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Abstract

An analysis of literature data studying the composition and color of Maya blue (MB) type
materials prepared from indigo, dehydroindigo and different aluminosilicates, accompanied
by new spectral data, is presented. After thermal treatment at above 100 °C, indigo-based
specimens displayed Raman and UV-Vis spectroscopic features common to those of
equivalent dehydroindigo-based replicants, thus supporting the so-called dehydroindigo
model (J. Phys. Chem. B 2006, 110, 6027-6039) in which the dehydroindigo/indigo ratio,
increasing with temperature, is crucial to determine the color of MB and its variability. The
current analysis supports the view of MB as a polyfunctional hybrid material just
characterized by the presence of different organic components each one distributed in
topological isomers differently attached to the clay support. Based on the comparison of
spectral data for different channeled silicates (among others, palygorskite, sepiolite, and
montmorillonite clays, and different zeolites), it is proposed a view on the color
characteristics of Maya blue-type specimens as defined by the compromise between trapping

ability for indigo molecules and facility to promote the oxidation of indigo to dehydroindigo.



Introduction

Discovered in 1931 for the modern science, the Maya blue (MB), a pigment widely used in pre-
Columbian times by the Mayas and other ancient Mesoamerican peoples, has received attention
because of its enormous stability, characteristic brightness and peculiar hue.?> Today is
recognized as a hybrid organic-inorganic material,® an idea initiated by Shepard in the 1960’s,”
produced by associating indigo (3H-indol-3-one-2-(1,3-dihydro-3-oxo-2H-indol-2-ylidene)-1,2-
dihydro), a blue dye extracted from leaves of afil or xiuquitlitl (Indigofera suffruticosa), to
palygorskite, a layered clay of ideal composition Sig(Mg2Al2)O20(OH)2(H20)4-4H20.
Unfortunately, there is no disposal of historical sources describing the preparation of the

pigment and several possibilities have been considered.>>”

The composition and structure of the pigment has motivated successive discussions in relation
to the stability of the pigment, the nature of the indigo-palygorskite association, the location of
the dye molecules on the clay support, and the origin and variability of the color. It was
proposed that indigo molecules were adsorbed onto the external surface of palygorskite
crystals,® entrapped into the palygorskite channels,®*2 blocking the entrances at the edges of

palygorskite channels**® and the grooves of channels in the external clay surface.*®

Similarly, alternative models have been proposed to describe the interaction between indigo and
palygorskite, namely, formation of hydrogen bonds between indigo C=0 and N-H units with
edge silanol units of the clay,** hydrogen bonding of such units (mainly C=0) with structural

17-19

water,'%*2 direct bonding to AI** substituted Si** sites in tetrahedral centers’*® and to clay

octahedral Mg?®* and AI** cations.31°

Such approaches were more or less explicitly dominated by a common view that can be viewed
as an ‘unicity paradigm’ based on the assumption that there is only one dye, indigo, constituting
MB, that there is a unique type of anchorage between the clay and the dye and that there was a
unique preparation recipe used by the ancient Mesoramerican peoples. In 2006, we provided an
alternative view, supported on electrochemical and spectroscopic data, to the above ‘unicity
paradigm’, based on the proposal that dehydroindigo, an oxidized form of indigo of yellow

color, accompanies this dye in the MB and that the dehydroindigo/indigo proportion in the
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pigment is decisive to determine its hue.? The aerobic oxidation of indigo to dehydroindigo was
thermodynamically favored so that the presence of different dehydroindigo/indigo ratios, in turn
depending on the temperature during the preparation of the hybrid material, would explain the
hue variability of the pigment, ranging from dark blue to turquoise green.?>*? This approach
permitted to describe the MB as a polyfunctional hybrid material where different dyes (indigo,
dehydroindigo, indirubin, isatin, ...) can be associated to different clay sites.”*?* Data on
archaeological samples permitted to propose an evolutionary view of the MB, which could have
been prepared using different local recipes, defining a tentative ramified evolutionary

scheme,?%°2 and permitted to characterize new archaeological materials of the same type.?*

This dehydroindigo (or, better, the multi-organic component) model, although accepted by
several groups,'®8193235 has not been considered or only partially accepted in much of recent
literature,*>*®*! retaining the idea that indigo is the unique organic component in the MB, in the
following, the ‘all-indigo’ model. The focus in the dehydroindigo model has been made on the
presence of other dyes accompanying indigo in MB; although HPLC/MS experiments on MB
extracts permitted to characterize unambiguously the presence of dehydroindigo, isatin, etc. as a

minority components in MB-type specimens,*>43

it is no easy to provide an equivalent evidence
for the ‘internal’ dye species. In the more recent contribution within the ‘all-indigo’ view, De
Faria et al.,** based on resonance Raman spectroscopy measurements on MB simulants prepared
from palygorskite, sepiolite, montmorillonite and laponite, conclude that: i) there is no
dehydroindigo in palygorskite-based MB specimens although it is present in laponite and
montmorillonite specimens, and ii) there is no contribution of dehydroindigo to the color of the

MB.

The purpose of the current report is to discuss the problem of the composition and color of the
MB balancing the aforementioned ‘all-indigo’ and dehydroindigo models. Literature data and
new spectral data for different indigo plus clay specimens heated at different temperatures
(IND@CLAY?), including palygorskite (PAL), sepiolite (SEP), montmorillonite (MON), and
kaolinite (KAO) are presented. Since, to the best of our knowledge, no other electrochemical
data than those provided by our research group have been reported, such data —all confirming
the dehydroindigo model->>2®%243  have been omitted. The current study is focused in the

aforementioned composition and color problems, with abstraction of other related problems: the
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location of organic molecules in the inorganic support and the type(s) of bonding determining
their mutual association. The analysis reported here indicates that all available spectral data,
including those from Martinetto et al.*® and De Faria et al.,** advocating the “all-indigo’ model,

are consistent with the dehydroindigo model.

Experimental details

For preparing MB-type specimens, indigo reagent (Aldrich), palygorskite (collected from
Yucatan site of Ticul), sepiolite from Yunclillos (Spain), supplied by Tolsa; montmorillonite
and kaolinite (from the Source Clays Repository of the Clay Mineral Society) were used.
Different IND@CLAY:: specimens were prepared by crushing and mixing in agate mortar
aliquots of ca. 1.0 g of clay plus 1 wt % indigo during 1 h. The powdered mixture was then
submitted to heating in furnace at temperatures between 120 and 180 °C for 24 h. The
specimens were successively rinsed with DMSO and acetone to remove the dye remaining
‘externally’ attached to the clay. Aliquots of ca. 0.2 mg of the IND@CLAY specimens were
subjected to extraction with 1 mL of DMSO, and H.O:MeOH and MeOH:DMSO mixtures in

closed vials for 24 h under magnetic stirring.

