL, failing
to impart attractive coloration to the clay. In the case of FL4, the amount adsorbed was
miniscule, as shown in Table 2.1 and in Figure 2.S2 of the Supplementary Material. Since
affinity and stability should parallel each other, our subsequent studies of the hybrid
pigments focused on those derived from FL1 and FL2, i.e., FL1/PAL and FL2/PAL,

respectively.

Table 2.1. Relative amounts of flavylium cation adsorbed, in umol per g of PAL.

Initial FL/PAL FL1 FL2 FL3 FL4 FL5
ratio
50 40 24 12 <0.1 <1
75 59 29 7 <0.1 9
100 67 31 19 <0.1 3
125 72 33 12 <0.1 14
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2.3.2 X-Ray diffraction and N2 adsorption isotherms

The powder X-ray diffractograms of FL1/PAL with the highest dye loading were
indistinguishable from that of the raw PAL clay itself (Figure 2.S3 of the Supplementary
Material), which was in turn the same as that published for the raw PFI-1 Source Clay
(Chiperaand Bish, 2001). This is an expected result since the dye loading was nonetheless
still relatively low and the interlayer spacings of one-dimensional clays such as
palygorskite are known to be fairly insensitive to the inclusion of organic molecules
(Giustetto et al., 2014; Chang et al., 2016; Yang et al., 2018).

Table 2.2 shows the specific surface areas (Sget) and total pore volumes (Vo) of
the FL1/PAL and FL2/PAL samples with the highest amounts of adsorbed dyed (72 and
33 pumol g%, respectively) and of a PAL reference sample exhaustively washed with
methanol containing 1% 1.0 mol dm HCI determined from N2 adsorption isotherms by
the BET (Brunauer et al., 1938) and BJH (Barrett et al., 1951) methods, respectively.
Table 2.2 also indicates the surface areas of the micropores (Smicro), the external surface
areas (Sext), the micropore volumes (Vmicro) and the sum of meso- and macropore volumes
(Vmeso+macro) €Stimated by the t-plot method (Lippens and de Boer, 1965). For FL1/PAL,
the reduction in surface area was primarily due to the decrease in the external area Sext,
while FL2/PAL exhibited decreases in both the external and micropore surface areas and

in the accessible pore volumes.
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Table 2.2. Surface areas and pore volumes of acid-washed PAL, FL1/PAL = 72 and

FL2/PAL = 33.
Sample Seer/ M2gt  Smicro/ M2gY  Sext/M?gY  Vmicro / cmigt Vm:;j;im / Viot / cmg
PAL? 137 21 116 0.011 0.475 0.486
FL1/PAL 126 22 104 0.011 0.462 0.473
FL2/PAL 126 15 111 0.008 0.420 0.428

& after washing with HCl-acidified methanol.

2.3.3 Spectroscopic and photophysical studies

FTIR spectra of PAL clay and of the FL1 and FL2 derived hybrid pigments were
recorded in the region from 4000 cm™ to 500 cm™ (Figure 2.54 of the Supplementary
Material). The raw clay exhibits absorption bands in the range 3000-3600 cm™, along
with a band at 1654 cm™, corresponding respectively to the stretching and bending
vibrations of water molecules (coordinated and zeolitic) (Frost et al., 2010; Giustetto and
Wahyudi, 2011; Fan et al., 2014; Zhang et al., 2015b; Zhang et al., 2015c, 2015d). The
region 3000-3600 cm™ also includes contributions from the OH-stretching vibrations of
Mg/AIl-OH groups (Frost et al., 2010; Zhang et al., 2015a; Zhang et al., 2015d). The band
at 3615 cm™ corresponds to Al-OH stretching (Frost et al., 2010; Zhang et al., 2015b;
Zhang et al., 2015d) and/or Si-OH stretching (Giustetto and Wahyudi, 2011). Bands in
the range from 975 to 1196 cm are attributed to Si-O vibrations (Frost et al., 2010; Zhang
etal., 2015b; Zhang et al., 2015c) and the weak band at 797 cm™ is characteristic of quartz
impurities (Frost et al., 2010; Zhang et al., 2015b). In the infrared spectra of the FL/PAL
samples, additional bands characteristic of FL cations were detected in the range of 1200-

1600 cm® (Figure 2.1). In particular, the absorption bands at 1356 cm™ and 1352 cm™ for
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FL1/PAL and FL2/PAL samples, respectively, correspond to C-O-C stretching. The
intensities of the FL bands are quite weak because of the relatively small amount of
flavylium cation in relation to clay and exhibit hypsochromic shifts compared to the FL

cation salts, reflecting the interactions between FL and PAL.

FL2/PAL '35

1400

Normalized Absorbance

1600 1500 1400 1300 1200
Wavenumber / cm’”
Figure 2.1. Infrared spectra of PAL, FL1, FL2, FL1/PAL (72 umol) and FL2/PAL (33
umol) in the range 1200-1600 cm™. Note: The broad peak at 1400 cm™ is

an impurity in the KBr used.

UV-vis absorption spectra of FL1 and FL2 in 1% 1.0 mol dm= HCl/methanol
solution present absorption maxima at 478 and 465 nm, respectively (Figures 2.2a and b).
The UV-vis-DR spectra of the hybrid pigments in the same Figures exhibit a small red
shift from 478 nm to around 492 nm for FL1, and 465 nm to 470 nm for FL2. Spectral
shifts of this type have been attributed to the effect of electrostatic interactions between

organic molecules and the inorganic substrate (Kohno et al., 2008a, 2009) or to the acidity
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of the inorganic substrate (Kohno et al., 2008b). Although aggregates are relatively
common for the adsorption of dyes on clays (Valandro et al., 2015, 2017), the spectra did
not present any evidence of the presence of FL aggregates, indicating that the washing
step as part of the adsorption procedure efficiently removed excess FL cations that might

participate in aggregate formation.
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Figure 2.2. UV-vis and UV-vis-DR spectra (Kubelka-Munk mode) of (a) FL1 and

FL1/PAL, and (b) FL2 and FL2/PAL samples.

