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ABSTRACT: A new approach to describe the composition of Maya blue (MB), an ancient organic—
inorganic hybrid material, is presented. It is based on the analysis of attenuated total reflection-Fourier
transform infrared (ATR-FTIR), Raman spectroscopy, UV—visible (vis) spectroscopic, and electrochemical
data for indigo and dehydroindigo plus palygorskite hybrids, including a novel methodology using
electrocatalytic effects on the oxygen reduction reaction. As a result, it is concluded that MB results from the
tautomerization of indigo-to-indigo hemienol and the subsequent oxidation of these isomeric forms to
dehydroindigo, all associated with the palygorskite clay framework, at temperatures above 100 °C. This
model is also consistent with *C NMR data on indigo plus sepiolite hybrids. A consistent set of
thermochemical parameters is obtained from ATR-FTIR, solid-state electrochemistry, and UV—vis diffuse
reflectance spectra for the successive isomerization and redox tuning processes experienced by palygorskite-

associated indigo.

1. INTRODUCTION

Maya blue (MB), an ancient pigment used by the Mayas and
other ancient Mesoamerican people in pre-Columbian times,
can be considered as the precursor of a wide series of
inorganic—organic hybrid materials." Its remarkable stability,
brightness, and hue variability have promoted a continuous
interest in the pigment, which is surrounded by an atmosphere
of mystery due to the absence of historical sources describing
the preparation of the pigment by the Mayan people.”’

The pigment results from the association of indigo (IND,
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 xiuquitlit]
(Indigofera suffruticosa) to palygorskite, a layered clay of ideal
composition Sig(Mg,AlL)0,0(OH),(H,0),-4H,0. Pristine
palygorskite contains three types of water molecules:
physisorbed water on the surface of clay crystals, weakly
bound water molecules in the channels (zeolitic water); and
tightly bound water coordinated to the Mg®* and AI** cations
(structural water). From the preparative point of view, there is
general agreement in which the preparation implies heating
indigo (ca. 1 wt %) plus palygorskite mixtures up to 100 °C to
promote the (more or less extensive) loss of water weakly
bound to the clay channels. Usually, indigo@palygorskite
hybrids are prepared by this “dry” method but the Mayans
possibly used “wet” routes.””

Since the recognition of the organic—inorganic hybrid
nature of the pigment,” the composition, structure, and optical
properties of MB have become controversial with regard to the
location of the indigo molecules on the palygorskite host and
the type of dye—clay interaction.”"* These approaches were
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formulated within a general view, the “all-indigo” model, in
which only one dye, indigo, was present in MB. In 2006, based
on solid-state electrochemistry and spectroscopy data, we
proposed an alternative view where a fraction of indigo was
oxidized to dehydroindigo (DHI) so that the dehydroindigo/
indigo ratio, in turn depending on the temperature of the
thermal treatment used during the preparation of the pigment,
is decisive to determine its hue."” The “dehydroindigo model”,
although reinforced in subsequent reports,lé_19 has not been
unanimously accepted, alternating favorable’”™*’ and neutral
or opposite views.”* >

Testing these alternative models must face a series of
important difficulties: (i) The organic components of the MB
are associated with the clay support so that their properties—
spectral in particular—are modified with respect to the isolated
components so that the type of bonding and the location of the
organic molecules in the palygorskite remain controver-
sial;” 71 PI935 (55) dehydroindigo is a reactive compound
whose synthesis is difficult; and*** (iii) modeling of the
attachment modes of the organic components to the clay via
density functional theory (DFT) calculations is extremely
sensitive to the hypotheses adopted to describe the dye-clay
interactions (hydrogen bonding to structural water, binding to
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silanol units, direct binding to Mg®" and/or AI’* cations,
etc,).132022.27

Studies on MB replicants are also extended to other indigo@
clay hybrids, including sepiolite,"*"*'***35  montmorillon-
ite,’/~"”*> kaolinite,””” and laponite,” the presence of
dehydroindigo in several cases being confirmed by Raman
spectroscopy”” and liquid chromatography.’”*® In the previous
work,® we reported an updated revision of the available
literature data, including UV—visible (vis), infrared, and
Raman spectroscopies, nuclear magnetic resonance on
sepiolite—indigo replicants, and solid-state electrochemistry.
Our conclusion was that all experimental data can be
interpreted in terms of the dehydroindigo model. However,
Raman data challenged this scenario as far as the spectra of MB
show an intriguing mixture of signatures attributable to indigo
and dehydroindigo.™

In the current report, we present a modification of the
dehydroindigo model based on additional synthetic, spectral,
and electrochemical data. Such data depict a picture where the
formation of MB proceeds via successive indigo (IND)
tautomerization yielding indigo hemienol (HEIND) and
oxidation to dehydroindigo (DHI), all associated with the
palygorskite framework. This scenario is com(})arable to those
described for the association of methyl red*’ and lapachol*'
with aluminosilicate clays where isomerization and redox
tuning occur.

The synthesis of dehydroindigo and different indigo plus
palygorskite and sepiolite MB-type specimens is accompanied
by voltammetric data in the solution phase in the water—
dimethyl sulfoxide (DMSO) mixtures and solid-state electro-
chemistry in contact with air-saturated aqueous acetate buffer
at pH 4.75. Here, electrocatalytic effects on the oxygen
reduction reaction (ORR) act as amplifiers of the differences
between the different organic components. Visible and infrared
spectra of MB replicants at temperatures between 100 and 180
°C are analyzed on the basis of this model and time-dependent
DFT (TD-DFT) calculations resulting in consistent thermo-
chemical data for the isomerization of redox tuning processes.