Chromatograms of the extracts were performed in the gradient mode at a LC-DAD equipment
(Agilent 1200 Series HPLC system) using a UV-Vis diode array detector set at 286 nm
(Agilent Technologies, Palo Alto, CA, USA). The column was an Agilent Zorbax XDB C18
150x4,6 mm, 5 um particle size (Agilent) preceded by an Agilent® Zorbax guard cartridge.
Signals were processed by Agilent ChemStation software Ver. 10.02 [1757]. The mobile
phase (flow rate 1.2 mL min™t) used was a mixture of two solvents (solvent A: water - 0.1 %
formic acid and solvent B: acetonitrile). Gradient conditions were initiated by holding the
mobile phase composition for 0.1min with 7 % B, after that it was changed linearly to 75 % B
during 12 min. The composition was then changed to 98 % B in 3 min and maintained for 4.5
min as a cleaning step in order to improve the results. After cleaning, the eluent composition
was returned to the initial 7 % B. The column oven was operated at 35 °C and the injection

volume was 10 pL.

Raman spectra were recorded using a Renishaw In Via microRaman spectrometer operating
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with a laser excitation wavelength of 785 nm and a spectral resolution of 2 cm™ with 20x
objective lens giving the sample a footprint of about 10 microns at the specimen with spectral
scans of 10 s and ten accumulations; several regions of each sample were analyzed to achieve

reproducibility. Spectra were not treated or subjected to background subtraction.

Diffuse reflectance spectra were obtained with a Perkin-Elmar lambda35 spectrometer, slit
width 1 nm, scan speed 480 nm/min, in the case of solutions using 1 cm quartz cells.

Deconvolution was carried out using the Magic Plot System software.

Results and discussion

The preparation of MB replicants

Due to the no availability of genuine, archaeological MB samples, the majority of studies are
conducted on MB replicants. There are, however, several problems in this regard needing
consideration prior to analyze spectral features. First of all, although several ‘dry’ and ‘wet’
preparation methods can be used,>®° in general, crushing solid indigo ca. 1 % wt with
palygorskite and heating at temperatures between 100 and 180 °C was used.'** This procedure
results in the maintenance of a significant amount of ‘external’ indigo, which it is convenient to
remove by treating the indigo plus palygorskite material with HNOs or an organic solvent such
as DMSO. Several authors have prepared materials with higher proportions of indigo (between
5 and 20 % wt) and studied with no ‘cleaning’.*>*®3" By the reasons already discussed,**** this
kind of preparations, although interesting as technological materials, cannot be strictly
considered as ‘genuine’ replicants of archaeological MB.

Several studies have been conducted preparing MB-type specimens  with

14,24,25,35,36,39,43-45

sepiolite, a phyllosilicate clay of ideal formula MgsSi12030(OH)4(OH2)s-nH20

(n < 8) and other silicates, including montmorillonite,?38434°  Kkaolinite,*3*%° and

silicalite,*" 4340

among others. Roughly, these studies were mainly devoted to compare the
differences in the attachment mode of indigo to the channeled silicates, where there is
possibility, as previously noted, of occupation of different sites, and non-channeled silicates,
where the organic molecules dispose of less possible association types. It is worth to note that in
non-channeled clays, cleaning with HNOs or organic solvents produces the removal of the

5



organic components. For our purposes, it is convenient to note that the presence of

dehydroindigo has been reported in hybrid materials prepared by crushing indigo with

20-26,33,42,43 24,2543 43,34

palygorskite, sepiolite, montmorillonite, 2425434 kaolinite**** and laponite.** In

33,44

turn, hybrids prepared by crushing dehydroindigo with palygorskite®** and sepiolite, laponite

and montmorillonite,** have been studied.

Finally, it is important to realize that for obtaining the blue-greenish color characteristic of
genuine (‘archaeological”’) MB, the synthetic replicants have to be submitted to heating at
temperatures above 100 °C (usually between 120 and 180 °C) for different times. This process
results in the loss of zeolitic water unanimously considered'®“® as necessary for the attachment
of indigo to the palygorskite framework. The MB replicants will be represented in the following
as ORG@CLAY:}, ORG denoting the organic component, CLAY the clay and t the temperature

of the specimens submitted to heating.

Raman spectroscopy

The Raman spectra of genuine MB samples and/or MB-type synthetic specimens has been
studied by different authors.*21341440 Although there are differences depending on the working
conditions of the experiment, in particular the excitation wavelength (vide infra), there are

essentially common spectral features.

Regardless detailed band assignment, there is general agreement in which the spectra of solid
indigo and unheated indigo plus palygorskite are similar but that they differ clearly from the
spectra of IND@PALi2-180 and IND@SEP120-180 specimens which, in turn, have major
similarity with the spectrum of indigo in solution in organic solvents.'>*34+*° This feature, also
observed in UV-Vis spectrophotometry (vide infra) is rationalized on assuming that indigo,
although forming bonds with the inorganic host, is mainly forming isolated molecules in the
MB so that strong intermolecular hydrogen bonds present in the solid dye are absent. This can

be seen in Figure 1, adapted from De Faria et al.**

where the region between 1200 and 1800
cm! (this spectral region was selected as being the unique common for all spectra in ref.*) of
the Raman spectra of a) indigo in DMSO solution (4o = 532 nm) after subtraction of the
solvent spectrum, b) IND@PAL130 (4o = 632.8 nm), c) solid dehydroindigo, d) IND@PAL130
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and e) DHI@SEP (all three using Ao = 457.9 nm) are compared. Indigo in solution displays
bands at 1698, 1627, 1578, 1448, 1362, 1316, and 1248 cm™, whereas the IND@PALizo
specimen yields bands at 1680, 1634, 1595%", 1576, 1490, 1448, 1378, 1361, 1316, and 1252
cm . Apart from the shift of the band at 1698 cm™ to 1680 cm™ and other small shifts, the
more relevant features are the appearance of new bands at 1595 (shoulder) 1490 and 1378 cm™
and the significant decrease in the intensity of the band at ca. 1630 cm™. Notice that the use of
different excitation wavelengths results in variations in the relative height of the bands but not

(or minimal) in the peak wavelengths.