Figure 2.3 shows the fluorescence excitation and emission spectra of the hybrid
pigments FL1/PAL and FL2/PAL, together with those of FL1 and FL2 in 1% 1.0 mol dm"
3 HCl/methanol solution. In 1% 1.0 mol dm= HCl/methanol solution, FL1 presented a
broad fluorescence emission band with a maximum around 577 nm and FL2 a maximum
at 509 nm. The corresponding fluorescence excitation spectra resemble the absorption
spectra, with maxima at 487 and 468 nm for FL1 and FL2, respectively. The two hybrid
pigments showed emission in the same region as the corresponding FL in solution. For
FL2/PAL, the maximum fluorescence emission was at ca. 525 nm and did not shift
significantly with increasing amount of adsorbed FL. For FL1/PAL, however, the
fluorescence emission maximum underwent a red-shift from 577 to 600 nm with

increasing amount of adsorbed FL1. In the case of Auramine O adsorbed on SYn-1 and
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SAz-1 clays, a decrease in intensity and shift to longer wavelengths of the fluorescence
emission with increasing dye adsorption was attributed to H-aggregate formation
(Valandro et al., 2015). However, FL/PAL hybrid pigments exhibited no additional
absorption bands of the type expected for J- or H-aggregates, suggesting that the apparent
shift with increasing adsorbed FL1 is more likely a distortion of the emission spectrum
due to reabsorption, i.e., to an inner filter effect. For both solid hybrid pigments, the front-
face geometry emission intensity decreased as the amount of adsorbed flavylium cation

increased (Figure 2.3), suggesting self-quenching.
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Figure 2.3. Excitation and emission spectra of (a) FL1 (Ex. 480 and Em. 576 nm) in 1%
1.0 mol dm™ HCl/methanol solution and solid FL1/PAL (Ex. 470 and Em.
576 nm; adsorbed amounts of FL1 are indicated in umol/g); (b) FL2 (EX. 467
and Em. 508 nm) in 1% 1.0 mol dm= HCl/methanol solution and solid
FL2/PAL (Ex. 467 and Em. 525 nm; adsorbed amounts of FL1 are indicated

in umol/g) samples.

Time-resolved emission measurements (405 nm excitation; 575 nm emission for
FL1/PAL and 525 nm emission for FL2/PAL) indicated fast biexponential decay with

lifetimes (+ 15%) of FL1/PAL (0.35 and 1.0 ns with normalized preexponentials of ca.
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0.8 and 0.2, respectively) about half those of FL2/PAL (0.6 and 2.0 ns with normalized
preexponentials of ca. 0.6 and 0.4, respectively). Steady-state fluorescence anisotropies
(r) ranged from 0.03-0.05 for FL1/PAL and 0.06-0.07 for FL2/PAL, apparently
insensitive to the amount of adsorbed FL. Time-resolved anisotropy measurements
showed an extremely fast initial depolarization, within ca. < 100 ps, with a residual
anisotropy at long times consistent with that found in the steady-state measurements. This
suggests that fast intermolecular energy transfer or migration between FL molecules is
the main mechanism responsible for the rapid loss of anisotropy and could also contribute
to the decrease in fluorescence intensity with increasing amount of adsorbed flavylium
cation.

Wide field true color fluorescence images (Figure 2.4) indicate a homogeneous
distribution of adsorbed FL without differentiating between adsorption inside or on the
edges of the channels, with the difference in intensities due largely to differences in the
focal planes. In agreement with the red shift of the emission seen in the fluorescence
spectra, the fluorescence color of the FL1/PAL particles changes with the amount of FL1
adsorbed, as can be seen in Figure 2.4. Images recorded by confocal fluorescence
microscopy using false-color mapping are shown in Figure 2.S5 of the Supplementary
Material. Although these images indicate that the particles are not homogeneous in size
or shape, all are strongly fluorescent, with the highest intensities in the regions of the
focal plane around the particle core. Unfortunately, the dye loadings were much too high
to make single-molecule measurements on isolated particles or fibers (Martinez-Martinez

etal., 2011).
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Figure 2.4. True color wide-field fluorescence images of the hybrid pigments with a
nominal horizontal field of view of 150 um. FL1/PAL = 40 umol/g (a) and
72 pumol/g (b); FL2/PAL = 24 pmol/g (c) and 33 pumol/g (d).

2.3.4 Stability tests of the hybrid pigments

Resistance of the adsorbed dye to extraction with organic solvent and acid is, in
essence, intrinsic to the method of preparation of the hybrid pigments. Thus, the flavylium
dissolved in acidic methanol were allowed to adsorb by contact with the clay and the
resultant materials then washed exhaustively with acidic methanol to remove any readily
extractable dye. Although the dyes are also highly soluble in water, water did not extract
the dye from either FL1/PAL or FL2/PAL.

The photochemical stability of flavylium cations is usually much better than their
thermal stability. Indeed, both the solid pigments and the hybrid pigments showed good
photostability, with the color being essentially unaltered by irradiation for 6 h in a solar
UV simulator. Thus, adsorption of the dyes onto the clay does not markedly reduce their

photostability. On the other hand, there was substantial improvement in the thermal
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stability of both FL1 and FL2 adsorbed on palygorskite, as has been reported for
flavylium cations adsorbed on other types of clay (Kohno et al., 2007, 2010) or protonated
zeolites (Kohno et al., 2008a). A temperature of 120 °C. was chosen for the thermal
stability tests since temperatures up to 120-150 °C have been used for the thermal analysis
sepiolite/indigo and PAL/indigo hybrid materials (Hubbard et al., 2003) and, in the case
of PAL (Guggenheim and Koster van Gross, 2001), this temperature is just above the
range where most of the weakly adsorbed water has been lost and where the more strongly
adsorbed water only begins to be lost. Thus, while both FL1 and FL2 degraded
substantially in < 2 h at this temperature in a vacuum oven, both hybrid pigments largely
retained their characteristic colors after 24 h under these conditions (Figure 2.5 and

Figures 2.56-S7 and Tables 2.S1 and 2.S2 of the Supplementary Material).