2. EXPERIMENTAL SECTION

2.1. Materials and Methods. Dehydroindigo was
prepared as described in the literature.”* Indigo (500 mg),
PbO, (2.5 g), and CaCl, (500 mg) were suspended in toluene
(50 mL). The reaction was heated under reflux for 10 min.
Then, 250 mg of glacial acetic acid diluted in toluene was
added and the mixture was heated for five additional minutes.
The reaction was filtered under vacuum, and the solution
volume was reduced to 15 mL. Dehydroindigo was isolated
from the cold solution by filtration and washed several times
with toluene (38.2% yield).

For preparing MB-type specimens, an indigo reagent
(Aldrich), palygorskite (collected from the Yucatan site of
Ticul), and sepiolite from Yunclillos (Spain) were used.
Different IND@CLAY, specimens were prepared by crushing
and mixing in agate mortar aliquots of ca. 1.0 g of the clay plus
different amounts of indigo between 1 and 10 wt % during 1 h.
The powdered mixture after the reaction was then subjected to
heating in a furnace at temperatures between 100 and 200 °C
for 24 h. Optionally, aliquots ca. 0.2 mg of the specimens were
successively rinsed with DMSO and acetone to remove the dye
remaining “externally” attached to the clay. Aliquots of IND@
PAL,s (1 wt % indigo) specimens were subjected to parallel
heating under an argon atmosphere in an oven in contact with

air at 150 °C for 24 h. The prepared materials are labeled
IND@PAL,,(Ox) and IND@PAL,,(Ar), respectively.

Diftuse reflectance spectra were obtained with a PerkinElmer
Lambda 35 spectrometer, a slit width of 1 nm, and a scan
speed of 480 nm min~', in the case of solutions using 1 cm
quartz cells. Attenuated total reflection-Fourier transform
infrared (ATR-FTIR) spectra were collected with a Thermo
Nicolet 6700 spectrophotometer with a deuterated triglycine
sulfate (DTGS) detector with a detection range between 4000
and 400 cm™', equipped with a diamond window (16
accumulation scans). To acquire solid-state *C NMR spectra,
approx. 200 mg of indigo, dehydroindigo, and IND@SEP,4,
specimens were packed into a rotor container for solid NMR,
and the corresponding spectra were acquired for 24 h in a
Bruker Avance III WB 400 equipment.

Voltammetric experiments in the solution phase were carried
out in ca. 1 mM solutions of indigo and dehydroindigo using a
0.10 M Bu,NPF, (Fluka) solution in DMSO (Panreac) as the
electrolyte. Here, a Pt-disk was used as a pseudoreference
electrode, the potentials being normalized relative to the
ferrocenium/ferrocene couple as the internal standard using
0.2 mM ferrocene solutions in the same electrolyte.

Electrocatalytic studies were carried out using glassy carbon
electrodes (GCEs, BAS MF2012, a geometrical area of 0.071
cm?) covered by a fine microparticulate deposit of IND@PAL,
replicants. These were prepared by evaporation in air of 50 uL
of a suspension (1 mg mL™") of the corresponding IND@PAL,
specimen in ethanol. The IND@PAL,modified GCEs were
immersed in air-saturated 0.25 M HAc/NaAc aqueous acetate
buffer (Panreac reagents) in a pH 4.75 electrolyte and their
voltammetric response was recorded.

Complementary voltammetric experiments were performed
at 298 K in a three-electrode cell using a CHI 660C device
(Cambria Scientific, Llwynhendy, Llanelli, U.K.). Air-saturated
aqueous 0.25 M sodium acetate buffers (Panreac) at pH values
between 4.0 and 6.0 were used as supporting electrolytes.
Square wave voltammograms (SWVs) were recorded on
sample-modified graphite electrodes (Maxim HB type leads,
diameter 2 mm). The three-electrode arrangement was
completed with a platinum wire auxiliary electrode and a
Ag/AgCl (3 M NaCl) reference electrode. For electrode
modification, an amount of 1—2 mg of the solid was extended
on an agate mortar forming a fine spot of the solid material.
Then, the lower end of the graphite electrode was gently
rubbed over that spot of the sample and finally rinsed with
water to remove ill-adhered particles. Sample-modified graph-
ite bars were then dipped into the electrochemical cell so that
only the lower end of the electrode was in contact with the
electrolyte solution.

2.2. Computational Calculations. To gain insight into
the UV—vis spectroscopic behavior of DHI, IND, and HEIND
in solution, their structures were fully optimized at the
RB3LYP/6-311++G(2df2p) level in vacuo,*** without
symmetry restrictions using Gaussian 09, rev. D.01.*
Frequency calculations from the optimized structures were
performed to ensure that no imaginary frequencies were
present. It must be taken into account that HEIND, a most
stable structure (0.33 kcal mol™ more stable than the
completely planar one), has a dihedral angle of 27.6° between
the two ring systems. The atomic coordinates of all species are
detailed below. Over the optimized geometries of these
structures, single-point TD-DFT calculations (30 states,
singlets only)*® at the same theory level in chloroform solution
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using the polarizable continuum model (PCM) solvation
model*” within its nonequilibrium formalism were performed,
which were used to generate UV—vis plots using the excitation
energy and the oscillator strength for each excited state.

3. RESULTS AND DISCUSSION

3.1. Indigo—Palygorskite Hybrids. To test the dehy-
droindigo model, we compared the spectral properties of
indigo (1 wt %) plus palygorskite specimens heated at different
temperatures (in the following, IND@PAL,) under an air and
an Ar atmosphere. Our data are summarized in Figure 1, where
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Figure 1. Visible spectra of the two aliquots of indigo (1 wt %) plus
the palygorskite mixture heated at 130 °C for 3 h in a closed reactor
under an Ar and air atmosphere in an open furnace. Inset:
photographic image of the heated specimens. Error bars correspond
to three replicate absorbance measurements at wavelength intervals of
25 nm.

the visible spectra of representative specimens are shown. The
material heated in air showed the greenish hue and spectral
features of MB, characterized by a main absorption band at
650 nm, unambiguously assigned to indigo,lo’u’zo’21 and a
lower band at ca. 475 nm coincident with the absorption
spectra of dehydroindigo.””~"®** Remarkably, the specimens
prepared under an Ar atmosphere exhibited a slightly less
intense greenish tint and similar spectral features. Here, the
intensity of the band at 650 nm increased while the second
band decreased, and its maximum was slightly shifted to 500
nm relative to the specimens prepared in Ar.