In the conceptual frame of the ‘all-indigo model’, all these features are viewed as the result of
the interaction of the indigo molecule with the clay framework. In particular, the new bands at
1595 and 1378 cm™ were attributed by Witke et al.>® to Ag + By and By 8(N—H) modes
associated to the loss of planarity of the indigo molecule. However, the study by Sanchez del
Rio et al.** concluded that: the Raman spectra of MB specimens prepared with palygorskite,
sepiolite and montomrillonite and, to a lesser extent, with kaolinite, were similar and that the
loss of planarity is not sufficient to explain the features in the Raman spectra of indigo plus

clay mixtures.

The ‘all-indigo’ interpretation of the Raman spectra of MB simulants***4“> becomes weakened
when the spectra of indigo replicants are compared to those of dehydroindigo replicants. The
spectrum of solid dehydroindigo shows bands at 1732, 1597, 1530, 1448, and 1378 cm™, thus
providing a common band (1448 cm™) and two bands without equivalent to the above indigo
specimens (1732 and 1530 cm™). However, DHI@PAL.3o displays just the bands at 1595,
1490, 1461, 1420 and 1378 cm™* appearing in IND@PALi3 (and all IND@PAL: specimens)
which are absent in the spectrum of indigo in solution. In particular, the above bands, which in
our interpretation characterize dehydroindigo, are enhanced in resonance Raman spectra
recorded at Ao = 457.9 nm relative to the same bands in Raman spectra at 4, = 632.8 nm,
consistently with their correspondence with the visible band at 500 nm, which, in our view, has
to be attributed to palygorskite-associated dehydroindigo (see Supplementary information,

Figure S.1). This matter will be treated in detail in the next section.



The presence of bands equivalent to those of DHI@PALu3o is enhanced when the spectrum of
IND@SEP130 is considered. As can be seen in Figure 2, this last replicant displays bands at
1680, 1634, 1595, 1574, 1490, 1461, 1378, 1362 and 1252 cm™, exactly the same that those
found at DHI@PAL 130 with except of their relative intensities and the appearance of the band at
1316 cm™. As can be seen on comparing the corresponding spectra -(d) and (e) in Figure 1, the
spectrum of DHI@PAL130 was almost identical to that of IND@SEP130 and, in fact, this was
clearly similar to those of IND@MON 13 and IND@LAP13 (where De Faria et al. accept the
presence of dehydroindigo*). Since the bands at 1680, 1634, 1595, 1576, 1490, 1378, 1361, and
1252 cm™, characterizing the spectrum of the DHI@PAL130 specimen, are also present in the
Raman spectrum of IND@PAL 13 replicants (see Figure 1), the more logical conclusion is that,
contrary to the interpretation of the same data made by De Faria et al.,** dehydroindigo is

present, although in different proportions, in IND@PAL130 and IND@SEP130 specimens.

Table 1 summarizes the bands for solid indigo, indigo in DMSO solution, solid dehydroindigo,
IND@PALu130, IND@SEP130, and DHI@PAL130 specimens from literature.*°>* One can see
that: i) although with significant variations in intensity, common sets of bands at fixed
wavenumbers (+ 2 cm™) appear; ii) regardless the intensity of bands, the spectra of solid indigo
and solid dehydroindigo do not match with the spectra of the MB-type specimens, in agreement
with the idea that the hybrid materials involve the ‘molecularization’ of the dye (vide infra); iii)
there is an almost complete matching between the Raman spectra of IND@SEP130, and
DHI@PAL13 replicants, iv) the Raman sepectra of IND@SEP130, and IND@PAL130 also match
with the spectrum of DHI@PAL.130, in agreement with the presence of a significant proportion

of dehydroindigo in MB.20-31:4243.%0

Additionally, it is pertinent to mention that indigo, dehydroindigo and other indigoids such as
isatin and thioindigo exhibit common IR and Raman bands, as underlined by Tomkinson et al.>*
in their study using both DFT and H-F calculations of the Raman spectra of indigo, thioindigo
and isatin. These authors concluded that the absence of the y(N-H) band at ca. 750 cm™ is the
more relevant spectroscopic feature to test the presence of dehydroindigo in MB-type
specimens. This means that, if dehydroindigo accompanies indigo in MB, this band should be
diminished in the IND@PAL: specimens relative to those others containing only indigo
molecules. This effect can clearly be seen in the Raman spectra depicted in Figure 2,
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corresponding to i) solid indigo and ii) IND@SEP1so, iii) IND@PAL:1s0 specimens and can be

seen in Raman spectra reported for different IND@CLAY: hybrids®#°

and, in particular, for
genuine MB specimens from reported by Lamprecht et al.** depicted in Figure 3. Although
interpreted by these authors in the context of the ‘all-indigo’ model, the spectra in Figure 3,
taken from four blue spots of a Maya clay head figurine of the Ethnological Museum of
Berlin (Catalog No. 1VCa 21166), display the Raman features coincident with those recorded
for DHI@PAL: replicants, in particular, those at 1680, 1634, 1595, 1490, 1461, 1378 cm %,
absent in the spectrum of indigo in solution. Again consistently with the interpretation of the
Raman spectra under the dehydroindigo model view, the N-H characteristic band at 754 cm™
is absent or almost entirely absent in these spectra as expected for samples containing a

significant proportion of dehydroindigo.>

The composition problem

A first mention of the presence of other organic components accompanying indigo in MB was
made by Vandenabeele et al.,* reporting the possible presence of leucoindigo accompanying
indigo based on Raman spectroscopy data. The presence of dehydroindigo and its relevance for
the color of MB was proposed in previous papers where spectroscopic and solid state
electrochemistry data supporting this idea were presented.?*?° In fact, as already reported,*>*®
dehydroindigo, isatin, and other organic components can be isolated and identified from the
extracts of IND@PAL: replicants using different solvents thus denoting that, at least in the
‘external’ region of the clay, indigo is accompanied by significant amounts of these other dyes.
Figure 4 shows LC-UV chromatograms of a) indigo and b) isatin solutions in DMSO, and c)
the DMSO extract of IND@PAL1so specimen recorded under the conditions described in the
Experimental section. The chromatogram of the MB replicant shows the peaks of indigo and
isatin accompanied by several other components, including dehydroindigo, as confirmed by
the UV-Vis spectra of the eluted aliquots of the chromatograms (d-f) and their characteristic
mass spectra obtained in UPLC-MS experiments previously reported (See Supplementary
Information, Figure S.2).*2** Consistently with the increase of the dehydroindigo/indigo ratio
on increasing the temperature of preparation of the MB-type specimens, the ratio of the
corresponding chromatographic peaks increases on increasing temperature,*? see Figure S.3 in

Supplementary Information.



