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ABSTRACT

A comprehensive characterization of the excited state of some of the
ancient dyes — indigo, dragon’s blood and brazilwood — used to “dye the world”
has been the aim of the work presented in this thesis.

The study involves a detailed photophysical and spectroscopic
characterization which includes, absorption, fluorescence, phosphorescence (when
present) and triplet-triplet absorption spectra together with measurements of
quantum yields (fluorescence, phosphorescence, intersystem crossing, internal
convertion and singlet oxygen formation) and excited state lifetimes have been
obtained.

With indigo (and its substituted derivatives), in its reduced (leuco) form,
the occurrence of isomerisation was found to be present in the first excited singlet
state with photoreaction quantum yield of 0.09. The excited states of the oxidized
and third form of indigo, Dehydroindigo (DHI), was, for the first time fully
characterized including with ab initio calculations. It was forund that this spieces
displays triplet state yields of 70-80% and negligible fluorescence in contrast with
the keto (neutral) form of indigo where the main excited state deactivation
pathway occurs via the radiationless Si~~—§¢ internal conversion channel,
mirrored in a very low fluorescence quantum yield ~10-3 and a fluorescence
lifetime of ~140ps.

Thioindigo (TTI), and ciba brilliant pink (CBP) (the two are sulphur
derivatives of indigo), were studied in solution at 293 and 77K; due to its high
fluorescence quantum yield (~0.7) they were used as fluorescent probes for the
investigation of the level of interaction (including encapsulation) with attapulgite
and sepiolite clays, aiming to get a deeper understanding of Maya Blue (a pigment

resulting from the mixing of indigo with attapulgite).
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Incorporation of these sulphur derivatives in the clay pores, brought new
colors to our laboratory, the original reddish, highly fluorescent (in solution)
thioindigo turned into blue in attapulgite and violet in sepiolite, whereas the
chlorinated CBP (reddish) turned into pink in both clays. When interacting with
attapulgite and sepiolite clays CBP and TI the Si~~~-—Sy was found the major
deactivation pathway, in contrast with the behaviour found in solution, where
fluorescence dominates with ~60% (solvent dependent) of the quanta loss.

Dracorhodin and Dracoflavylium, two dyes extracted from the resin of
dragon’s blood tree, have also been characterized, and showed the typical
flavylium network of reactions. The kinetics of these reactions was studied in
aqueous solutions, and a pK, of 3.5 for dracorhodin was determined.
Dracoflavylium was also investigated in dimethylformamide and in acidified and
basified solutions of this solvent and fully spectral and photophysically
characterized; similarly to indigo and other investigated dyes, the internal
conversion from the singlet excited to the ground state was found the dominant
deactivation pathway.

The dyes from Brazilwood, the tree in the origin of the Brazil country
name, were extracted and investigated. Brazilwood has uncolored brazilin as major
component which when exposed to air and light oxidizes leading to the red
brazilein. The photophysical characterization of both brazilin and brazilein was

also undertaken, which was found pH dependent.
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RESUMO

O principal objectivo do trabalho constante desta tese foi o de obter uma
completa caracterizagdo do estado excitado de alguns dos mais antigos corantes —
indigo, sangue de dragdo e pau do brasil- utilizados desde tempos imemoriais para
dar cor a0 mundo.

O estudo compreende uma completa caracterizagdo fotofisica e espectral,
incluindo, absorcao, fluorescéncia, fosforescéncia (quando possivel) e também
absor¢io tripleto-tripleto juntamente com medidas de rendimentos quanticos
(fluorescéncia, fosforescéncia, cruzamento intersistemas, conversao interna ¢
formacio de oxigénio singuleto) e tempos de vida do(s) estado(s) excitado(s).

Para o indigo, e alguns dos seus derivados substituidos, na forma reduzida
(leuco) a ocorréncia de isomerizacao foi investigada no primeiro excitado singuleto
com um rendimento quantico de reagdo para este processo de 0.09. Os estados
excitados da forma oxidada do indigo, o dehidroindigo (DHI), foram pela primeira
vez completamente caraterizados, nestes se incluindo calculos ab znitio. Mostrou-se
que esta espécie apresenta rendimentos quanticos de estado tripleto variando entre
70-80% com rendimentos de fluotescéncia muito baixos; tal verificou-se estar em
oposi¢do ao comportamento apresentado pela forma ceto (neutra) do indigo na
qual a principal via de desactivagao do estado excitado ocorre através do canal de
desativacio ndo radiativo de conversio interna Si~~—8p, traduzido num
rendimento quantico de fluorescéncia muito baixo ~10-3 ¢ um tempo de vida de
~140ps.