Additional experiments were performed in specimens
containing indigo loadings of 5 and 10 wt %. The maximum
proportion of indigo entirely occupying the palygorskite
channels is of ca. 4.5 wt %*" so that these specimens
necessarily contain a significant proportion of “external” indigo.
In fact, rinsing with organic solvents or concentrated HNO;
suggests that only ca. 1 wt % indigo is “internally” retained in
MB specimens.m"%l_34 However, in contrast with indigo, which
retains its blue color, heating such indigo plus palygorskite
specimens above 100 °C leads these materials to acquire a
more or less intense greenish tint.

The next step was the preparation of dehydroindigo plus
palygorskite (in the following, DHI@PAL,) replicants.
Unfortunately, dehydroindigo is an elusive compound whose
synthesis leads to a purple solid, which slowly degrades to
indigo, as well as its solutions in organic solvents, in agreement
with the reported data.”**° Surprisingly, the attachment of
dehydroindigo (1 wt %) to palygorskite initially yields a pale
purple solid that turns blue in a few minutes, as illustrated in
Figure S1, Supporting Information. This process can be
attributed to the reaction with water physisorbed on the clay as
well as, to some extent, with water molecules in the clay
channels, as evidenced by the variation in the visible spectra of
dehydroindigo solutions in DMSO in the presence of water

A, 05pA

A,

0.8 0.0 -0.8
E / Vvs. Ag|AgCI

0.8 0.0 -0.8
E / Vvs. Ag|AgCI

Figure 2. Cyclic voltammograms at GCE in 0.10 M Bu,NPF,/DMSO containing 1% v/v of water solutions. (a) 0.5 mM indigo; (b) freshly
prepared 0.5 mM dehydroindigo; (c) same solution after S min under an Ar atmosphere; and (d) DMSO extract from an IND@PAL 5, specimen.
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(see Figure S2, Supporting Information), equivalent to
literature data.”

The fact that the greenish MB-type specimens can be
prepared under an Ar atmosphere and the high sensitivity of
dehydroindigo to water traces suggested that another
component contributed to the greenish hue of the MB.

3.2. Solution-Phase Electrochemistry. Cyclic voltam-
metric data in water-containing DMSO solutions of indigo and
dehydroindigo revealed a complex scenario. As can be seen in
Figure 2a, the cyclic voltammograms at GCE of 0.10 M
Bu,NPF,/DMSO containing 1% v/v of water solution displays
a cathodic peak at —0.77 V (C,) followed, in the subsequent
anodic scan, by overlapping peaks at —0.68 V (A,) and —0.57
V (A,) preceding an anodic signal at 0.35 V (A;) with no
coupled cathodic counterpart C;. This voltammetry contrasts
with that widely studied under anhydrous conditions, limited
to the one-electron reversible couple C,;/A,>° In turn,
dehydroindigo solutions in water-containing DMSO (Figure
2b) show two overlapped cathodic peaks at —0.22 (C,) and
—0.34 V (C;) coupled to anodic waves at —0.20 (A,) and
—0.08 V (A;), accompanied by the oxidation peak A;. This last
signal also appears in the initial anodic scan voltammograms
and, if the potential scan is prolonged to sufficiently negative
values, the C,/A; couple is recorded but decreases upon
lowering the water content of the parent solution. Upon aging,
the couple C,/A; exhibits both cathodic and anodic peak
splitting (Figure 2c). Interestingly, the DMSO extracts of
IND@PAL, and DHI@PAL specimens show the C,/A; and
C4/A, couples (see Figure 2d).

This voltammetry can be interpreted using the scheme
depicted in Figure 3. In the presence of water, the one-electron

I )7 I c /A1 m
IND

C16H1002N2

H+

mm

C16H1002N2 HEIND

s

Figure 3. Scheme to describe the indigo- (upper part) and
dehydroindigo-localized (lower part) electrochemical processes in
Figure 2.

reversible reduction of indigo to its radical anion (C,/A,
couple) is accompanied by the protonation of this second
species that is oxidized to an indigo tautomer, termed
provisionally as indigo hemienol, which in turn is irreversibly
oxidized to dehydroindigo via the process A;. Dehydroindigo
solutions will contain a more or less large fraction of indigo so
that the indigo-localized electrochemical pathway is super-
imposed to that of dehydroindigo, consisting of the reversible

26191

reduction to the corresponding radical anion (process C,/A,).
This is also protonated then yielding indigo hemienol giving
rise to a new couple Ci/Ag and the oxidation process A,
regenerating dehydroindigo. The appearance of new signals
Co/ Ay close to the C /A, couple increasing with time can be
attributed to the formation of O,, whose one-electron
reduction in aprotic solvents occurs at these potentials,”’ and
the corresponding process being 2DHI + H,0 — 2IND + O,.

These voltammetric data introduce a new component into
the MB puzzle, indigo hemienol. Although formally equivalent
to a keto—enol tautomerization, the formation of indigo
hemienol from indigo involves a drastic structural change
because the breaking of the central C=C converts the plane
indigo molecule into another much more flexible one, just the
demand for an efficient entrance into the palygorskite
channels.”” This matter will be treated in relation to Raman
spectra (vide infra).