The individual components can be also separated and individualized applying conventional
extraction procedures to the replicants and our data indicate the presence of other organic
components than indigo. This is illustrated in the inset in Figure 4, where the photographic
image of the consecutive extracts with (from left to right) 90:10 (v/v) H2O:MeOH, 50:50 (v/v)
MeOH:DMSO, and DMSO of an IND@KAO specimen, are depicted. Consistently,
voltammetric data on the DMSO extracts from the above replicants display the characteristic
features of indigo, dehydroindigo and isatin coincident with those described in the solid state
electrochemistry of different IND@CLAY: specimens (see Supplementary information,
Figure S.4).20-%

Following the same line of reasoning, although focused on sepiolite-based replicants, *C
NMR data also supported the presence of dehydroindigo accompanying indigo. Thus, several

14,35,36.39 ralative to the

authors reported the presence of ‘translated peaks’ at 191 and 138 ppm
carbonyl group resonance (188 ppm) and peripheral C atoms (134 ppm) of indigo, interpreted
as being the signals characterizing some clay-complexed indigo forms. However, these
signals can correspond to those appearing in the **C NMR spectrum of dehydroindigo (189.5,
139.1, 136.8).%% In fact, the 3C NMR spectra of IND@SEP: replicants (see Figure 5) prepared

by different groups'#3°363°

show two peaks at 191 and 188 ppm and a weak multiplet
centered at 136 ppm, as expected for a system containing indigo plus dehydroindigo (see also

Supplementary Information, Table S.1).

Visible spectra

Figure 6 compares the UV-Vis spectra for indigo and dehydroindigo in DMSO solution, solid
indigo, and IND@PAL:130. In the visible region, indigo solutions in organic solvents display an
absorption band whose maximum ranges between 600 (toluene) and 620 nm (DMSO) (Fig. 6a)
whereas dehydroindigo solutions ranges between 400 and 455 nm.>3#4°3 |n solid state (Fig. 6¢),
the indigo band is shifted to a maximum of 657 nm, which is accompanied by a shoulder ca.
560 nm. Non-heated indigo plus clay replicants provide spectra which are essentially identical

24,25,33,44,53 54 Upon heating

to that of solid indigo, the material retaining the blue tint of the dye.
above 100 °C, the spectra of IND@CLAY: specimens, which present a more or less greenish
hue, are characterized by the shift of the maximum of the main indigo band between ca. 640 nm
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(IND@SEP130) and ca. 670 nm (IND@PALA130), and the decrease of the shoulder at ca. 560 nm
(see Fig. 6d for IND@PALA130). In this region of wavelengths a new absorption band appears at
ca. 500 nm, whose height relative to the ca. 650 band increases on increasing the temperature
used for the preparation of the specimen. 242>334433 Deconvolution of the spectra permits to
their decomposition into different Gaussian components. Although this analysis is merely
tentative, the spectra of IND@PAL: specimens contain components coincident with those for
indigo and dehydroindigo in solution (marked by arrows in Fig. 6), in agreement with the idea

that individual dye molecules are associated to the palygorskite.

The early studies on the visible spectrum of MB by Leona et al.*’ and Reinen et al.>*
concluded that the interaction of isolated (as opposite to hydrogen bonded molecules in solid
indigo) indigo molecules with the palygorskite framework were responsible for the
bathochromic shift of the main absorption band and the appearance of the 500 nm band.

The spectral data on dehydroindigo and DHI@PAL replicants®44°3

clearly suggests that the
500 nm band can be attributed to clay-associated dehydroindigo (see, in particular, Figure 9 in
ref. 3%). Quantum mechanics calculations have been applied to reproduce the spectral features
of MB based on different models of the palygorskite-indigo interaction.***#° These include
indigo and dehydroindigo complexes with structural water molecules, direct binding to Mg?*
and AP* cations of the palygorskite framework, respectively formulated as [DYE-
(H20):Mg]?**, [DYE-Mg(H20)4]**, and [DYE-AI(H20)4]*" by Tilocca and Fois.*® In principle,
such calculations are consistent with the presence of dehydroindigo in MB*3!819 angd

confirmed the substantial role of this component in the optical properties of MB.*3

In this scenario, there are two possible views of the 500 nm band determining the color of the
MB: in the ‘all-indigo model’, the band is attributed to an unspecified indigo-palygorskite
complex;* in the dehydroindigo model, this band has to be attributed to the presence of
palygorskite-associated dehydroindigo (and other organic components such as isatin or

indirubin) accompanying palygorskite-associated indigo as a chromophor.3°-3¢

A factor supporting the ‘dehydroindigo model’ is the similarity between the UV-Vis spectra of

the specimens prepared by heating indigo with palygorskite, sepiolite, montmorillonite, etc. In
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spite of several subtle, but significant differences (vide infra), there is a similar overall spectral
profile between the different replicants, as can be seen in Figure 7, where the UV-Vis spectra of
IND@PAL;130, IND@SEP130, IND@MON:130, IND@KAO130 are depicted. These spectra, which

are comparable to those reported in literature,20-26334449.54

include a main absorption band with
maximum between 640 and 670 nm and a minor band with a more or less defined maximum
between 450 and 550 nm. In the interpretation of De Faria et al.,** the band at ca.500 nm
appears exclusively as a consequence of specific indigo-clay interactions that are responsible
for a decrease in the indigo molecular symmetry and there is null dehydroindigo presence in

IND@PAL: specimens.