O tioindigo (TT) e o “ciba brilliant pink” (CBP) -onde em ambos o grupo
N-H do indigo foi substituido por enxofre- foram estudados em solucido a 293 e
77K; devido ao seu elevado rendimento quantico de fluorescéncia (~0.7), foram

utilizados como sondas fluorescentes do nivel de interac¢do (incluindo
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encapsulamento) em argilas, atapulgite e sepiolite, visando uma melhor
compreensao do pigmento Azul Maia (pigmento resultante da mistura de indigo
com attapulgite).

A incorporagao destes tio-derivados nos poros (ou canais?) das argilas,
permitiu adicionar novas cores a palete disponivel; desde o vermelho original do
tioindigo ao azul e violeta resultantes respectivamente da mistura com attapulgite e
sepiolite. Quanto ao CBP (igualmente de cor vermelha) este produziu um
magnifico e estavel rosa em ambas as argilas. Ao serem incorporados nas argilas a
conversao interna S1~~—S mostrou ser o principal processo de desactivagio do
TI e do CBP, contrastando com o que acontece em solucdo onde a fluorescéncia
domina correspondendo a 60% (dependendo do solvente) do processo de
desativacio do estado excitado.

A Dracorodina e o Dracoflavilio, dois compostos extraidos da resina de
Sangue de Dragio, foram igualmente estudados nesta tese. Ambos os compostos
apresentam a rede de reagdes carateristica dos flavilios. A cinética destas reagoes
foi seguida em meio aquoso para a Dracorodina e obtido um pK, de 3.5. O
Dracoflavilio foi também caracterizado espectroscopica e fotofisicamente em
dimetilformamida e solu¢des 4cidas e basicas deste solvente; tal como se observou
com o indigo, e outros corantes investigados, a conversio interna constitui a via
dominante de desactivacio do estado excitado.

Os corantes do Pau do Brasil, a arvore na origem do nome do pais, foram
extraidos e estudados. O Pau do Brasil tem como principal componente a
brasilina, que quando exposta ao ar e a luz oxida formando a brasileina (de cor
vermelha). A caracterizagio fotofisica de ambas (brasilina e brasileina) foi também

efetuada, verificando-se ser dependente do pH.
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In the world of colour, the creation of the eyes, about 543 millions of
years ago, was a crucial step, but at that time the colour also determined who ate
dinner and who ended up on the plate. The extinction of dinosaurs was probably
the most important volte-face, since then mammals could stop living hidden in the
darkness and could come out to daylight, and for that their retina, which was only
used in the shadows and was concentrated in rods and colour-blind (achromatic)
structures, then evolved to colour shades and forms. This evolution was a
significant nutritional advantage, once it turned possible the distinction between
plants, animals, seeds, fruits, poison, non-poison.23

Exceeded the survival motives, the colour has always seduced mankind.
Since man started to wear clothes he tried to reproduce nature colours for his
garments, artefacts and jewellery.

In antiquity, sight is the primary sense and the first to be mentioned.
According to the Judeo-Christian religious tradition, God did not say “Let there be
sound”, or “Let there be odours”, but “Let there be light”. And so it was. The
theme reappears in the bow of colours across the sky signifying a pact between
God and humankind.*

Dyestuffs and dyeing are as old as textiles themselves. Especially in the
past, for dyeing and painting, almost the same colouring organic material was
used.> Early dye sources included, plant, animal and mineral extracts. Madder,
indigo and saffron were the three ancient dyes used in India ¢z 2500 years B.C..0

The earliest book devoted exclusively to professional dyeing was published
in Venice, in 1548. This was Gioanventura Rosetti’s Plictho de larte de tentori che insegn
tenger pan(n)i banbasi et sede si Per larthe magiore com per le comvne, which included details
of dye recipes and techniques employed in Venice, Genova, Florence, and
elsewhere in Italy. In particular, it provided the most complete record of the dyers

craft at the time when the first South American dyewood was becoming available



in Europe. Until then three primary colours were employed by dyers. Blue was
obtained from indigo, either from woad or the indigo plant. Reds were available
from the Kermes insect, from the root of the madder plant, and from so-called
brazilwood imported from the Far East. Yellows were extracted from weld,
Persian berties, saffron and dyers broom. These colours were combined to afford
greens, browns, violets and other compound shades; they could be varied with the
aid of a mordant. The use of a mordant expand the list of colours that could be

obtained from most of these dyes.”