Flavylium cation Hybrid pigment
X o o
- 2h g 24 h ».
_ 120 °C - B 120 °C
% - 1 2

24 h

Figure 2.5. Photographs of FL1 (upper) and FL2 (lower) after heating at 120 °C for 2 h
and photographs of the corresponding hybrid pigments (FL1/PAL = 72 and
FL2/PAL = 33) after heating at 120 °C for 24h

In aqueous solution, both FL1 and FL2 undergo hydration above about pH 3 to
form the hemiacetal (B), followed by ring-opening tautomerization to form the cis-
chalcone (ZC) and then slow isomerization to the trans-chalcone (EC) (Held et al., 2016).
The 7-hydroxy group of FL2 can also deprotonate at slightly higher pH, resulting in the

conjugate base (A); the corresponding equilibria are shown for FL2 in Scheme 2.S1 of
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the Supplementary Material. Spectra of FL1 or FL2 registered after 1 h in pH = 8.5
phosphate buffer solution and of the hybrid pigments after immersion for 24 hin pH =9
phosphate buffer solution are shown in Figure 2.6. For FL1 a new band appeared around
380 nm corresponding to a mixture of B, ZC and EC, while FL2 presented two new bands,
one at around 490 nm assigned to a conjugate base formed by deprotonation of the
hydroxyl group of one or more of the species resulting from the hydration-induced
equilibria. The spectra of FL1/PAL and FL2/PAL also showed two bands at longer
wavelength, one in the region of the adsorbed cation and the other in the same regions as

FL1 and FL2 in solution at similar alkaline pH.
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Figure 2.6. Absorbance and diffuse reflectance spectra (Kubelka-Munk mode) for (a)
FL1 and FL1/PAL and (b) FL2 and FL2/PAL. The absorbance spectra were
collected for FL1 and FL2 incubated for 1 h in pH 8.5 solution, and the UV -
vis-DR spectra were collected after FL1/PAL and FL2/PAL were immersed

for 24 h in pH 9 solution, centrifuged and dried.

Figure 2.S8 of the Supplementary Material illustrates the impact of the basic
aqueous medium on the color of the hybrid pigments before and after immersion at pH 9
and Table 2.S3 of the Supplementary Material shows the CIELAB color coordinate data.

Although the color of FL1/PAL became less intense upon immersion in pH 9 agueous
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solution, it still showed an attractive color compared to FL1 at the same pH, indicating
that the adsorption process made it less prone to hydration. However, FL2/PAL changed
color completely, indicating that the adsorption process did not prevent deprotonation of
a significant fraction of the adsorbed FL2 molecules. In both cases, the dye did not leach
from the clay and the color changes were reversible upon acidification of the medium,

indicating chemical stability under these conditions.

2.3.5 The dye-clay interaction

Since flavylium cations are highly soluble in methanol, the exhaustive washing
with acidic methanol should remove any excess or weakly physiosorbed dye, leaving only
strongly bound dye. This points to ion exchange as potentially the most important mode
of interaction of these cationic dyes with palygorskite. In this regard, the final amounts
of the flavylium cations adsorbed (Table 2.1) were all well below the cation exchange
capacity (CEC) values reported for the PFI-1 Source Clay palygorskite utilized in this
work: 175 (Borden and Giese, 2001) and 165 (Li et al., 2003) and, after a partial
purification, 140 pmol g (Shariatmadari et a., 1999). Nonetheless, because all five of
the initially tested dyes are cationic, ion exchange alone cannot explain the marked
differences in affinity for the clay. Thus, the presence of a methyl group at the 4 position
of the flavylium chromophore of FL3 and FL5 substantially reduced the net adsorption
and, in the case of FL4, the presence of an additional hydroxyl group at position 5 of the
chromophore completely eliminated its adsorption after washing (Table 2.1). Indeed, as
shown in Figure 2.7, the additional methyl group makes these compounds too wide to
insert into the tunnels or external grooves of PAL. However, the two compounds without

the 4-methyl group could insert partially, though not totally into the tunnels and/or
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interact with the open grooves on the external surface. Because FL2 is slightly smaller
than FL1, it should fit into the tunnels somewhat better than FL1. This is consistent with
the surface area and pore volume measurements (Table 2.2), which suggest a preference
of FL1 for the external grooves and of FL2 for both external grooves and partial insertion

into tunnels.

Figure 2.7. Comparison of the molecular sizes of (a) FL1, (b) FL2 and (c) FL3 with the

dimensions of the tunnels of palygorskite (Brigatti et al., 2006).

Several studies have shown that the cationic form of anthocyanins and flavylium
ions can be selectively stabilized aqueous solution by incorporating them into anionic
micelles (Lima et al., 2002; Quina et al., 2009) or by inclusion in supramolecular
complexes (Held et al., 2016). Because the apparent hydration constant of FL1 (pKh, or
the pH at which half of the cation form is hydrated) is 3.0 £ 0.3 (Held et al., 2016),

solutions of FL1 in acetate buffer at pH 4, 5 or 6 are nearly colorless (Figures 2.59-2.S11
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of the Supplementary Material), reflecting the almost complete conversion of the
flavylium cation form of FL1 to the hydrated species. Upon addition of PAL to these
solutions, the suspended clay gradually acquired the red color of the adsorbed FL1 cation
as a function of time, indicating the conversion of the hydrated forms in solution to the
adsorbed cationic form on the clay. If only the cationic form adsorbed from solution onto
the clay, there should be a clear difference in the apparent rates of adsorption at these
three distinct pH values due to the large pH-dependent differences in the equilibrium
concentration of this form. However, the rates of appearance of the coloration were
qualitatively very similar at pH 4 and pH 5, but clearly much faster than at pH 6. Likewise,
the maximum intensity of the color at long times (2 weeks) was similar for the two lower
pH values, and much more intense than at pH 6 (Figures 2.59-2.511 of the Supplementary
Material). Indeed, this strongly suggests that it is the hydrated forms that adsorb on PAL
under these conditions and that they are subsequently converted to the cationic form by
interaction with the more highly acidic sites of the clay with effective pKa around pH 5-

5.5 (vide supra).