In contrary to this interpretation, one can adduce that this specific interaction should be
produced only in the channeled clays (palygorskite sepiolite) and then this band should be
absent in the replicants prepared with non-channeled clays. One can see that the matching
between the spectra of MB-type specimens prepared with non-channeled clays is clearly
superior to that between specimens prepared with channeled clays and those prepared with
non-channeled clays (See Figure S.5 in Supplementary Information). Of course, it is
conceivable that in these non-channeled clays indigo may form surface complexes yielding an
absorption band in the 500 nm region of wavelengths but this argument in favor of the ‘all-
indigo’ model appears to be in contradiction with Raman data. As can be seen in Figure 2, the
Raman spectra of IND@SEP;, IND@MON; and IND@LAP replicants are essentially identical
to that of DHI@PAL;:, thus suggesting that dehydroindigo, whose spectrum displays a main

absorption band just centered in the 500 nm region,**

IS present in a significant proportion in
these specimens and participates significantly in the determination of their color. In short, if the
Raman spectra of IND@PAL: specimens contain several bands coincident with those of
DHI@PAL; and the UV-Vis spectrum of such specimens shows an, in principle, similar band at
500 nm, it seems more logical to admit that dehydroindigo participates in MB-type materials
than attribute all these spectral signals to a peculiar, specific indigo-palygorskite complex. To
treat this matter, however, there is need of considering the nature of the dye-clay association in

more detail.

The dye-clay association/The binding problem
In order to analyze the UV-Vis spectra of the different DYE@CLAY hybrids, it is pertinent to
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consider the problem of the association of the dyes to the clay supports. Apart from the type of
binding (formation of hydrogen bonds between indigo C=0 and N-H units with edge silanol

units of the clay,** hydrogen bonding of such units (mainly C=0) with structural water,2

direct bonding to AI** substituted Si** sites in tetrahedral centers!’*®

and to clay octahedral
(Mg®* and AI**) cations™*®, there is common agreement in which the association of indigo to
palygorskite (or sepiolite) involves the loss of zeolitic water.'%*° The overall attachment process

can be represented as:*

{IND} + {pal-xH20} — {IND-pal} +xH0 (I) (1)

where {} denote solid species.

Accordingly, the usual preparation of MB simulants based on ‘dry’ crushing of indigo and
palygorskite departs from a set of indigo microcrystals where indigo molecules form important
intermolecular hydrogen bonds. Then, the formation of the hybrid material involves, in
principle, the separation of individual indigo molecules from indigo crystals (in the following,
‘molecularization’) and their attachment to the clay. To simplify, in non-channeled clays
(kaolinite, laponite, etc.) we can formally consider that an ‘external’ dye-clay complex is
formed, consisting of molecular indigo units attached to the external surface of the clay,
IND{clay}. In channeled clays (palygorskite, sepiolite), apart from the above ‘external’
complexes, there is possibility of (at least) a second type of attachment derived from the more or
less deep penetration of the organic molecules into the clay tunnels. The formation of these
‘internal’ species, labeled as {IND-clay} requires, as previously noted, the release of clay’s
zeolitic water. For our purposes, the relevant point to emphasize is that there is possibility of (at
least) ‘external’ and ‘internal’ topological redox isomers whose physicochemical properties
(spectral in particular) would be different.2#264243 Accordingly, the preparation of MB-type

specimens can be represented, formally, by the sequence of processes:

{IND} + {pal-xH.0} — IND{pal-xH20} (2)
IND{pal-xH,O} — {IND-pal} +xH.O (3)

13



In the dehydroindigo modeling, this dye forms similar ‘external’, DHI{pal-xH>O}, and
‘internal’ {DHI-pal} species when the parent solid dye, {DHI}, is attached to palygorskite.

The corresponding processes will be:

{DHI} + {pal-xH.0} — DHI{pal-xH0} (4)
DHI{pal-xH.0} — {DHlI-pal} + xH.O (5)

Accordingly, we can assume that there are two indigo to dehydroindigo oxidation processes

occurring in at least the external surface of the clay:

IND{pal-xH.0} + (1/2)O2 (g) — DHI{pal-xH.0} + H,O  (6)

and possibly also in the channels:

{IND-pal} + (1/2)02 (g) — {DHl-pal} + H.O (7)

Three remarks should be made: i) the above scheme will be applied regardless the question of
the exact location and extent of the penetration of dye molecules into the clay tunnels of
palygorskite and sepiolite; ii) there is possibility of different ‘external’ and different ‘internal’
isomers having different coordination environments; i.e. bound to silanol groups, to structural

10-19

water and/or to octahedral and/or tetrahedral cations; iii) apart from indigo and

dehydroindigo, other organic components such as isatin and indirubin can coexist.***

Figure 8 depicts the thermochemical cycle which can be proposed from the perspective of the
dehydroindigo model for the formation of different topological redox isomers of palygorskite-
associated indigo and dehydroindigo. Although the open character of the usual preparation
procedure (crushing indigo and palygorskite and heating in furnace) does not permit to
consider the reaction system as closed, some of the involved thermochemical quantities can
be estimated.?®?? Solid state electrochemical data permitted to estimate the variation of Gibbs
energy of indigo and dehydroindigo attachment to palygorskite, respectively corresponding to
the sum of AG° for processes described by Egs. (2) and (3), and Egs. (4) and (5): AG°na(IND)
+ AG%(IND) = 6+9 kJ mol™ and AG%mai(DHI) + AGCn(DHI) = —72+6 kJ mol™. These
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values result in an apparent Gibbs energy of indigo-palygorskite to dehydroindigo-
palygorskite oxidation (Eq. (7)) of AG%xint = —50+10 kJ mol™’. The above values, whose

calculation involves several simplifying assumptions,%2?

are in principle consistent with
calculations of Chiari et al.*® using molecular modeling, for the energy of indigo attachment
to non-hydrated (—37 kJ mol™) and hydrated palygorskite (150 kJ mol™) and the average
binding energy of zeolitic water calculated in optimized Maya Blue molecular models (—66.5

kJ mol 1) 1041

There are UV-Vis, ATR-FTIR and solid state electrochemical data supporting the above

scheme 24-26,42,43

in particular, modeling solid state electrochemistry of MB®>*"on the basis of
the description of zeolite electrochemistry.*®*®° In particular, a kinetic study® monitoring the
variation of spectral and electrochemical parameters with time during the heating of indigo
(1% wt) plus palygorskite specimens indicated that the process of formation of IND@PAL:
involves, at least, two successive steps. This can be seen in Figure 9 where the variation of
the absorbance ratio Aszs/Asso Vs. heating time for IND@PALiz, IND@PALiso and
IND@PAL1g0 specimens is depicted. In this figure one can see that the Ass/Aeso ratio initially
decreases, as expected (see spectra in Fig. 6) for the progress of the ‘molecularization’ of
indigo crystals (Eq. (2)); at a given time (which is shortened on increasing temperature), the
absorbance ratio increases until a stationary value is obtained. This second step can be
assigned to the penetration of indigo molecules into the palygorskite channels (Eg. (3)), both
steps being accompanied by the oxidation of indigo to dehydroindigo (Egs. (6) and (7)).> The
formation of dehydroindigo was directly supported by the application of voltammetric criteria
to discriminate the oxidation state of a redox probe,> to solid state electrochemistry
techniques.?*?>®" In fact, recent calculations based on density functional theory are consistent
with the idea that different binding arrangements for indigo and dehydroindigo in the
palygorksite tunnels are possible.’* For our purposes, the relevant aspect to underline is that
the foregoing set of considerations provide an interpretative scheme for the color of MB