3.3. Indigo Hemienol. The above data suggest that the
initial step in the formation of MB is the formation of indigo
hemienol. Table 1 summarizes the literature data on the visible

Table 1. Literature Data of the UV—Vis Spectra of the
Different Studied Systems

Armax Armax Amax
system (nm) (nm) (nm) source
indigo in toluene 600 Rondio et al.**
solution
indigo in MeOH 607 Rondio et al.**
solution
indigo in DMF solution 611 444 Miliani et al.*®
indigo in CHCl, 603 426* Miliani et al.>®
solution
indigo solid 657 560 De Faria et al.*®
IND@PAL;, 667 435  Reinen et al.”’
667 500 De Faria et al.*®
661 490 Miliani et al.*
dehydroindigo in 4SS Rondio et al.**
toluene
dehydroindigo in 400 Rondio et al.**
MeOH
dehydroindigo in 450 De Faria et al.*®
CHCl,
dehydroindigo solid 475 De Faria et al.**
558 Rondio et al.**

spectra of indigo and dehydroindigo in solution, while Figure
4a depicts the simulated UV-—vis spectra of indigo,
dehydroindigo, and indigo hemienol in CHCI; solution from
TD-DFT calculations (see the Supporting Information). The
absorbance maxima of indigo and dehydroindigo under CHC;
solvation are located at 600 and 500, respectively, in reasonable
agreement with experimental data (see Table 1).***° The

maximum absorbance calculated for indigo hemienol appears
at 660 nm, similar to that observed in the spectra of MB-type
specimens (see Figure 1). Consistently, the extracts resulting
from rinsing with CHCI; of MB-type specimens display visible
spectra in close agreement with the theoretical spectrum of
HEIND in this solvent. Figure 4b compares the spectra of the
CHCI; extracts of blue IND@PAL,s; and greenish IND@
PAL,s, (both 1 wt % indigo) specimens normalized to equal
the absorbance maxima. The spectrum of the extract from the
nonheated IND@PAL,; specimen is identical to the
theoretical spectrum of indigo, with a unique absorbance
maximum at 600 nm. The spectrum of the extract from the

https://doi.org/10.1021/acs.jpcc.1c07932
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Figure 4. (a) Simulated UV—vis spectra of indigo, dehydroindigo, and
indigo hemienol in CHCl; solution. (b) Spectrum of the CHCl,
extracts of IND@PAL,; and IND@PAL |, specimens. Error bars in
panel (b) correspond to three replicate absorbance measurements at
wavelength intervals of 25 nm.

IND@PAL 5, replicant is essentially coincident with the solid-
state spectra (Figure 1) and exhibits an absorbance maximum
at 660 nm. This is accompanied by a secondary maximum at
ca. 475 nm. This feature is in agreement with the expected
presence of a certain proportion of dehydroindigo accompany-
ing indigo hemienol.

Additionally, the HEIND hypothesis is supported by the
spectral data recently reported by De Faria et al.”> and Miliani
et al.*® for synthetic IND@PAL, specimens revealing that the
intensity of the absorption band at ca. 500 nm increases
relative to that of the band at ca. 650 nm on increasing the
temperature of preparation of the hybrid materials (vide infra).

Comparing the Raman spectra of indigo in solution with
those of dehydroindigo and MB-type synthetic specimens and
archeological MB samples''~'**®°>>* resulted in a puzzling
situation. Although the relative intensity of the bands was
dependent on the wavelength of the radiation excitation,
common features were obtained in literature data. In MB
specimens prepared at temperatures below 180 °C,"*** and
genuine MB specimens,''~'*#?****5? there are bands at 1680,
1630, 1595, 1575, 1490, 1461, 1378, 1360, and 1250 cm™. Up
to 180 °C, additional bands at 1700 and 1420 cm™! are
recorded.” Several bands are close to those appearing in the
spectrum of indigo in solution, namely, at 1698, 1627, 1578,

1448, 1362, 1310, and 1248 cm™.,*® and several are common
with those recorded for solid dehydroindigo, appearing at
1732, 1597, 1530, 1448, and 1378 cm™. %

Figure S compares the schematized Raman spectra of (a)
indigo in solution, (b) solid dehydroindigo, and (c) IND@
PAL g specimens showing the aforementioned features. At the
expense of a detailed analysis of the Raman spectrum of
HEIND, one can expect that this spectrum contains bands
quite similar to both indigo and dehydroindigo.

The analysis of vibrational spectroscopy data is complicated
by the similarity of the spectral features of the different
indigoid compounds, as underlined by Tomkinson et al.>*
According to the theoretical study reported by these authors,
the more representative bands to discern the presence of
dehydroindigo in MB are the y(NH) mode appearing in the
450—550 cm™! region and the degenerate composite of the u
and g components of a y(C—H) mode of the benzene motif at
ca. 750 cm™.>* These bands are weak or absent in the Raman
spectra of several genuine MB specimens,'*" in agreement
with the dehydroindigo and the current models.

It is more difficult to use the data from ATR-FTIR spectra
due to the superposition of palygorskite bands (see Figure S3,
Supporting Information). The first band is obscured by the
absorption of palygorskite but the second can be clearly
recorded in ATR-FTIR spectra of IND@PAL specimens. In
Figure 6, we compare the 800—730 cm™" region of the ATR-
FTIR spectra of (a) dehydroindigo, (b) indigo, and (c) IND@
PAL,; (5 wt % indigo) and IND@PAL¢, (S wt % indigo).
Both indigo and unheated blue IND@PAL,; specimens display
a well-defined band at 767 cm™', which is absent in the
spectrum of dehydroindigo. This band, which can be ascribed
to the aforementioned y(C—H) mode, appears as dimin-
ished—without entire disappearance—in the spectra of
greenish IND@PAL, specimens and displays peak splitting
on increasing the temperature. Taking into account that the
IND@PAL ;4 specimen contains an excess of “external” indigo,
the low intensity of the 767 cm™ band can be considered as
consistent with the proposed model of progressive formation
of indigo hemienol and dehydroindigo upon increasing the
temperature of preparation of the specimen.