Picture of a cupboard with dyes used in XV century, taken at Albrecht
Diirer’s bouse, in Nuremberg. (Personal copy)



The studies on colour soon started. Aristotle (384-322 B.C.) did some of
the early studies and theories about light and colour, using philosophy and
painting. He defended that colour is an inherent property of the objects and
discovered that mixing two colours a third is produced. In 1666, Isaac Newton
petrformed his Experimentum Crucis, and announced that colour is an illusion arising
from the response of human visual apparatus to emissions of light. Experimentun
Crucis consisted in focusing sunlight (or white light) in a glass prism, and a mixture
of rays appear in the opposite site, what proved that light is a not a uniform, pure
substance. Newton adopted the term “spectrum” to characterize his rainbow
image of seven colours.?

Actually, according to a consensus of psycho-physiological and
philosophical theories, colour sensations are generated in a cerebral “space” fed
from photon-photoreceptor interaction in the retina of the eye. The resulting
“space” has three dimensions: hue (or chroma), saturation (or “purity”), and
brightness (lightness, value or intensity).

The discovery of mauveine, in 1856 by W. H. Perkin, was the turning
point in the history of colouration; indeed, mauveine was the first successful
synthetic dye, instead of being extracted from natural sources by tedious
procedures. This represented the beginning of a “new world”, with a wide range
of colours available, with good fastness properties and with low to moderate costs.
For all reasons the world of the synthetic dyes, and dye manufacture has become a
significant part of the chemical industry.®

Nowadays, a revivalism in the natural dyes has reborn, moved by several
motives, like the reconstruction of ancient and traditional dyeing technology,
conservation and restoration of old textiles and museum textiles, and

environmental reasons.6






1. INDIGO






1.1.1 — THE MILLENARY HISTORY OF INDIGO

The history of indigo as a source of
blue colour for textiles, paintings,
illumination, etc., has more than four
millennia. It is reported to have been used
in the XVIII dynasty of Egypt (~ 1600
B.C)). Its longevity as a colouring material
has given it a mythical status turning indigo
the molecule that made a link between the
Western and Muslim civilizations. A large
amount of information is available on

natural indigo (valid for both the chemical

compound and the plant from where it is
obtained), but the origin (place and date) of

the dye’s discovery is still unknown in our

Drawing of a specimen of
Isatis tinctoria; taken from ref!

days. It seems however certain that wherever indigo-bearing plants grew, earliest

man was able to use the extracted pigment. It could hardly have escaped the

attention of primitive man that certain plants, not particularly coloured in their

own right, when crushed or applied to the skin or clothing, subsequently

developed a blue colour which almost outlasted the substrate.”

Indigo belongs to the class of the so-called vat dyes: these are dyes that

can be reduced to a compound which is soluble in aqueous alkaline media and is

used in this form for dyeing purposes.?



KETO LEUCO

Scheme 1- Structures of indigo’s neutral (keto) form (insoluble in water), and

reduced (leuco) form (soluble in water).10

The yellowish reduced form of indigo is almost colourless — hence its
name /leuco-indigo (from the Greek word for white) — and, of crucial importance in
the dyeing process, it is highly soluble in water (Scheme 1). Indigo-bearing plants
are endogenous and grow in many parts of the world since antiquity: for example
Isatis tinctoria in Northern Europe and Indigofera species in Asia. The two plants are
quite distinct — for example one grows in temperate climates and belongs to the
mustard family whereas the other prefers warmer climates and belongs to the pea
family — but both yield, in different amounts, the indigo dye.?