consistent with the dehydroindigo model and kinetic data.>®

The color of MB

Reported color graphs for indigo-palygorskite replicants from De Faria et al.,*

indigo-
zeolites (Mordenite, LTA and MFI) from Martinetto et al.,*® and indigo-palygorskite
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replicants and genuine MB archaeological samples from Calakmul taken from Garcia Moreno
et al.®? (see Supplementary Information, Figure S.6) suggest that, although the frontier
between the ‘blue’ and ‘greenish blue’ samples cannot be clearly established, it appears that
the greenish color is associated to specimens in which the band at 500 nm is well-developed
(vide infra). The spectral properties of MB-type DYE@CLAY specimens can be interpreted

in the dehydroindigo model on the basis of:

a) Regardless the type of clay, the non-heated IND@CLAY specimens can be described as a
composite of the clay and indigo microcrystals so that the replicants retain the blue tint of the

dye and the spectra equals that of solid indigo.

b) There are (at least) two different scenarios for the IND@CLAY: specimens submitted to
heating above 100 °C.

bl) In the case of laminar, non-channeled clays (montmorillonite, kaolinite, silicalite,
laponite), a significant fraction of indigo converts into ‘individual’ molecules which bind to
the clay (often forming hydrogen bridges with silanol groups of the clay or other possible
interactions) whereas a minor, but significant fraction, is oxidized to dehydroindigo (and
isatin and/or other organic compounds) which is also attached to the ‘external’ clay surface.
Then, the spectrum is dominated by the absorption of ‘individual’ indigo molecules which is,
in principle, close to that of indigo in solution, with Amax around 600 nm, accompanied by the
corresponding absorption of dehydroindigo individual molecules whose maximum of
absorbance should be similar to those measured in solution (see Table 2); i.e., between 400
and 450 nm.

b2) In the case of MB replicants prepared from channeled clays (palygorskite, sepiolite), the
heating process results in the more or less deep penetration on indigo and dehydroindigo (and
other organics) into the clay tunnels. After heating, the material contains some proportion of
indigo crystals ‘external’ to the clay grains. When the remaining indigo crystals are removed
by cleaning with DMSO, acetone and/or concentrated HNO3,® the spectrum consists of the
contributions of the absorptions of the ‘external’ dyes (represented in the following for
palygorskite as IND{pal}, DHI{pal}, respectively) and the absorptions of the ‘internal’ ones
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(labeled as {IND-pal} and {DHI-pal}, respectively). In the case of indigo, the maximum of
absorbance shifts to ca. 650 nm while in the case of dehydroindigo Amax is displaced to ca.
500 nm.

The above interpretative scheme can be reconciled with spectral data for genuine MB

20212621 and synthetic replicants.?#%3844 |n particular: i) the excellent fit of the

samples
subtracted spectra in the region between 400 and 550 nm with the spectra of dehydroindigo
forms previously commented; ii) the consistency of the subtracted spectra in the region between
550 and 800 nm with the spectra of indigo forms without loss of symmetry (absorbance maxima

at 600 nm, attributable to ‘external’ indigo and 700 nm, attributable to ‘internal’ indigo).

In the context of the ‘all-indigo’ view, it is possible to interpret the greenish-blue color of MB
as resulting exclusively from the red-shift of the indigo band at 660 nm; i.e., even if
dehydroindigo is present, this compound does not contribute to the color of MB. One possible
simplifying assumption is to correlate the color of the specimen with the minimum in the
absorbance curve, implicitly used by Reinen et al.>* This criterion is difficult to apply to the
spectra of Maya blue specimens as can be seen in Figure 10, where the spectra of indigo (0.7
%) plus palygorskite mixtures a) unheated, and b) heated and ‘cleaned’ upon extraction with
acetone reported by Reinen et al.>* are reproduced. Both spectra display an absorbance
maximum at ca. 660 nm, and a deeper absorbance minimum at ca. 425 nm (23500 cm™,
marked by black arrows in Fig. 10). Defining an apparent absorbance minimum by
extrapolating the descending branches of the absorption bands represented by dotted lines in
Fig. 10 yields an apparent identical absorbance minimum at ca. 450 nm for both of the above
specimens. The Maya blue specimen differs by the presence of an additional absorbance
minimum at ca. 19500 cm™ (513 nm, grey arrow in Fig. 10b) between the absorbance bands
at ca. 660 (indigo) and 500 nm (dehydroindigo). In these circumstances, there are no clear
reasons for attributing the color of MB exclusively to indigo spectral features with null

contribution of dehydroindigo.

Additionally, in defense of the contribution of dehydroindigo to the color of MB one can
adduce that the variation of the color coordinates (see Fig. 3 in ref.*) on the temperature of
preparation of MB replicants parallels the variation of the ratio between the absorbance
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maxima of the bands at 500 (attributed to dehydroindigo) and 660 nm (see Fig. 2 in ref.**) as
well as the ratio between the intensities of the Raman bands at 1595 (dehydroindigo) and
1250 cm™* (see Fig. 7 in ref.*4).

The above considerations can also be regarded as consistent with data reported by Martinetto
et al.®4° for MB-type specimens prepared by crushing indigo and different zeolites, namely
MFI zeolite (silicalite, (SiO2)es), mordenite [Nag(H20)22][Sis0Ais0g6], and LTA zeolite
(Nags[(AlO2)48(Si02)4g]-215H20). These authors, who interpreted their data within the frame
of the ‘all indigo’ model, indicated that the unique replicants remaining colored after applying
cleaning with concentrated HNOgz were those prepared (2 % wt indigo) with high-silica FMI-
silicalite, thus denoting that this zeolite was the unique retaining ‘internal’ dye molecules.
Remarkably, the spectra of these specimens display solely the indigo band at ca. 620 nm (see
Fig. 2f in ref.3®) with no significant absorbance band at 500 nm. Such data are again
consistent with the idea that the appearance of the greenish hue of the MB is associated to the
presence of a relatively intense 500 nm band. Within the explanatory scheme presented here,
the absence of this band in heated indigo plus MFI zeolite specimens would denote the
absence of dehydroindigo and would be determinant, to some extent, of the maintenance of

the blue color.