4. Conclusions

Simple electrostatic interactions are incompatible with the observed differences in
adsorption of FL cations on PAL. The adsorption was particularly inefficient for FL
cations bearing a 4-methyl group, consistent with steric inhibition of interaction with the
palygorskite tunnels or external grooves as the major contributor to differences in
adsorption. Adsorption on PAL stabilized the cationic form of the flavylium cations FL1
and FL2 against hydration to at least pH 5, apparently reflecting the participation of the

more highly acidic sites on the PAL surface. The photochemical stability was retained
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and the chemical and thermal stabilities of the cation form of FL1 and FL2 were
substantially improved by adsorption on PAL, pointing to flavylium cations of this type
as promising chromophores for the development of novel fluorescent hybrid pigments

with attractive colors.
Supplementary Material
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Figure 2.S1 Digital images of the hybrid pigments obtained. (a) From FL1; (b) From
FL2; (c) From FL3; (d) From FL4 and (e) from FL5. The FL/PAL ratios

increase from left to right (from 0.050 to 0.125 mmol of initially added FL
per 1 g of PAL).
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Figure 2.S2. Absorption spectrum of FL4 and UV-vis-DR spectra of PAL and the
hybrid pigments at the initial FL4/PAL ratios indicated.
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Figure 2.S3. Powder X-ray diffractograms of PAL and FL1/PAL.
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Figure 2.54. Infrared spectra of PAL and the hybrid pigments in the range 4000-500 cm"
! (a) PAL (black); FL1 (gray); FL1/PAL 40 and 72 pmol/g (blue and red).
(b) PAL (black); FL2 (gray); FL2/PAL 24 and 33 pumol/g (blue and red).

Figure 2.S5. False color confocal fluorescence images of the hybrid pigments. FL1/PAL
=40 umol/g (a) and 72 umol/g (b); FL2/PAL = 24 umol/g (c) and 33 umol/g

().
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Figure 2.S6. Diffuse reflectance spectra of the hybrid pigments after heating at 120 °C
for 24h: (a) FL1/PAL and (b) FL2/PAL.

FL1/PAL = FL1/PAL=72  FL2/PAL=24 FL2/PAL =33

Figure 2.S7. Images of the colors from CIELAB (1931) color coordinate data for the

hybrid pigments FL/PAL (umol/g) before (top) and after (bottom) heating
at 120 °C for 24h.
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Figure 2.S8. Images of the colors from CIELAB (1931) color coordinate data for the

hybrid pigments before (top) and after immersion in pH 9 solution (bottom).
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Figure 2.S9. Images of FL1 and the mixture of FL1 and PAL as a function of time at pH
4.
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Figure 2.510. Images of FL1 and the mixture of FL1 and PAL as a function of time at pH
5.

Figure 2.S11. Images of FL1 and the mixture of FL1 and PAL as a function of time at pH
6.
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Schemes

HO I OH l OCH,4
EC o

Scheme 2.S1. pH-dependent multiequilibria of FL2 in aqueous solution, including
deprotonation (Ka) to form the conjugate base (A), hydration (Ky) to form
the hemiketal (B) and subsequent ring-opening tautomerization (Ky) to
form the cis-chalcone (ZC) and isomerization (K;) to the trans-chalcone

(EC).
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Tables

Table 2.S1. CIELAB color coordinates for the hybrid pigments before heating.

Samples L* a* b*
FL1/PAL =40 66.5246 40.1775 66.7167
FL1/PAL =72 55.8438 50.5605 58.3429
FL2/PAL =24 77.4972 12.1733 75.3793
FL2/PAL = 33 73.6264 17.4510 79.0872

Table 2.52. CIELAB color coordinates for the hybrid pigments after heating at 120 °C

for 24h.

Heated Samples L* a* b*
FL1/PAL =40 59.5868 32.5089 59.1578
FL1/PAL =72 51.1756 43.4934 52.4811
FL2/PAL = 24 64.0634 22.6563 60.5227
FL2/PAL = 33 60.3541 28.2977 56.6914
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Table 2.S3. CIELAB color coordinates for the hybrid pigments before and after

immersed in pH 9 aqueous solution.

Samples L* a* b*
FL1/PAL 59.9179 45.5669 57.9132
FL1/PAL (pH=19) 60.6742 36.8762 53.3205
FL2/PAL 77.4972 12.1733 75.3793
FL2/PAL (pH = 9) 58.5622 41.7290 55.5043
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CHAPTER 3

Highly fluorescent hybrid pigments from
anthocyanin- and red wine
pyranoanthocyanin-analogs adsorbed on

sepiolite clay

This chapter was published in Photochemical and Photobiological Sciences

(https://doi.org/10.1039/C9PP00141G) as an Advanced Article. Herein we report results

for hybrid materials prepared by the adsorption of a series of flavylium and
pyranoflavylium cations on sepiolite clay, with focus in fluorescence properties and

stability.
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Abstract

Flavylium cations serve as models for the chemical and photochemical reactivity of
anthocyanins, the natural plant pigment responsible for many of the red, blue and purple
colors of fruits and flowers. Likewise, pyranoflavylium cations serve as models of the
fundamental chromophoric moiety of pyranoanthocyanins, molecules that can form from
reactions of grape anthocyanins in red wines during their maturation. In the present work,
hybrid pigments are prepared by the adsorption of a series of five synthetic flavylium
cations (FL) and five synthetic pyranoflavylium cations (PFL) on sepiolite clay (SEP).
The FL are smaller in size than the PFL, but both can in principle fit into the tunnels
and/or external grooves (with dimensions of 3.7 x 10.6 A) of SEP. Measurements of the
fluorescence quantum yields of the adsorbed dyes indicate that they are at least as
fluorescent as in acidic acetonitrile solution, and in a few cases substantially more
fluorescent. The observation of biexponential fluorescence decays is consistent with
emission from dye molecules adsorbed at two distinct sites, presumably tunnels and
grooves. These hybrid materials also have improved properties in terms of stability of the
color in contact with pH 10 aqueous solution and resistance to thermal degradation of the
dye. SEP thus appears to be a promising substrate for the development of highly
fluorescent flavylium or pyranoflavylium cation-derived hybrid pigments with improved

color and thermal stability.
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3.1 Introduction

Sepiolite is a hydrated magnesium phyllosilicate clay mineral with fibrous
morphology whose structure consists ribbons of octahedral sheets of magnesium oxides
sandwiched between two tetrahedral sheets of silicon oxides with periodic inversion of
the apical oxygen in every three silicate chairs. This causes a periodic discontinuity of the
octahedral sheet that results in the formation of a structure with alternating blocks and
one-dimensional tunnels with dimensions of 3.7 x 10.6 A (Brigatti et al., 2006; Galan,
1996) and, on the external surface of the clay fibers, partially open channels or grooves
(Martinez-Martinez et al., 2011; Ruiz-Hitzky, 2001). Two types of water molecules
complete the tunnel structure of the sepiolite, weakly bound water in the tunnels
(commonly called zeolitic water) and more tightly bound water coordinated to Mg ions
at the ribbon borders (structural water molecules) (Ruiz-Hitzky, 2001). Its wide tunnels
allows the penetration and/or adsorption of organic molecules, making SEP a good host,
but its well-defined porous structure, similar to that of zeolites, does not permit lamellar
expansion of SEP (Karatas et al., 2017; Martinez-Martinez et al., 2011; Ovarlez et al.,
2009; Ruiz-Hitzky, 2001).