Indigo has also an animal origin, the mollusc Murex: trunculus from where
Tyrian Purple (6,6’-dibromoindigo) was extracted. This particular origin of indigo
is very important to the Jewish religious ritual who calls for the use of indigo-
containing biblical Tekhelet derived from Murex trunculus, but its use seems to have

ceased between 570 and 760 A.D..0



1.1.2-INDIGO: FROM ANTIQUITY TO MODERN TIMES

The art of applying colour to
textile fabrics goes far back into
antiquity. The finding of coloured
fabrics in the course of excavations in
Egypt, Asia, and the Americas has
proved beyond question that textile

colouration was developed

independently and practiced by

Indigo: synthetic, extracted and fabric
dyed with indigo. almost all primitive peoples.!!

Some several primitive groups discovered, by their own, locally different
sources of colouring matter. However, as tribes migrated and contact with other
groups was established, men learned on dyestuffs which were faster or more
brilliant than any to be found on their own vicinity, and trade in dyestuffs began.!!

As India was the key player of eatly trade both eastwards and westwards,
with a population highly accomplished in textile arts, much technical know-how
would have filtered along the trading routes, and subsequently India’s trade textiles
where to had an enormous impact globally.!2

As in other areas whose indigo production was subsequently exploited by
European colonialists on a vast commercial scale, in Central and South America
the dyestuff had long been widely used.!?

In Central America sixteenth-century Spanish historians noted the local
importance of fine textiles as gifts at festivals and weddings and to signify status.
Here, as in ancient Egypt, blue was generally a revered colour. 12 The Aztecs also

used indigo as medicine, and are responsible for the common name in the region



for the ‘blue herb’, zguilite. The Mayans mixed indigo with an exceptional clay
(attapulgite) mineral to produce the ‘Maya Blue’ pigment, widely used for painting
on murals, sculptures and ceramics, as well as textiles.!?

In Europe from the late eight century the impact of the Viking invasion
from Scandinavia was widespread. The Vikings traded in exotic textiles from the
Near East to feed Europe’s developing taste, as well as introducing their own high
quality textiles.!?

Until the later sixteenth century imported indigo pigment remained an
expensive luxury in the northern Europe, largely reserved for paints and inks. All
the obstacles and expenses attendant on the long, hazardous journeys by caravan,
or sea, made it an exotic commodity like pepper, other dyestuffs and mordants,
medicines and perfumes, which all formed part of the overall spice trade. 12 Across
much of Asia, where textile manufacture was the main industry, indigo was a
mainstay. Prices for indigo dyestuff fluctuated greatly, but often doubled those of
other luxury goods. The main dyes apart from indigo were: madder, kermes,
brazilwood and, later, lac for reds; saffron, curcuma (turmeric) and safflower
(producing also orange and red) for yellows. Combinations of these dyes created
an infinite variety of colours, indigo featuring especially in greens, blacks and
purples. 12

Textiles dyed blue with indigo from woad appear in the early Iron Age
(c.700 B.C.). While indigo was the centre stage in the textile industry of the Orient,
woad was still firmly in Europe’s spotlight. Woad was Europe’s truly universal dye,
used for all blues but also as a ‘top’ or ‘bottom’ dye for most other colours.
Regions most renowned for woad production were found in France, Germany,
Italy and, later, in England. Spain’s central regions grew woad, but a good deal

more had to be imported. France was Europe’s greatest producer of woad, called
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there pastel. Such was the importance of woad that even in times of war unarmed
ships were permitted to enter port to load it.12

Despite the wide-scale availability of imported oriental indigo from the
seventeenth century, woad was still grown and used in Europe, and all those with
a vested interest fought hard for its survival. As well as being a lucrative crop for
the producers, its labour-intensive processing provided valuable work for the
unemployed. The circumnavigation of the Cape of Good Hope by Portuguese
ships in 1498, was responsible for indigo’s meteoric rise, setting woad’s relegation
to the bottom division of the dyeing league and marked a crucial point in indigo’s
fortunes, as did the Spanish conquest of America in the following century. The
Portuguese achievement made possible direct importation by Europe of goods by
sea from India, the Spice Islands, China and Japan, and thus avoidance of the
heavy duties levied by successive rulers on Asian goods whether in transit overland
to the West or by the old sea routes around the Arabian Peninsula. In this way the
Portuguese broke the Middle Eastern and Italian commercial control over trade in
spices, which included dyestuffs, and in luxury textiles. Indigo was often the most
valuable of all the ‘spices’, and progressively mined the whole European woad
industry.12

In recent years the art of textile decorating has improved markedly, owing
to the introduction of a host of neatly developed dyes and pigment colours, and
auxiliary chemicals to facilitate their application. All the natural dyes except a mere
handful, including logwood, fustic, and cutch, have been replaced. Modern colours
are relatively inexpensive, brilliant in shade, and of a wide range of hues. !