The spectral features of MB were initially interpreted as due
to the deformation of the indigo molecules as a result of the
interaction with the palygorskite."' ~'*** However, theoretical
calculations revealed that the observed spectral changes cannot
solely be produced by a loss of planarity of the indigo
molecule."* In the dehydroindigo view, the MB spectrum
results from the superposition of the spectra of indigo and
dehydroindigo molecules in different proportions and is more
or less distorted as a result of the anchorage of these molecules
to the clay framework."”~'® Current data support the idea that
the formation of MB via heating a mixture of indigo and
palygorskite proceeds via tautomerization to indigo hemienol
and subsequent oxidation to dehydroindigo, all attached to the
clay framework.

The HEIND hypothesis is also supported by *C NMR
spectroscopy on MB-type specimens prepared from sepiolite, a
channeled silicate with tunnel dimensions larger than those of
palygorskite routinely used in MB studies”' ' %2>%303%3%35,38
because NMR spectra are not accessible to palygorskite
specimens. Figure 7 shows the *C NMR spectra of the (a)
IND@SEP 5, (10 wt % indigo) specimen and (b) indigo. The
most remarkable features fall in the region of the carbonyl
carbon (ca. 190 ppm). In this region, indigo shows an isolated

https://doi.org/10.1021/acs.jpcc.1c07932
J. Phys. Chem. C 2021, 125, 26188—26200


https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c07932/suppl_file/jp1c07932_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c07932?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c07932?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c07932?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c07932?fig=fig4&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c07932?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

(a)

(b)

(c)

1800

1500 1400 1300 1200

Wavenumber / cm-1

Figure S. Schematics of Raman spectra of (a) indigo in solution, (b) solid dehydroindigo, and (c) IND@PAL 4, specimen schematized from data
in ref 35. Solid arrows mark the Raman peaks coincident with indigo and white arrows those coincident with dehydroindigo.
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Figure 6. ATR-FTIR spectra of (a) dehydroindigo, (b) indigo, (c)
IND@PAL,; (5 wt % indigo), and (d) IND@PAL,, (5 wt % indigo).
The transmittance axis is displayed for clarity.

peak at 191 ppm while dehydroindigo shows an equally
isolated peak at 189 ppm (see the inset in Figure 7). In turn,
the IND@SEP 5, replicant displays overlapping peaks at 193,
191, and 189 ppm. The peak at 193 ppm can be attributed to
indigo hemienol. All of these spectra agree with those reported
for indigo” and dehydroindigo®* and indigo plus sepiolite
specimens reported by Hubbard et al,” Hirschinger et al,>
and Giustetto et al.*’ (see Table S1, Supporting Information).
These features confirm the presence of these components in
MB-type specimens prepared from sepiolite, which mimics
those prepared from palygorskite.

3.4. Electrocatalytic Effects. Solid-state electrochemistry
offers additional data consistent with the indigo hemienol
hypothesis. As expected from previous studies,”>~'” micro-
particulate deposits of indigo, dehydroindigo, and their
unheated “blue” IND@PAL,; and DHI@PAL,; specimens

HEIND INO )
- (@)
ND 126, 125, 124
\ 122,121,120
J ! 139 /
o 138 AU
‘ 136 —A—
193\ ‘
124,122,121
137 (b)
153
191
190 180 170 160 150 140 130 120 110 100
5 [ ppm

Figure 7. Solid-state '*C NMR spectra of (a) IND@PAL,g, (10 wt %
indigo) replicant and (b) indigo. Inset: details of the C-carbonyl
region of (from top to bottom) IND@PALz (10 wt % indigo),
indigo, and dehydroindigo.

attached to graphite electrodes in contact with aqueous acetate
buffer at pH values between 4 and 6 display essentially
identical responses. These consist of pH-dependent peaks at
ca. 0.40 and —0.35 V corresponding to the proton-assisted
oxidation of indigo to dehydroindigo and the reduction of
indigo to leucoindigo (see Figure S4, Supporting Informa-
tion).">~"” These signals show some peak splitting in the
voltammograms of the heated DHI@PAL, and IND@PAL,
specimens, a feature that is particularly intense in the
specimens at high indigo loadings and increases with the
temperature of preparation of the specimens, as can be seen in
Figures SS and S6 of the Supporting Information. This feature
can be interpreted in terms of the coexistence in such
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specimens of significant amounts of both indigo and indigo
hemienol, whose oxidation and reduction signals will appear at
slightly different potentials (vide infra).

To amplify the differences between the different palygor-
skite-associated indigoid species, we analyzed the electro-
catalytic effects exerted on the reduction of dissolved oxygen
(oxygen reduction reaction, ORR). This constitutes a novel
approach in MB chemistry aimed to discriminate between
different organic components based on their different electro-
catalytic performances on a given redox probe. In Figure 8, we

18nnnl...lnnnln..l|1|l||.l|||
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Figure 8. Linear potential scan voltammograms at bare GCE and
indigo-modified GCE in contact with a 0.25 M HAc/NaAc aqueous
buffer at pH 4.75. Potential scan initiated at 0.0 V in the negative

direction; potential scan rate is S0 mV s~ ".

compare the linear potential scan voltammograms, recorded at
the bare GCE and at an indigo-modified GCE in contact with
the air-saturated 0.25 M HAc/NaAc aqueous buffer at pH
4.75. One can see that the cathodic wave recorded at ca. —1.0
V at the bare GCE, corresponding to the ORR, is positively
shifted and moderate although it significantly increased at the
indigo-modified electrode. These features, which also appear
for all indigo@palygorskite specimens, can be interpreted in
terms of the existence of an electrocatalytic effect on the ORR
process due to the organic component.