Sepiolite was one of the clays used in the preparation of Maya Blue pigment, an
ancient organic-inorganic hybrid material used in murals, codices, ceramic and sculptures
by the Maya civilization in the Pre-Columbian era. Maya blue has attracted attention due
to its exceptional chemical and photochemical stability, being able to withstand the
attacks of acids, bases and organic solvents and exposure to light without losing its color
(Arnold and Branden, 2008; Chiari et al., 2008; Sanchez Del Rio and Martinetto, 2006).
The structure of Maya Blue, which is responsible for promoting this amazing stability,

consists of the dye indigo protectively (and apparently irreversibly) inserted into the
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tunnels of palygorskite or sepiolite clay (Chiari et al., 2008; Giustetto et al., 2006, 2005;
Roberto Giustetto et al., 2011a; Tilocca and Fois, 2009). Many studies have focused on
the characterization and stabilities of these complexes with the objective of understanding
the indigo-palygorskite or indigo-sepiolite interactions in Maya Blue (Chiari et al., 2003;
Doménech-Carb¢ et al., 2013; Doménech et al., 2011; Giustetto et al., 2006, 2005; R.
Giustetto et al., 2011; Roberto Giustetto et al., 2011b, 2011a; Lima et al., 2012; Tilocca
and Fois, 2009; Tsiantos et al., 2012). Maya Blue has also inspired the development of
new materials based on the association of other dyes with palygorskite and sepiolite,
associating similar properties and enhanced stability with other colors and potential
applications. These include hybrid materials with interesting self-cleaning properties (Wu
et al., 2019; Zhang et al., 2016a, 2016b) and highly stable hybrid pigments with a range
of colors formed with both organic dyes (Fan et al., 2014; Giustetto et al., 2014; Giustetto
and Wahyudi, 2011; Wang et al., 2016b; Wu et al., 2018, 2017; Yuan Zhang et al., 2015;
Yujie Zhang et al., 2015b, 2015a) and inorganic pigments (Li et al., 2018; Tian et al.,
2017; Wang et al., 2016a).

Our attention was drawn to these hybrid materials as part of our interest in
manipulating and controlling the chemistry of flavylium and pyranoflavylium cations.
Flavylium cations are synthetic analogues containing the same fundamental chromophore
as anthocyanins, the natural plant pigments responsible by the most of the blue, red and
purple colors of flowers, fruits and leaves. Pyranoflavylium cations are analogs of the
chromophore of pyranoanthocyanins, compounds that are formed during the maturation
of red wine (Casassa and Harbertson, 2014; Heras-Roger et al., 2016; Tang et al., 2017)
via chemical reactions of grape anthocyanins with yeast metabolic products, colorless
copigment molecules or other additives present in the wine (Brouillard et al., 2003;

Figueiredo-Gonzalez et al., 2014; Fulcrand et al., 2006; Marquez et al., 2013; Oliveira et
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al., 2014; Schwarz et al., 2003). Unlike these much more complex natural products,
synthetic flavylium and pyranoflavylium cations have the advantage of relatively facile
and versatile modification of the substituents and consequently the reactivity and
photophysical properties of the chromophore. Having recently shown that the adsorption
of flavylium cations on palygorskite resulted in hybrid pigments with greatly improved
chemical and thermal stability (G. T. M. Silva et al., 2018), we now report results for
hybrid materials prepared by the adsorption of a series of flavylium and pyranoflavylium
cations on sepiolite clay. The choice of sepiolite was dictated by the fact that its tunnels
and grooves are wider than those of palygorskite and hence more attractive as a substrate

for the adsorption of the larger pyranoflavylium cations.

3.2 Experimental section

3.2.1 Materials

The flavylium (FL) and pyranoflavylium (PFL) cations used in this work (Scheme
3.1) were available from previous studies of the group and the syntheses have been
reported previously (Freitas et al., 2013; Held et al., 2016; C. P. Silva et al., 2018). The
sepiolite (SEP) used in this work was SepSp-1 reference clay from the Clay Minerals
Society Source Clay Minerals Repository; this material was manually ground to a powder
that passed freely through a 40 mesh wire sieve but otherwise used with no additional
purification. The chemical composition, characterization and properties of this clay have
been described (Gionis et al., 2007; He et al., 1996; Hubbard et al., 2003; Li et al., 2003;
Madejova et al., 2017; Vogt et al., 2002; Wang et al., 2009; Weir et al., 2002).

Trifluoroacetic acid, (TFA, Sigma-Aldrich) and ethanol (Merck) were used as received.
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Scheme 3.1. Structures of the (a) flavylium cations, FL, and (b) pyranoflavylium cations,

PFL, used in this work.

3.2.2 Preparation of the FL/SEP and PFL/SEP hybrid materials

Aliquots of solutions of the FL and PFL in ethanol (EtOH) acidified with 0.01 M
TFA (in order to maintain the 7-OH group protonated) were added to a weighed amount
of SEP clay powder. The initial FL/SEP and PFL/SEP ratios utilized were ca. 0.03
mmol/g. The resulting suspensions were stirred for 24 h in the dark at room temperature,
centrifuged and the solid washed exhaustively with TFA-acidified EtOH and then dried
under vacuum for 2 h at room temperature. The amounts of FL and PFL adsorbed on SEP
were estimated from the decrease in the absorbance of the supernatant employing the
known molar attenuation coefficients of the FL and PFL cations (Freitas et al., 2013; Held

etal., 2016; C. P. Silva et al., 2018).
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3.2.3 UV-Vis-diffuse reflectance and fluorescence measurements

A Varian Cary 50 UV-Vis Bio spectrophotometer equipped with a Barrelino™
diffuse reflectance probe (Harrick Scientific Products, Inc.) was used for obtain UV-Vis-
diffuse reflectance (DR) spectra. The corresponding CIELAB Color coordinates (CIE
L*a*b*) (Gilchrist and Nobbs, 1999) were determined with the software Agilent Cary
WinUV Color employing natural daylight illuminant CIE D65 as the standard illuminant
and an observer angle of 2 degrees. The remission spectra were obtained from the UV-

Vis-DR employing the Kubelka-Munk equation (Tomasini et al., 2009):

(1-R)°
2R

F(R) =
where R is the absolute reflectance at each wavelength.