The structural determination and synthesis of indigo!? were triumphs of
the growing German chemical industry of that time. Adolf von Baeyer was
awarded the Nobel Prize of 1905 in recognition for his contributions to chemical

synthesis, citing his synthesis of indigo specifically.!#
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1.1.3 — INDIGO IN THE ANTIQUITY: THE BLUE OF THE EGYPTIANS AND THE
PURPLE OF THE PHOENICIANS

In ancient Egypt, where blue colours were revered, many archaeological
textile fragments have been preserved thanks to the dry climate, sterile sand and
local burial customs. The country’s woven textiles were widely esteemed, and
weavers began to insert rare blue stripes into the borders of plain linen mummy
clothes from the Fifth Dynasty (c.2400 B.C.), probably because only indigo dye is
well absorbed by flax fibbers. Indigo-dyed linen and occasionally wool (a much
easier fibber to dye) are more commonly found, sometimes as part of multi-
coloured patterns, in textiles dating from the Middle Kingdom (from ¢.2040 B.C.)
and particularly the New Kingdom (from c.1560 B.C.). The celebrated funerary
wardrobe of Tutankhamun, for example, includes a state robe that is
predominantly blue, and also other garments and embroidery threads with some
blue.!2

Hieroglyphic inscriptions, such as those at the largely Ptolemaic temple of
Dendera, which show the Egyptians’ appreciation of several different shades of
blue, mention plants producing a blue colour resembling lapis lazuli. It is
botanically possible that local Indigofera species could have been used as a blue dye
by the ancient Egyptians, but it is most likely that they made use of the woad
plant, Isatis tinctoria, indigenous in parts of north Africa as well as in Europe and
western Asia, even though it is much less efficient as a source of indigo dye than
the tropical and subtropical indigo plants.!2

Another source of blue was the so called Egyptian Blue, the first synthetic
pigment. Egyptian Blue is a chemical compound with the formula CaCuSisO1o,
and it can be obtained relatively easy if the minerals lime (CaCO3), sand (SiO2) and
a copper mineral (e.g. malachite (Cuz(CO3)(OH)2) or azurite (Cus(CO3)2(OH)2)) or

metallic copper are exposed to oxygen (O2) and, together with a few percent of a
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flux such as potassium carbonate (K>CO3), sodium (NaCl) or sodium sulfate
(Na2SOy), are heated to temperatures between 800 and 900°C.1>

The blue pigments were invented from necessity. Humans did not have
unlimited access to blue as pigment, as blue is not an earth colour, or colour
provided by the surface soil. The Egyptians, along with the knowledge about the
production of the “Egyptian Blue”, transmitted it to many cultures in the
Mediterranean area and beyond.!>
Shellfish purple is indigo closely

A related shell-fish dye which was extracted

recigat b o, vy, e from species belonging to Muricidae and

Schnecken hin. Der Farbstof wurde seiten

% ;Mmummmmm
La

Thaididae families. This was famously used
by aristocratic Phoenicians, Romans and
Byzantines, hence the common epithet
‘Royal’, Imperial’ or “Tyrian’ (for Tyre, the
city, who produced the best quality

Photograph of Murex snails, and a product). Purple dye became  the

piece of cotton dyed with Tyrian  trademark of the Phoenicians. It reached
purple drawn in Albrecht Diirer’s

house, Nuremberg. (Personal copy) its apogee as a status symbol during the

Roman and Byzantine empires before its

relegation to the sidelines of dye history

following the Turkish conquest of Constantinople in 1453. Thereafter knowledge
of its production methods vanished.!?

Shellfish purple residues have been found in potsherds of ancient Israel

thought to have formed clay dye vessels. Dyed textiles had great significance in

Jewish religious ritual. Hebrew law, for example, prescribed the wearing of fekbelet

fringes and tassels, which are presumed to have been dyed with shellfish purple.!2
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Tyrian purple possessed great brilliance and fastness in comparison with other
known dyes.!!