In Figure 9, we compare the corresponding voltammograms,
after semiderivative data convolution, recorded for micro-
particulate deposits of indigo, IND@PAL,;, IND@
PAL,4(Ar), and IND@PAL 4,(Ox) (all 1 wt % indigo) in
an air-saturated aqueous acetate buffer at pH 4.75. In the case
of indigo, a main cathodic peak appears at —0.72 V, preceded
by cathodic waves at ca. —0.2 and —0.4 V. These waves are
clearly enhanced in the case of the blue IND@PAL,;
specimen, for which the main cathodic signal is shifted to
—0.61 V and followed by a shoulder at —0.72 V. Remarkably,
the response of the MB-type specimen heated under an Ar
atmosphere (IND@PAL,4,(Ar)) was essentially restricted to
the cathodic peak at —0.66 V with clearly weaker signals at
—02 and —0.4 V. This last feature is retained in the
voltammogram of the specimen heated in air (IND@
PAL,5(0Ox)), but here the main cathodic signal is displaced
to —0.74 V, being preceded by a shoulder at ca. —0.66 V.

These features can be interpreted taking into consideration
that solid indigo is electrochemically reduced to leucoindigo

through a two-proton, two-electron process at ca. —0.25 V.
Although indigo is insoluble under our experimental
conditions, leucoindigo possesses some low solubility, so that
the peaks at —0.2 and —0.4 V can in principle be attributed to
the competing reduction of solid indigo to solid and soluble
forms of leucoindigo

{C16H1002N2}solid + 2H+aq + 2e
= {C;HON, Jigia + Ci6HO0N, aq (1)

In these circumstances, a possible catalytic pathway on the
ORR process may involve the electrochemically generated
leucoindigo, as schematized in Figure 10. The occurrence of
this process is reflected in the voltammograms of indigo and
IND@PAL,; (Figure 9a,b) by the enhancement of the indigo-
centered cathodic signals at —0.2 and —0.4 V. The large
intensity of the main cathodic signal at around —0.7 V and the
clear depletion of the signals at —0.2 and —0.4 V in the case of
the MB-type specimens, IND@PAL4,(Ar) and IND@
PAL4(Ox) (Figure 9c,d), suggest that a second catalytic
pathway operates.

This can be rationalized by considering the multistep nature
of the ORR process. This is initiated by the one-electron
reduction of O, to the superoxide radical anion, being followed
by competing protonation, disproportionation, and subsequent
electron transfer processes successively yielding not only H,0,
and H,O but also reactive species such as hydroperoxide
(HO,*) and hydroxyl (HO®) radicals and hydroperoxide
anions (HO,™). One plausible electrocatalytic way is similar to
that described by Compton et al.*° for the catalysis of hematite
on the ORR at GCE in neutral media. Here, hematite acts as a
chemical catalyst accelerating the disproportionation of H,0,
into H,O and O,.

Following a similar scheme, the different indigo forms can
simultaneously act as electron mediators via electrochemical
reduction of indigo to leucoindigo, or as chemical catalysts
favoring the disproportionation of intermediate O,*~ (and/or
HO,* and H,0,). This second pathway can be considered to
be responsible for the enhancement and potential shift of the
ORR peak ca. —0.7 V.

For our purposes, the relevant point to emphasize is that this
second pathway discriminates between different indigoid
species and that the observed features can be interpreted
within the isomerization plus redox tuning scenario described
here. First of all, both indigo and IND@PAL,;, where solid
indigo microparticles are accessible to the electrode/electrolyte
junction, display both types of catalytic actions. In the case of
IND@PAL,;, however, the association with the palygorskite
determines a positive shift of the ORR peak that moves from
—0.72 V for indigo to —0.61 V for the blue IND@PAL,;
specimen. This shift can be attributed to the fact that in this
specimen a part of the indigo becomes separated into clay-
associated individual molecules, thus breaking the hydrogen
bonding system existing in solid indigo.

In the case of the heated greenish MB-type specimens, only
the second catalytic pathway is relevant. In the case of the
specimen heated in an Ar atmosphere, the ORR peak potential
is —0.66 V, thus suggesting that the species responsible for this
catalytic effect differs from individual indigo molecules
associated with the clay. In our scheme, the dominating
species will be the indigo hemienol. Consistently, the specimen
heated at air displays overlapping ORR peaks at —0.66 and
—0.75 V. The former corresponds to the indigo tautomer
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Figure 9. Linear potential scan voltammograms, after the semiderivative convolution, of microparticulate deposits of (a) indigo, (b) IND@PAL,;,
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Figure 10. Scheme for one of the possible electrocatalytic pathways
exerted by indigo on the ORR process.

whereas the second can be assigned to the catalytic effect
exerted by palygorskite-attached dehydroindigo.

3.5. Thermochemical Parameters. The MB closure
described here assumes that heating indigo plus the
palygorskite mixtures successively yields indigo hemienol and
dehydroindigo, the material thus acquiring the characteristic
greenish color. This two-step process is entirely consistent with
the reported electrochemical, UV—vis, and Raman spectral
data.** The data in Figure 1lab correspond to the ratio
between the absorbance at 500 and 660 nm, Agy/Agg, of
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IND@PAL, specimens from our experiments and those
reported by De Faria et al.** and Miliani et al.** Coincidentally,
the Asgp/Agg ratio increases with the temperature defining two
steps. Assuming that at temperatures below 180 °C the
generation of indigo hemienol predominates over that of
dehydroindigo, the Ajoy/Ag absorbance ratio will be
representative of the advance of tautomerization. At temper-
atures above 180 °C, the absorbance ratio will represent the
advance of the oxidation to dehydroindigo. These processes
can be represented as

{IND@PAL-yH,O0} 14
— {HEIND@PAL-zH,O} 4 + (y — 2)H,0,, (2

{HEIND@PAL-zH,0};y + 1/20

soli 2gas

= {DHI@PAL'WHZO}solid + (Z - W)Hzogas (3)

Thermochemical data can be calculated from spectral data
assuming that both HEIND and DHI display a characteristic
band between 450 and 540 nm and that the IND and HEIND
main band is located at ca. 660 nm. In principle, the
equilibrium constants for the reaction described by eq 2 can
roughly be estimated from the absorbance ratios, Asyo/Agsor
provided that the factor relating the relative amount of each
species with the absorbance is known. One can write

https://doi.org/10.1021/acs.jpcc.1c07932
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Figure 11. Variation of the Asyy/Agg ratio in the visible spectra of IND@PAL, replicants from (a) Miliani et al.*¢ (i), our data (ii), and (b) De
Faria et al.,** and variation of the (c) I;59s/I 1250 and (d) I 450/I15so ratios in the Raman spectra of IND@PAL, replicants from De Faria et al.>> Error
bars for our data correspond to dispersion from three replicate experiments. Error bars for literature data where uncertainty was not reported are

depicted assuming relative uncertainties of 10%.