Steady state fluorescence measurements were performed with a Hitachi F-4500
fluorescence spectrophotometer equipped with a solid sample holder. The excitation and
emission wavelengths are indicated in the figure legends. The bandwidths were 2.5 nm
for both excitation and emission monochromators for all measurements, except for the
FL4/SEP samples (5.0 nm).

Time-resolved fluorescence decay experiments were performed as described
previously in the chapter 2 (G. T. M. Silva et al., 2018). The powder samples were excited
at 405 nm (Edinburgh Instruments EPL 405 picosecond pulsed diode laser) in a solid
sample holder and the decays collected at: 475 nm (for PFL2/SEP), 490 nm (for
FL2/SEP), 500 nm (for FL3/SEP, FL4/SEP, FL5/SEP and PFL1/SEP), 515 nm (for

PFL4/SEP), 525 nm (for PFL3/SEP and PFL5/SEP) or 555 nm (for FL1/SEP).
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3.2.4 Confocal fluorescence microscopy

Confocal fluorescence images were obtained with the instrument and conditions
described in the chapter 2 (G. T. M. Silva et al., 2018), with the exception of the excitation
wavelength and the objective. The samples were excited at 405 nm with a Coherent Cube

CW laser and the polarized laser beam was focused on the samples with a 100x objective.

3.2.5 Solid state fluorescence quantum yields

The solid-state fluorescence quantum vyields (®;) of the powder samples were
measured with a Hamamatsu Quantaurus QY absolute photoluminescence quantum yield
spectrometer model C11347 (integrating sphere), using raw SEP as the reference at the

excitation wavelength used to obtain the spectra.

3.2.6 Sensitivity to pH and thermal stability

The reactivity of the FL and PFL cations adsorbed on SEP was investigated by
addition of 15 mg of the FL1/SEP and PFL3/SEP samples to 5 mL of 10 mmol dm™
sodium borate buffer solution, pH = 10. The samples were stirred for 24 h, then
centrifuged and dried. UV-Vis-DR spectra as well as color coordinates were obtained in
order to verify any spectral or color variations. To investigate the reversibility of the
adsorption, FL1 was added to 10 mmol dm™ sodium acetate buffer solutions at pH = 4,

5, and 6, followed by the addition of 0.05 g of SEP after discoloration of the solutions
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due to the hydration of FL1. This experiment was carried out under stirring at room
temperature (ca. 20 °C) and accomplished by taking digital images as a function of time.

Thermal stability was investigated by submitting FL1/SEP and PFL3/SEP
samples to heating at 105 °C and 120 °C under vacuum for 24 h. Measurements of the

color coordinates and UV-Vis-DR were used to verify any color or spectral changes.

3.3 Results and discussion

3.3.1 Fluorescent hybrid pigment formation

The cation exchange capacity (CEC) reported for the SepSp-1 Source Clay
Sepiolite utilized in this work is 15 pmol g (Li et al., 2003), well below the values in the
range of 90-150 pumol g for SEP from Zafer Mining Co. (Balikesir, Turkey) (Tung et al.,
2008), Eskishehir Turkey (Shariatmadari et al., 1999) or Pangel-S9, Tolsa S.A. (Arbeloa
etal., 2002). Taking into account this value of the SEP cation exchange capacity, 30 pmol
of FL and PFL per g of SEP (twice the CEC) were added initially in the adsorption
process. Since both FL and PFL cations are highly soluble in ethanol, exhaustive washing
with acidic ethanol should remove any excess or weakly physiosorbed dye, leaving only
the more strongly bound dye, indicating ion exchange as potentially the most important
mode of interaction of these cationic dyes with the SEP clay. Substituents on the FL or
PFL cations had little or no effect on the adsorption since the final amounts of adsorbed
dye were similar for all dyes after the washing step. In addition, all of the amounts of
adsorbed dye were inferior to the reported cation exchange capacity (CEC) of 15 pmol g
1 (Li et al., 2003) for the clay, suggestive of the importance of ion exchange in the

adsorption process under these conditions. Although FL cations are slightly smaller in
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size than PFL cations, the dimensions of both classes of dyes relative to those of the
tunnels (Figure 3.1) should permit some insertion of the dyes into the tunnels, in addition

to inclusion in the external grooves.

3.7 A\

Figure 3.1. Comparison of the molecular sizes of FL3 (top) and PFL2 (bottom) with the

dimensions of the tunnels of SEP.

The visible colors of some samples are more pronounced than those of others
(Figure 3.2), a consequence of the relatively small quantities of FL and PFL cations
adsorbed and differences in their molar absorptivities. More importantly, adsorption on
the clays did have a significant effect on the chemical and thermal stability of the dyes,
as well as the fluorescence efficiencies of several of them, as outlined in the following

sections.
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3.3.2 Chemical and thermal stability

PFL4/SEP PFL5/SEP
Figure 3.2. Images of the samples (a) FL/SEP and (b) PFL/SEP.

For the thermal and chemical stability studies, the samples with most pronounced

colors. i.e., FL1/SEP and PFL3/SEP (Figure 3.2) were chosen. The two classes of dyes

studied here are largely unstable at high temperatures. Thus, while both FL1 and PFL3

degrade substantially in < 2 h at either 105 °C or 120 °C, FL1/SEP largely retained its

characteristic colors for 24 h at both of these temperatures. At 105 °C, PFL3/SEP still

retained its characteristic color for 24 h, but at 120 °C major degradation occurred (Figure

3.3), with an accompanying obvious change in color (Figure 3.4).

(a)
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0.2

(b)
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Figure 3.3. UV-Vis-DR spectra (Kubelka-Munk mode) of (a) FL1/SEP and (b)

PFL3/SEP before and after immersion in pH 10 aqueous buffer.
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Figure 3.4. Images of the colors from CIELAB coordinate data for (a) FL1/SEP and (b)

PFL3/SEP after the thermal stability tests.