One plausible interpretation of these features is that, since MFI has a channel section of 5.3 x
5.6 A, ideally sufficient to accommodate indigo molecules (of width 4.8 A), there is
entrapment of indigo molecules but no significant generation of dehydroindigo with the
concomitant weakness of the 500 nm band and the absence of greenish tint. This is consistent

38,46

with the position of the indigo plus zeolite specimens in the color diagram in Figure S.6

(Supplementary Information).

Finally, it is interesting to mention that one of the arguments used by De Faria et al.*

in support
of the ‘all-indigo model’ is that, on comparing Raman data at different excitation wavelengths,
the maximum enhancement of the band at 1595 cm™ is obtained when the excitation is in
resonance with the 500 nm band and that the same feature occurs with the bands at 1680,
1490 and 1461 cm™ (see Fig. 6 in ref.*¥). Since the Raman bands at 1680, 1595, 1490 and
1461 cm™, as discussed in the precedent section (see in particular the spectrum of the
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DHI@PAL130 specimen in Figure 1), can be ascribed to dehydroindigo associated to clays
(palygorskite and sepiolite in particular), the more logical conclusion is that, although a
contribution of the indigo-clay complex cannot be excluded, the 500 nm band can be mainly
due to the absorption of clay-associated dehydroindigo rather than a hypothetic forbidden

transition of indigo.

Similarly, the enhancement of the Asoo/Asso ratio in the UV-Vis spectra and the area ratios of
the Raman bands 1595/1250 and 1420/1250 cm™ with the heating temperature of the MB-
type specimens presented by De Faria et al.** in support of the ‘all-indigo’ model are also
consistent with the dehydroindigo model on the basis of the respective band assignment made

in previous sections.

Conjointly considered, the above results draw a picture of IND@CLAY' specimens in which
the size of the channels relative to the width of the indigo molecules (4.8 A) plays a crucial
role. Then, mordenite having gross channels (7.0 x 6.5 A) cannot retain indigo molecules;
while LTA zeolite (4.1 x 4.1 A) cannot incorporate such molecules into the channels. The
intermediate cases sepiolite (10.6 x 3.7 A) palygorskite (6.4 x 3.7 A) and silicalite (5.3 x 5.6
A) are characterized by the increase in the ability to trap indigo and the parallel apparent
increase in the greenish tint. This can be interpreted in terms of the increase of the
dehydroindigo/indigo ratio from silicalite (blue replicants, essentially null dehydroindigo) to
palygorskite and sepiolite (greenish-blue replicants) because the oxidation of indigo to

dehydroindigo (as indicated by Martinetto et al.*®

in their interpretation of experiments of
exhaustive oxidation to isatin with concentrated HNO3) would require a certain space (major
than that provided by the silicalite channels), consistently with the relatively high activation
energy derived from kinetic data.>* This means that the oxidation of indigo to dehydroindigo
would occur easily for the external isomers (Eq. (6)) but to more less (or null) extent for

internal isomers (Eq. (7)), a matter needing further research.

Accordingly, the size and shape of the silicate channels appear as crucial factors for determine
the color properties of MB simulants. Considering data summarized in Table 3, the indigo
trapping ability increases in the SEP < PAL < SIL order while the facility for oxidizing indigo
to dehydroindigo increases in the SIL < PAL < SEP order. This also explains the previously
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underlined close similarity between the Raman spectra of DHI@PAL: and IND@SEP:
replicants, clearly major than the similarity between DHI@PAL: and IND@PAL; ones:
simply, the DHI/IND ratio would be larger in IND@SEP; than in IND@PAL; simulants.

Accordingly, as summarized in Figure 12, the peculiarity of palygorskite-based MB
specimens derives from the compromise between the trapping ability of indigo molecules in
channeled silicates and aluminosilicates (increasing on decreasing the channel effective size
to approximate to the indigo molecule size) and the ability for facilitating the oxidation of
indigo to dehydroindigo (increasing on increasing the channel size). Then, LTA zeolite
cannot accommodate indigo molecules in its channels, being under the indigo trapping
threshold. The silicalite (FMI zeolite) replicant, although just accommodating indigo
molecules, does not allow a significant oxidation to ‘internal’ dehydroindigo (i.e., being
under the indigo to dehydroindigo oxidation threshold) and, consequently, ‘clean’ IND@SILt
specimens remain blue and do not provide the characteristic greenish color of the

archaeological MB.

In summary, although the exact composition can vary depending the source of the materials
and the preparation recipe, 2”253 the foregoing analysis of spectral data supports the view of
the genuine MB as a polyfunctional organic-inorganic hybrid material in which the common
presence of indigo and dehydroindigo (and other minor organic components), forming distinct
topological redox isomers distributed in different locations and coordination environments in
the clay support, determines the color variability, the color being mainly modulated by the
dehydroindigo/indigo ratio which in turn can be controlled by the temperature of the thermal
treatment.?2642* In our view, is just this compositional and chromatic variability that

defining ‘genuine’ MB and defines a ‘MB chemistry’.*?4354

Conclusions

Analysis of Raman and UV-Vis spectroscopy data in MB literature is consistent with the so-
called dehydroindigo model. In particular, Raman features for all reported IND@CLAY?:
specimens present more or less intensively peaks common to those of the corresponding

DHI@CLAY: replicants. In this view, the color of MB is determined by the common
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presence of indigo and dehydroindigo. Although the contribution of other organic
components and the contribution of the indigo-clay complexes cannot be excluded, the
dehydroindigo/indigo ratio, which in principle increases with the temperature of the thermal

treatment, appears as the main factor determining the color of the materials and its variability.

The comparative analysis of spectral data for simulants prepared from different channeled
silicates: palygorskite, sepiolite, LTA, mordenite and FMI zeolites, suggests that the
palygorskite channel shape and size provide the better compromise between trapping ability

for indigo molecules and facility to promote the oxidation of indigo to dehydroindigo.