In Greco-Roman times, the importance of Murex to the city of Tyre was
mirrored in the city’s coins, many of which bear an image of the snail, 16 others
show a dog and a snail. According to the legend, the purple dye was first
discovered by Hercules’s dog, who was frolicking in the waves, foraging for food,
when he emerged from the ocean and returned to his master, with the lips
coloured with bright purple from the snails he had consumed.’¢

Is generally accepted that in the Mediterranean the main reddish species
were Murex brandaris and Purpura haemastoma, while the hermaphrodite Murex
trunculus, produced the bluer hues. Indeed, in addition to purple this mollusc
apparently contained pure indigo. It has been argued that this may be related to
the gender, the bluer colours being produced during the masculine phase.
However, the outcome is certainly also affected by the dyeing methods, climatic
conditions and seasons, particularly to sun exposition.!?

Huge quantities of shellfish had to be killed in order to extract, from the
tiny hypobranchial glands, enough of the photo-sensitive whitish secretion
containing the precursor to purple: about 10,000 mollusks to obtain 1g of
dye.">Beaches in Tyre and Sidon as well as in Crete are still piled with heaps of
left-over shell deposits. Shellfish purple dyers, like those for indigo, needed
dedicated knowledge.!2

Indeed, the general method for extracting the colour from purple shellfish
was to crush the molluscs, shell and all, or open them and remove the gland, then
salt the mass for three days, and, finally, boil the whole in water for about ten days.
The result was a clear concentrated solution of the dye. Flesh fragments and the

insoluble foreign bodies were removed by skimming. The fabric was exposed to
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sunlight after steeping in the solution in order to develop the true brilliant colour
of Tyrian purple.!!
The chemical formula of Tyrian purple is related to the formula for indigo.

It is the indigo molecule brominated at the 6,6’ positions.!!

Scheme 2- Structure of Tyrian purple (6,6’-dibromoindigo)!®

1.1.4 — THE MYTHIC BLUE OF THE HEBREWS: THE 1EKHELET AND ITS LOST
SECRET

In the ancient world, colours and dyes held great social and economic
importance. Dyes like fekhelet, extracted from rare sources, could only be used by
the wealthiest and most powerful people.!6

In the Bible of the Hebrews, “blue (fekbelet), purple (argaman) and scarlet
(tola’at-shani)” yarns are listed along with gold, silver and copper as gifts suitable for
God (Exodus 25:4). The desert Tabernacle was made of ten strips of “fine twisted
linen, of blue, purple and scatlet yarns, with a design of cherubim worked into
them” (Exodus 26:1). In the Torah, God instructs his people to “make for
themselves fringes on the corners of their garments (and) attach a cord of blue
(tekhele?) to the fringe at each corner” (Numbers 15:37) as a reminder to keep his

other commandments.16:17
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The source for this biblical blue dye is not mentioned in the Bible, and
although it is discussed in the Talmud and other ancient sources, the process for
obtaining the dye was lost by the Jews. By the turn of the first millennium A.D.,
tekhelet was no longer available. It is not totally clear why zekbeletr disappeared:
perhaps it was because of its high cost or because Jews had lost access to materials
needed for its production.16:17

At some point, a cheaper alternative was made available although, this too,
felt out of use along with #ekbeler. A blue dye made from the kala ilan plant
(popularly known as indigo or woad) came to be used by unscrupulous merchants,
despite many rabbis’ objections. The dye from &a/a ilan looked just like zekhelet; the
Talmud says that only God could distinguish between the two.!0

There are some aspects that still need some attention, the gender of the
Murex snail (male or female) originate indigo and 6,6’-dibromoindigo, respectively,
so the dye obtained is not pure. 6-bromoindigo (MBI) can also be formed, if the
hypobranquial gland contents of male and female are mixed before all precursors
present have formed 6,6 -dibromoindigo and indigo. If sufficient MBI is thus
produced, the dyeing will not be violet but purple. This explains why banded dyed
with Murex may vary in hue from reddish to bluish purple. 1718