In aqueous solution, FL1 begins to lose its color above about pH 3 (pKas, or the
pH at which half of the cation form is hydrated, is 3.0 £ 0.3) (Held et al., 2016) due to the
formation of the corresponding hemiacetal, followed by ring-opening tautomerization to
form a cis-chalcone and then slow isomerization to the trans-chalcone (Held et al., 2016).
PFL3 (like all of the PFLs used in this work) undergoes deprotonation of the 7-hydroxy
group at basic pH (Freitas et al., 2018) (see Figure 3.S1 of the Supplementary Material).
Figures 3 and 4 also show the impact on the spectra and colors of FL1/SEP and PFL3/SEP
before and after immersion in a pH 10 aqueous buffer medium. The corresponding
CIELAB color coordinates are listed in Table 3.S1 of the Supplementary Material.
Although the color of FL1/SEP became less intense, substantial color still remained,
indicating that adsorbed FL1 is less prone to hydration. For PFL3/SEP, a new band
appeared around 450 nm, similar to the band that appears for PFL3 in solution at high pH
(Figure 3.S2 of the Supplementary Material). However, the color of the sample only faded
slightly and did not change abruptly as it does for PFL3 in solution (Figure 3.S1 of the
Supplementary Material). In neither case did the dye leach from the clay into the pH 10

aqueous medium.
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The selective stabilization of the cationic form of FL1 by adsorption on SEP was
further demonstrated by experiments in which FL1 was incubated with SEP in acetate
buffers at pH 4, 5 or 6. Prior to the addition of SEP (Figure 3.5a), the solution is nearly
colorless due to the hydration reaction. Upon addition of SEP to these solutions, the
suspended clay gradually acquired the orange color of the adsorbed FL1 cation as a
function of time (Figure 3.5b). The rates of appearance of the coloration were
qualitatively very similar at pH 4, 5 and 6 and the maximum intensity of the color was
similar at all three pH values (Figure 3.5c). Because there are large pH-dependent
differences in the equilibrium concentration of the cationic form in solution, this result
strongly suggests that the hydrated forms of FL1 initially adsorb on SEP, where they
subsequently convert to the cationic form by interaction with acidic sites of the SEP clay.
Indeed, SEP clay has been reported to have two kinds of acid surface sites, one that is
strongly acidic with an effective pKa around 3.2 - 3.3 (Celik, 2004; Tung et al., 2008) and
another that is moderately acidic with a pKa in the range of 6.3 — 6.6 (Alkan et al., 2005;

Celik, 2004).

(@) (b) (c)

11 1

30min 1h 2h 3h 4h 5h 6h 7h 23h 24h 3d 4d “pH4 pHS5 pH6

Figure 3.5. Images of (a) FL1 at pH 4; (b) mixture of FL1 and SEP as a function of time

at pH 4; and (c) mixture of FL1 and SEP at pH 4, 5 and 6, after 27 days.
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3.3.3 Spectroscopic studies

Figure 3.6 presents the UV-Vis-DR spectra for all of the hybrid pigments prepared
in this work, plotted in the Kubelka-Munk mode as reemission spectra (Eg. 1). All spectra
had an underlying background absorption due to the SEP clay itself (the spectrum of SEP
clay is shown in Figure 3.S3 of the Supplementary Material). With the exception of
FL4/SEP, PFL1/SEP and PFL2/SEP, the spectra are red shifted from those in acidic
solution (1 % 1.0 mol dm HCl/methanol for the FL cations (G. T. M. Silva et al., 2018)
and acetonitrile containing 0.10 mol dm= TFA for the PFL cations (Siddique et al.,
2019)), with the largest red shifts for FL1/SEP (ca. 22 nm), FL2/SEP (ca. 10 nm) and
PFL3/SEP (ca. 20 nm). Red shifts of this type have been attributed to electrostatic
interactions (Kohno et al., 2009, 2008a) or to the acidity of the inorganic substrate (Kohno
et al., 2008b). The exhaustive washing following the initial adsorption procedure was
effective, eliminating any excess of FL and PFL cations since the spectra did not exhibit

any evidence of the presence of aggregates of FL or PFL.
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Steady-state fluorescence excitation and emission spectra of the hybrid pigments

are shown in Figure 3.7. The fluorescence excitation spectra for both classes of hybrid

pigments are generally similar to the reemission spectra (Figure 3.6), with the exception

of FL4/SEP whose emission was too weak to obtain a reliable spectrum. The fact that

fluorescence could be observed at all from FL4/SEP and PFL3/SEP was an indication

itself that the interaction with SEP improved the fluorescence of the dyes since both FL4

and PFL3 are essentially non-fluorescent in solution.
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Figure 3.7. Excitation and emission spectra of the hybrid pigments (a) FL1/SEP (Ex. 480

and Em. 576 nm), FL2/SEP (Ex. 450 and Em. 530 nm), FL3/SEP (Ex. 415

and Em. 490 nm), FL4/SEP (Ex. 450), FL5/SEP (Ex. 410 and Em. 490 nm),

and (b) PFL1/SEP (Ex. 455 and Em. 530 nm), PFL2/SEP (Ex. 445 and Em.

523 nm), PFL3/SEP (Ex. 555 and Em. 640 nm), PFL4/SEP (Ex. 450 and Em.

545 nm), PFL5/SEP (Ex. 455 and Em. 555 nm).

Figure 3.8 presents confocal fluorescence microscopic images (false-color

mapping) of some of the more strongly fluorescent hybrid clay particles, pointing to

relatively uniform emission across the whole particle. The impressive fluorescence of

these solid samples instigated us to perform measurements of fluorescence quantum

yields. The results, presented in Table 3.1, show that the fluorescence quantum yields of
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the FLs and PFLs tend to be equal to or slightly higher than those of the FLs and PFLs in
acetonitrile containing 0.1 mol dm= TFA. Particularly noteworthy are the large increase
in the fluorescence quantum yield of FL1 in SEP and the observation of fluorescence
from PFL3 in SEP. PFL3 is non-emissive in solution due to relaxation to a twisted
intramolecular charge transfer (TICT) state (Siddique et al., 2019) and encapsulation of
FL1 in a CB[7] cucurbituril cavity was also found to strongly enhance its fluorescence
(Held et al., 2016). Unlike FL5, which is quite fluorescent in solution, FL1 has an
electron-rich dimethoxyphenil B-ring that favors intramolecular charge-transfer
interactions with the cationic portion of the molecule. Thus, adsorption of FL1 and PFL3
on sepiolite presumably inhibits the conformational changes in the excited singlet states
that transform the fluorescent locally excited state into a much less fluorescent or non-
fluorescent TICT state. The time-resolved emission decay measurements (Table 3.1)
indicate two lifetime components that make roughly equal contributions to the emission.
In the case of FL1 and FL2, the longer lifetime exceeds that of the dyes adsorbed on PAL
(Table 3.1). Since no aggregates of FL or PFL cations were detected, the two lifetime
components suggest the existence of at least two different adsorption sites, potentially

reflecting binding of the dye in the external grooves and in the internal tunnels of SEP.