HEIND
Asoo €500  CHEIND
~— _HEID IND
Agso €s60 CHEIND T €660 CIND (4)

where ¢ represents the concentration of each absorbing species
and ¢ its respective molar absorptivity coeflicient. Assuming

that & = el P /elNy ~ efiNP/elEND | one can estimate the

molar fraction of HEIND as

[ Asoo
OyEIND = € n
660

©)
In principle, & can be approximated from the values of the
molar absorptivity reported in the literature for indigo and
dehydroindigo in solution, so that & = 0.25 + 0.10. Then,
assuming that the system behaves such as a closed
homogeneous system reaching the equilibrium at all temper-
atures, the apparent equilibrium constant for the isomerization
reaction can be calculated at each temperature as

()
Kpay = =111 0 N )
1( Aso
€ (Aééo) (6)

I — opnp 1 —
Then, one can calculate the values of Ky, and hence the
corresponding approximate (apparent) values of AG°r,y (as
AG°ppy = —RT In Kryy) at different temperatures. The data in
Figure 11a,b can be used to determine the Kp,y and AG°rpy
values. The representation of AG°p,y vs T can be fitted to two
straight lines (see Figure S6 in the Supporting Information)
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whose slope and ordinate at the origin yield, respectively, the
A°°ray and A°°r,y of the respective processes, assumed to be
essentially temperature independent (AG® = AH® — TAS®).
Similar considerations can be applied to determine the
corresponding parameters, Kox;, AG®ox;, for the oxidation
process described by eq 3. Table 2 summarizes the
thermochemical parameters determined from the different
sets of UV—vis data in Figure 11a,b.

Similar considerations can be applied to the ratio between
the intensities of the Raman bands at 1595 and 1250 cm™},
I159s/ 11250, represented in Figure 11c, assuming that the former
is common to indigo hemienol and dehydroindigo and the

Table 2. Thermochemical Parameters Calculated from
Visible and Raman Spectroscopies and Voltammetric Data
for the Processes of Tautomerization and the Subsequent
Oxidation to Dehydroindigo Oxidation in MB

AGOTAU AGOOXI AGOOX?.
(kJ mol™") (kJ mol™") (kJ mol™")
Asoo/Agso” 3.0 £ 06 9.8 + 038 128 + 1.2
Agoo/Asso” 2.9 + 0.6 62 + 0.6 9.1 + 1.0
Asoo/Agso” 57 + 1.6 10 +2 16 + 3
Isos/Tinso” 3.5+ 0.8 14+ 6 18 + 6
o/ Tiaso” 14.6 + 1.4
E° — Eof°F 5.0 + 1.0

“From visible spectra in this study. “From visible spectra in ref 3.
“From visible spectra in ref 36. “From Raman spectra in ref 35. ““rom
voltammetric data in this study.
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Figure 12. Schematic representation of the formation of MB via tautomerization and redox tuning of indigo associated with the palygorskite clay.

second is representative of indigo. In turn, the band at 1420
cm™' can be attributed to dehydroindigo so that the I,,50/I1550
ratio (see Figure 11d) will represent the advance of the redox
tuning. In this scheme, the equilibrium constants of the
reactions described by egs 2 and 3 can be estimated from the
Iis9s/A 550 values provided that the factor relating the relative
amount of each species with the Raman intensity, ¢, is known.
Then

HEIND DHI
Iiso5 _ Eisos CHEIND T 1595 CDHI

- IND
Isso €1250 CIND (7)

At temperatures below 180 °C, we can assume that indigo
hemienol largely prevails over dehydroindigo so that

HEIND

Lsos €595 CHEIND
1595, Z1595 “HEIND
TND
Isso €1250 CIND (8)

Assuming that the & coeflicients are equal, the equilibrium
constant for the isomerization reaction will be

11595

Krau ~
L0 9)

As before, the apparent values of AG°p,y calculated as
AG°ppy = —RTInKyp,y from data in ref 35 at different
temperatures define two straight lines (see Figure S7,
Supporting Information) allowing the estimation of the
thermochemical parameters in Table 2. Remarkably, these
values agree with those estimated from UV—vis data. The sum
of the AG°p,y and AG°®nx, values formally corresponds to the
direct conversion of indigo into dehydroindigo attached to the
clay matrix. The Gibbs energy of this process, AG°nx,, can be
calculated from the above data or directly computing the ratio
between the Raman intensities at 1420 and 1250 cm™, I,/
50, because the band at 1420 cm™ can be attributed to
dehydroindigo. As can be seen in Table 1, despite the
necessary application of rough approximations, the AG°r,y,
AG°yx;, and AG°gx, values calculated from different
techniques agree reasonably.