The current study advocates the view of MB as a polyfunctional hybrid material whose
properties are determined by the presence of different organic components forming different

topological redox isomers in their attachment to the silicate framework.
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Supplementary Information: Figures showing the variation with temperature in Raman

spectra from ref. 44, mass spectra obtained in UPLC-MS experiments and the temperature
variation of the ratio between chromatographic peaks for dehydroindigo and indigo in the

same from refs. 42,43 voltmmograms for different Maya blue specimens, two absorbance

plots and color graphs from refs. 44,62 and a table of *C NMR data are provided.
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Table 1. Raman bands for MB specimens taken from literature data.**®°%° The band at

1634 cm™ can also be attributed to C=N vibration.*®

44,45,52,53

v cm™) | Assign. IND IND IND IND DHI DHI
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Table 2. Literature data for the UV-Vis spectra of different studied systems. Amax denotes the
wavelength at which there is a maximum of absorbance in the corresponding spectrum. The
hybrid materials are labeled as DYE@CLAY?, where t is the temperature (°C) at which the
specimen was prepared, DYE = IND (indigo) and DHI (dehydroindigo) and CLAY = LAP
(laponite), MON (montmorillonite), PAL (palygorskite), SEP (sepiolite).

System Amax (nm) Amax (NM) Source
Indigo in solution | 600 (toluene),® 607 Seixas de Melo et
(methanol),* 620 al.®* and De Faria
(DMS0)®° et al.®°
IND@PALuis0 667 435 Reinen et al.>*
667 500 De Faria et al.**
IND@SEP130 642 500 De Faria et al.**
IND@MON:130 646 456 De Faria et al.**
IND@LAP130 642 ca. 460 De Faria et al.**
Dehydroindigo in 455  (toluene),* 400 | Seixas de Melo et
solution (methanol),* 450 | al.**; De Faria et

(CHCI3)53 g
DHI@LAP:30 515 De Faria et al.*®
DHI@PAL 528 Seixas de Melo et

al.33
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Table 3. Summary of the variation of the color properties of IND@CLAY: specimens in the
dehydroindigo model combining data from different sources.*®*3 2 color of the heated specimens

(t between 130 and 180 °C) prepared by crushing indigo (1-2 % wt) plus clay mixtures; ° color

of the heated specimens after cleaning with DMSO and/or acetone and/or concentrated HNO:s.

Clay Tunnel Tunnel section | color? color®
dimensions (A) | area (A?)

LTA zeolite | 4.1 x 4.1 16.81 blue yellow®

silicalite 5.3 x5.6 29.68 blue blue/violet®®

palygorskite | 6.4 x 3.7 23.68 greenish-blue | greenish-blue®*®

sepiolite 10.6 x 3.7 39.22 greenish-blue | greenish-blue®*®

mordenite | 7.0 x 6.5 455 greenish-blue | white®®
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Figures

Figure 1. Raman spectra of: a) indigo in DMSO solution (4o = 532 nm) after subtraction of the
solvent spectrum, b) IND@PAL130 (4o = 632.8 nm), ¢) solid dehydroindigo, d) IND@PAL130
and e) DHI@SEP (all three using 1o = 457.9 nm) in the 1200 to 1800 cm™* region. Adapted

from De Faria et al.*

Figure 2. a) Raman spectra recorded at 4o = 785 nm, for i) synthetic indigo and synthetic
specimens ii) IND@SEP1s0 and iii) IND@PALis0. b) Detail of the region between 500 and

1000 cm™* after background subtraction.

Figure 3. Raman spectra from four blue spots of the Maya clay head fragment (Catalog No.
IVCa 21166, Ethnological Museum in Berlin), excitation wavelength 514.5 nm, taken from
Lamprecht et al.** The continuous arrows mark the Raman features coincident with those
recorded for DHI@PAL; replicants and the dotted arrows mark the N-H characteristic band
absent or almost entirely absent in these spectra as expected for samples containing a

significant proportion of dehydroindigo.

Figure 4. LC-UV chromatograms of: a) indigo solution in DMSO and DMSO extracts of b)
IND@PAL14o and IND@PALig. d-f) UV-Vis spectra of the eluted aliquots of the
chromatogram c) for indigo (a), isatin (b) and dehydroindigo (c). Inset: photographic images*
of the extracts of a IND@KAO specimen using, from left to right, 90:10 (v/v) H.O:MeOH,
50:50 (v/v) MeOH:DMSO, and DMSO.

Figure 5. UV-Vis spectra of: a) indigo in DMSO solution, b) dehydroidnigo in DMSO
solution, c) solid indigo, and d) IND@PAL130. The Gaussian components after deconvolution of
the spectra are also depicted as fine continuous lines, and their sum is depicted as a dotted line.
The arrows mark the possible common components of indigo (blue) and dehydroindigo (green)

in different spectra.

Figure 6. *C CPMAS spectra of the sepiolite—indigo (11.5 wt% indigo) mixture. Thermal
treatment: (a) unheated; heated for 10 min at (b) 180 °C, (c) 280 °C, (d) 350 °C. Adapted from
31



Giulieri et al.*°

Figure 7. UV-Vis spectra of a) IND@PALu130, b) IND@SEP130, ¢) IND@MONj130, and d)
IND@KAO130. The black arrow marks the absorption band at ca. 660 nm assigned to indigo
species and the white arrow marks the 450-500 nm absorption band attributable to the

absorption of dehydroindigo species.

Figure 8. Thermochemical cycle for the formation of different topological redox isomers of

palygorskite-associated indigo and dehydroindigo.

Figure 9. Time variation of the Aszs/Asso ratio in the VIS spectra of 1% (w/w) indigo +
palygorskite specimens treated at 130, 150 and 180 °C. Adapted from Doménech-Carb¢ et

al.>® correcting erroneous labeling in the original figure.

Figure 10. Spectra of: a) unheated, and b) heated and extracted indigo(0.7 %) plus palygorskite
mixtures reported by Reinen et al.>* The black arrow marks the maximum of absorbance at ca.
660 nm and the white arrow the absorbance band at 500 nm. The dotted black arrow marks the
deeper absorbance minimum at ca. 425 nm and the grey arrow the minimum at ca. 570 nm
resulting from the intersection of the 660 and 500 nm bands. The dotted lines extrapolate the

absorption bands to define an apparent minimum at ca. 450 nm (see text).

Figure 11. Schematic representation of the variation of the properties of IND@CLAY
replicants prepared by crushing indigo with channeled clays depending on the size of the clay
channels relative to the indigo molecule. Formally, indigo experiences a two-proton, two-

electron oxidation to dehydroindigo.
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Figure 3.
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Figure 8.
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Figure 11.
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