The Murex gland, when first removed from the snail, is yellowish, but
when exposed to the air (for five to ten minutes), it becomes purple.1¢!17 The
molecule is capable of forming a chemical bond with wool, which is what makes it
a permanent colour that will not wash out. To create a permanent bond, several
chemical reactions must take place. First, limestone or another base must be added
to water to create a basic solution. In the following step, the solution must be
reduced— meaning that the oxygen must be removed, using a chemical such as
ammonia (Pliny in his Natural History recommended using old urine, which

contains ammonia). This causes the dye to dissolve and the solution to turn into a
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darkish yellow-brown colour. At this point, the dye is ready for dyeing purposes.
Wool dipped in the solution will remain white until it is pulled out and re-
oxygenated through contact with air. Sunlight causes the bond between the
bromine atoms and the indigo molecule to break down, leaving only indigo—blue
dye—active in the solution.!¢

In order to recover the recipe and therefore the identity of an ancient
Jewish ritual an Israeli association has been created ‘P'til Tekhelet’, established

for the Promotion and Distribution of Tekhelet. (http://www.tekhelet.com/).

1.1.5- BIOSYNTHESIS OF INDIGO

The indigo dye is obtained from the leaves of Indigofera tinctoria by a
fermentation process which has probably not changed for over 3000 years.”!2
Bundles of tied pieces of Indigofera are packed into fermenting vats, and covered
with water, in order to promote fermentation, which ceases in about 10-15 hours.
The yellowish liquor formed, is beaten, by men or machinery, and changes its
colour, from green, to blue, and finally the indigo precipitates to the bottom of the
vats. This pulpy mass of indigo, after drawn off the supernatant, is boiled with
water (to remove impurities), filtered and pressed to remove as much of the
moisture as possible, cut into cubes and left to air dryness.”

Since Indigofera tinctoria and Isatis tinctoria are different kind of plants, one is
a bush and the other is a flower, they have different approaches in order to obtain
the dye product.

Going from Isatis tinctoria the process pass also by fermentation. The seeds
are sown in a deep rich well drained loam. When the plants grow they are weeded

twice, taking out the leaves and subsequently washed. Using a wool mill, the leaves
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are crushed, and after that, using the hands, the pulp is drained and kneads into
ball (“woad balls”). One to four weeks is the time needed to dry those balls. When
dried, the balls are broken up and pilled into layers 2-3 feet deep, and sprinkled
with water. Fermentation, initially vigorous, takes place over about 9 weeks and
generates a disgusting odour. When complete, the dark clay-like material is dried,
sifted and packed into barrels for sale to dyers or woad merchants. The quality of
woad was said to improve with time, being twice as efficient after four years’
storage.’

The chemical transformations that occur in the processing of the leaves

from the woad plant are outlined in Scheme 3. %19

Photograph of Indigo balls, drawn in Albrecht Diirer’s house in Nuremberg.
(Personal copy)
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Scheme 3 — Formation of indigo from indoxyl derivatives present in woad leaves.
Free indoxyl is released by hydrolysis from isatan B and indican and, subsequently,
dimerizes to indigo. Isatin is generated from indoxyl in an oxygen-rich
environment (with action of oxigenase enzyme) as a side reaction; the

condensation of indoxyl and isatin gives rise to indirubin.!920
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Some studies!” mention the fact that the woad ball manufacture is the key
step in the production of indigo from woad, increasing the indigo yield and
reducing the proportion of indirubin, considered of less value than indigo. It is
likely that, when the leaves are crushed, the indoxyl is cleaved from isatan B and
indican by enzymes of plant and/or bacterial origin to release the free indoxyl
(Scheme 3).1 In the main body of the freshly prepared woad ball, microbial
respiration would probably lower the oxygen tension, which would return to
atmospheric levels as the ball dried slowly. This limited oxygen supply facilitated
indigo formation, and by restricting oxidation of indoxyl to isatin (5), constrained
indirubin formation (Scheme 3).12 The amount of dye that can be obtained from

woad (Isatis tinctoria) is much less than that from Indigofera.®

1.1.6- INDIRUBIN: ISOMER OF INDIGO

Indirubin (Scheme 4), is the 3, 2’-bisindole
isomer (red-coloured) of indigo, found as active
principle in the traditional Chinese curative