10 pm 10 pm

Figure 3.8. Confocal fluorescence images (false color) of the samples (a-b) FL2/SEP; (c)

FL5/SEP; (d-e) PFL5/SEP and (f) PFL2/SEP.
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cations adsorbed into/onto SEP.

Table 3.1. Quantum yield (@) and lifetime (ts) for fluorescence of the FL and PFL

Hybrid

pigments @ Y Tf1 /NS T2 1 ns 2/ ns

FLI/SEP 037 0001 133 (41%) 3.10(59%) 0.35 (80%)
1.0 (20%)

FL2/SEP 041 042 111 (47%) 2.95(53%) 0.6 (60%)
2.0 (40%)

FL3/SEP 0310 026  151(52%) 4.08 (48%)

FL4/SEP 0.006 0.001 - -

FLS/SEP 0.6l 053  1.86(33%) 5.72 (67%)

PFL1/SEP 0.36 0.43°0.41Y 0.83(56%) 3.61 (44%)

PFL2/SEP 022  0.16°  2.13(47%) 6.48 (53%)

PFL3/SEP 0.027 - - -

PFL4/SEP 0067  0048° 136 (61%) 3.96 (39%)

PFL5/SEP 0.044 0.030° 0.79 (74%) 2.62 (26%)

“+10 %; 2FLs and PFLs at 20°C in air-equilibrated acetonitrile containing 0.10 mol dm
TFA. PFLs adsorbed on PAL, Chapter 2 Ref. (G. T. M. Silva et al., 2018). °Ref. (Silva et
al., 2019). °Ref. (Freitas et al., 2017).

3.4 Conclusions

The adsorption of flavylium (FL) and pyranoflavylium (PFL) cations on sepiolite
(SEP) clay results in hybrid materials with a series of improved properties in terms of
stability of the color in contact with mildly basic aqueous solution, resistance to thermal
degradation of the dye, while maintaining excellent fluorescence properties. In all cases,
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the SEP-adsorbed dyes are at least as fluorescent as in solution, with particular attention
to FL1, which is substantially more fluorescent. The thermal stability of FL1/SEP is better
than that of PFL3/SEP, suggesting that the smaller FL1 dye molecules are perhaps more
readily incorporated in the tunnels of SEP than the larger PFL3 dye molecules. FL1 is
also more resistant to color loss due to hydration when adsorbed on SEP, with its wider
tunnels and grooves, than on PAL clay (G. T. M. Silva et al., 2018) with narrower tunnels
and grooves. The fluorescence decays of FL and PFL adsorbed on SEP are biexponential,
with a somewhat greater contribution from the longer decay time for FL than for PFL,
suggesting that the longer and shorter fluorescence lifetimes arise from dye adsorbed in
the SEP tunnels and grooves, respectively. SEP thus appears to be a promising substrate
for the development of highly fluorescent hybrid pigments with improved color and

thermal stability.

Supplementary Materials

Figures

(b)

Figure 3.S1. Images of PFL3 in (a) acidified and (b) basified methanol.
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Figure 3.S2. UV-Vis absorbance spectral of PFL3 in phosphate buffer solution pH 9.2.
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Figure 3.S3. UV-Vis-DR spectrum (Kubelka-Munk mode) of the SEP clay.
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Tables

Table 3.S1. CIELAB color coordinates for FL1/SEP and PFL3/SEP hybrid materials.

Samples Condition L* ax b*

FL1/SEP Fresh 76.9271 13.5882 18.8697
pH 10 80.6730 9.9535 20.8192
105 °C 76.1717 15.0878 19.6579
120 °C 74.4944 15.4514 19.6908

PFL3/SEP Fresh 62.0158 7.1031 -11.8908
pH 10 68.5025 9.5429 -6.4145
105 °C 63.9056 7.2337 -7.2530
120 °C 66.0127 6.6829 4.8840
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CHAPTER 4

Final remarks

Comparing the results from both the Chapter 2 and Chapter 3, we can consider a
range of relevant points.

The dye loading on the clay directly affects the color and fluorescence properties.
Thus, the greater the amount of adsorbed dye, the more intense the color of the hybrid
pigment, but the less fluorescent, and vice versa. Therefore, as substrates, both
palygorskite and sepiolite have unique characteristics for these hybrid pigments, since
their adsorption capacities are distinct. Palygorskite is suitable to form hybrid pigments
with more intense and attractive colors, however less fluorescent, unlike sepiolite.
Accordingly, in this aspect, palygorskite has an advantage over sepiolite, since it would
be expected that a smaller amount of flavylium cations adsorbed on palygorskite would
also generate more fluorescent hybrid pigments (vide Figure 2.3, in Chapter 2).

The size of the tunnels and grooves of the fibrous clays is of paramount
importance for the stability of these dye molecules. As shown for the flavylium cation
FL1, although palygorskite promoted improved pH-dependent color stability of FL1,
sepiolite has been shown to be more efficient. In addition, the larger channels of sepiolite
permitted us to extend the study of hybrid material formation to pyranoflavylium cations.

The results obtained here definitively point to flavylium cations and
pyranoflavylium cations as promising chromophores and fibrous clays as promising
substrates for the development of novel highly fluorescent hybrid pigments with attractive
colors and marked chemical and thermal stability. Therefore, these results should inspire
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the development of new stable fluorescent hybrid flavylium or pyranoflavylium cation /
fibrous clay pigments that retain their fluorescent properties and color.

It is also important to emphasize that, besides developing novel hybrid flavylium
cation / fibrous clay materials in this work, we have achieved advances in the stabilization
of these dye molecules with regard mainly to their pH-dependent equilibrium and thermal
treatment. In addition, the present work represents the first systematic study of the

properties of hybrid materials prepared from pyranoflavylium cations.
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