In fact, this agreement can be extended to the AG°p,y value
that can be calculated from solid-state electrochemistry data.
For this purpose, we can consider the solid-state oxidation
process of IND@PAL, and DHI@PAL, hybrids in contact with
aqueous acetate buffer (see Figures S4 and SS). For unheated
IND@PAL,; specimens, the equilibrium potential corresponds
to the electrochemical reduction process

DHI@PAL; + 2HY,  + 2¢” - IND@PAL;y  (10)

so that AG®°; = —nFE°®}, where E°; represents the equilibrium
potential of the electrochemical process. For specimens
prepared by heating above 100 °C, one can assume that
indigo has converted into indigo hemienol. Then, the
electrochemical process will be

DHI@PAL,,; + 2H*,  + 2¢” — HEIND@PAL, ;4

(11)

Now, AG®; = —nFE°}, where E°; represents the equilibrium
potential of the electrochemical process described by eq 11.
Accordingly, the Gibbs free energy change associated with the
tautomerization process described by eq 2 can be expressed as

soli

AG°ry = AG®y — AG® = nF(E°; — AE®)) (12)
As already described in detail,">™"" these processes behave
reversibly, so that the peak potentials can be taken as
representative of the equilibrium potentials. Our averaged
experimental values from experiments such as in Figure S4 and
the peak potential values recorded for genuine MB
archeological specimens'” are E°; — AE° = 25 + 5§ mV.
Then, AG°p,y = 5.0 + 1.0 kJ mol™, a value in agreement with
those calculated from UV—vis and Raman spectral data (see
Table 2).

3.6. Discussion. The above data are consistent with a
description of MB in terms of successive isomerization and
redox tuning processes as schematized in Figure 12.
Generically, this view is consistent with the description of
isomerization of methyl red plus palygorskite hybrids reported
by Giustetto et al,*” and the isomerization and redox tuning
previously studied for lapachol attached to palygorskite,” and
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are also consistent with the two-step kinetics observed from
spectral data in the preparation of MB specimens.”’ This
model is also consistent with thermochemical data that can be
estimated from electrochemical, Raman, and visible spectro-
scopic data.

The proposed model is able to explain another controversial
aspect of MB. The origin of the greenish color was attributed
to the red shift of the main absorbance band of indigo from ca.
600 to 660 nm with the concomitant displacement of the
reflectance maximum from ca. 450 to 550 nm.'’ In the all-
indigo model, this spectral feature results from the interaction
of the indigo molecule with the palygorskite clay. In our model,
this spectral feature is the result of the formation of HEIND
(accompanied by DHI) whose spectrum in solution (compare
Figures 1 and 4b) is essentially identical to those of MB.

When the central C=C bond of indigo is replaced with a
single C—C one, the indigo hemienol molecule acquires
sufficient flexibility to penetrate into the palygorskite channels
but retains the capability of reorganization in this limited space
prompting its subsequent oxidation to dehydroindigo. As
previously discussed on comparing literature data for different
IND@CLAY, specimens,” the size of the indigo molecules
(4.8 A) relative to the channel’s width determines their color.
As reported by Martinetto et al,*® mordenite, having 7.0 X 6.5
A? channels, does not form stable hybrids because the channels
are so wide that they retain indigo molecules. Consistently,
LTA zeolite (channels of 4.1 X 4.1 A%) cannot form hybrids
with indigo because the organic molecules cannot enter into
the clay channels. Sepiolite (10.6 X 3.7 A%), palygorskite (6.4 X
3.7 A?), and silicalite (5.3 X 5.6 A?), however, form stable
hybrids resistant to HNOj; attack.”® Remarkably, the indigo
plus silicalite hybrids retain the blue color after heating above
100 °C. This is in contrast with the palygorskite and sepiolite
hybrids that upon heating acquire the greenish tint character-
istic of MB-type replicants. This can be interpreted within the
scenario proposed here on assuming that the tautomerization
of indigo (and the subsequent oxidation to dehydroindigo)
require a certain space as suggested by calculations on indigo
and dehydroindigo entrapment into palygorskite channels.”” In
the case of silicalite, the channels are not large enough to
facilitate the tautomerization and only blue specimens are
obtained.”® In the case of palygorskite and sepiolite, the size of
the channels permits to carry out the isomerization and
oxidation processes resulting in the formation of greenish
specimens.

Accordingly, the previously advocated'™" view of the
MB as a polyfunctional hybrid material where different organic
components are attached to the inorganic matrix has to be
corrected, and extended:extensive tautomerization of indigo to
indigo hemienol accompanied by redox tuning to dehydroin-
digo determines the peculiar properties (optical in particular)
of the pigment. Although this view decreases the importance of
dehydroindigo in MB, it substantially differs from the all indigo
view where only the indigo molecule more or less deformed is
assumed to associate with the palygorskite framework.

9,38,39

4. CONCLUSIONS

A novel approximation to the nature of MB where, upon
heating indigo plus palygorskite mixtures above 100 °C, indigo
isomerizes to indigo hemienol, which in turn is oxidized to
clay-associated dehydroindigo at higher temperatures is
presented. This view is based on UV—vis diffuse reflectance
spectra, ATR-FTIR, and solid-state electrochemistry of MB-

26198

type specimens in contact with aqueous acetate buffer, as well
as on the solution phase and solid-state electrochemistry of
indigo and dehydroindigo. In this view, the formation of both
indigo hemienol and dehydroindigo results in the appearance
of the greenish tint characteristic of MB-type specimens. This
description of MB is also consistent with *C NMR data for
MB replicants prepared from indigo and sepiolite. The
electrocatalytic effect exerted by the MB-type materials on
the reduction of dissolved oxygen permits the discrimination
between the different organic components introducing a novel
approach in the study of hybrid materials.

Thermochemical analysis of such data permits us to estimate
the Gibbs free energy for the reactions of tautomerization and
redox tuning of palygorskite-associated hybrid materials. This
view reinforces the description of the MB as a polyfunctional
hybrid material where different organic components are
attached to the inorganic matrix and emphasizes the role of
tautomerization and redox tuning processes in the chemistry of
hybrid materials. Apart from its relevance with respect to the
MB problem, the current approach illustrates the variety and
flexibility of the chemistry involved in organic—inorganic
hybrid materials.
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