medicine. This compound is currently known to

be pharmacologically active against vatrious

diseases, includin: leukaemia, inflammation . .
’ & ’ ’ Scheme 4 - Indirubin

psoriasis and skin rashes. 2021 It is produced by a

natural fermentation process using indican as a substrate, which is abundant in the

same plants used to extract indigo. In this process, indican is converted into

indoxyl by the activity of B-glucosidase, after which indigo is generated by

spontaneous oxidation of indoxyl (Scheme 3). A small amount of indirubin can

also be produced as the end product of the oxidation between indoxyl and isatin (a
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derivative generated by an oxygenase) in this process.??223 The amount of
obtained indirubin has more to do with the extraction method then with the origin

or species of the natural source.??

1.2- THE CHEMISTRY OF INDIGO

1.2.1- THE SYNTHETIC VIA: THE BAYER AND HEUMANN REACTIONS

Indigo was, for many centuries, obtained from natural sources. The
chemical structure of indigo was first proposed by von Baeyer in 1869, and eleven
years later he reported the first successful synthesis, a multistage route starting
from o-nitrocinnamic acid.2* Indeed, later on, in 1880, Adolph von Baeyer
developed a method — the Baeyer-Drewson reaction, Scheme 5, an Aldol
Condensation reaction - to produce the first synthetic indigo.!3 This reaction
works well for small scale reactions but is not adequate for large scale industrial
production of indigo; the reaction (Scheme 5) involves the use of o-
nitrobenzaldehyde which is dissolved in acetone in aqueous sodium hydroxide,
leading to indigo production, within a few seconds, in good yield.?*

Until Baeyer came up with the correct structural formula for indigo,
synthetic via for indigo were few and with no commercial importance. With a
target structure to aim for, synthetic routes proliferated, but most were
uneconomic owing to the high cost of the starting materials. Thus, the route of
indigo persisted for several years after Baeyer’s elucidation. However, in the first
six months of 1900, manufacturers in Germany exported 930 tons of synthetic

indigo and the demand for the natural product fell by 40 per cent.?>
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Scheme 5- The Baeyer-Drewson reaction of 2-nitrobenzaldehyde with acetone in
basic conditions to produce indigo. 13

The first successful commercial synthesis of indigo, due to Heumann in

1897, is shown in Scheme 6.
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Scheme 6 - Heumann and Pfleger synthesis for indigo. 260
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In this classical synthesis, phenylglycine-o-carboxylic acid is converted by
fusion with sodium hydroxide at around 200 °C, in the absence of air, into
indoxyl-2-carboxylic acid. This material readily decarboxylates and oxidises in air
to indigo. A much more efficient synthesis, which forms the basis of the
manufacturing method in use today, is due originally to Pfleger (1901). In this
route, also illustrated in Scheme 6, the more readily available starting material,
phenylglycine is treated in an alkaline melt of sodium and potassium hydroxides
containing sodamide. This process leads directly to indoxyl, which undergoes

spontaneous oxidative dimerisation in air to indigo.26

1.2.2 - THE COLOUR OF INDIGO AND DERIVATIVES: THE H-CHROMOPHORE

AND MODERN THEORIES

In 1883 Bayer stated the Z-(cis) configuration for indigo, and only in
1928, Reis and Schneider?’, using X-ray crystal structure measurement, established
that the correct structure is of the E — (trans) isomer. 2829
A unique and intriguing feature of indigo is that it absorbs at long
wavelengths for a relatively small molecule, and the reason is the small energy
difference between its ground and excited states.28
One way to classify dyes is to divide them into two types of groups: the
chromophore, and the auxochrome. The chromophore group is the group of
atoms mainly responsible for the colour, and auxochromes, provide
“enhancement” of the colour.3 Dilthey and Wizinger3! refined that theory and
stated that the chromophore is commonly an electron accepting group, and the
auxochromes are usually electron donating and these groups are linked to one

another through a conjugated system. 2830 This gave rise to the concept of the
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donot/acceptor dye type. Indigo can be considered as a donot-acceptor dye. The
heterocyclic nitrogen atoms are electron donor groups while the carbonyl groups
(C=0) are acceptors.?® Semiempirical calculations performed from the 1960s to
the 1980s led to the conclusion that the basic chromophore of the indigo dyes is
the central C=C bond t