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Abstract

The structural features and host-guest interactions existing in a stable, red-purplish hybrid material
obtained by grinding and heating palygorskite clay with 2 wt% acid Red 2 (methyl red) were
investigated by means of vibrational and UV-vis spectroscopies in controlled experimental
conditions and TGA analyses. Experimental evidences suggest that modified methyl red molecules,
in the form of specific zwitterions and/or altered trans-isomers, can diffuse inside the palygorskite
tunnels or superficial grooves once zeolitic H>O is removed due to heating or vacuum. The dye is
likely to interact with the palygorskite framework by means of several bond types, which include H-
bonding to Mg-coordinated OH> and electrostatic forces, responsible for the compound stability.
Sorption in the hosting matrix enhances both the photo- and thermal stability of methyl red and
increases steadiness of the palygorskite structure by preventing folding with progressive heating.
Such a hybrid material, which shows the same stability and structural features of the famed Maya

Blue used in Pre-Columbian America, could therefore be used as an innovative Maya Red pigment.

Keywords: palygorskite; acid Red 2 (methyl red); Maya Blue; dye encapsulation; dye stabilization.

1. Introduction



Modern host/guest hybrid materials are of fundamental importance nowadays for their various
and multipurpose applications. Inclusion compounds obtained by sorption of cations and/or
small molecules in meso- and microporous materials can be employed in a wide range of specific
fields, such as optical carriers, polymer reinforcement, and photonic antennas.** In addition,
similar host/guest adducts can find more immediate applications as polymer reinforcement,
paints and pigments.® Zeolitic aluminosilicates are valid and versatile hosting materials for the
supramolecular organization of a wide variety of possible guests® due to both their activity and
presence of structural cavities, but other microporous silicates can be used as well.

Palygorskite and sepiolite are phyllosilicate microporous clay minerals renowned for their ability
to trap ionic species (such as Mn?* and Pb?*)"® and/or little molecules (i.e. polypropylene and
ammonia or sulphur dioxide).**° In addition, both clays — but especially the former — are
important in Cultural Heritage being the inorganic matrices of a famous ancient Pre-Columbian
pigment: Maya Blue. Such a compound can be considered an ancestor of modern hybrid
materials, for an organic guest molecule (indigo, a well-known blue dye) is adsorbed within the
micropores of the hosting palygorskite and/or sepiolite frameworks. This pigment was mainly
produced by the ancient Mayas in the Yucatan Peninsula (Mexico) from VII to XVI century a.D.
and used to decorate mural paintings, statues and pottery. It is renowned for its exceptional
chemical stability to both acid and alkali reagents. Though the historical sources describing the
ancient pigment preparation are few and incomplete,'! a general agreement exists about the
synthesis procedure of freshly-prepared Maya Blue analogues — both using raw methods (clay
extracted from local outcrops and indigo from the leaves of Indigofera Suffruticosa tree)!! or
pristine precursors.*2® Such a procedure requires palygorskite clay to be ground with indigo (< 2
wt%) and moderately heated (< 200°C) for a variable amount of time (30 minutes to few hours).
Heating is fundamental as a barely ground palygorskite/indigo mixture, though similar in aspect

to Maya Blue, is completely discolored by acid attack.



The structure of palygorskite [ideal formula: (Mg,Al)sSigO20(OH)2(OH2)4+4H20] is based on a
continuous, waving tetrahedral sheet in which the SiO4 tetrahedrons periodically (every two
pyroxene-like chains) invert the orientation of their apical oxygens, which are bonded to z-
elongated, discontinuous octahedral ribbons containing both Mg and Al ions (Fig. 1.a).2* Such an
arrangement causes the structure to be crossed by microtunnels (6.4 x 3.7 A), elongated in the z-
axis direction, usually filled by weakly-bound zeolitic H.O molecules interconnected through a
complicated web of H-bonds.™ Tightly-bound structural water (OHz in the following)*® is
coordinated by Mg ions located in the M3 sites on the edges of the octahedral strips.t’8
(INSERT FIGURE 1)

Indigo in Maya Blue is expected to diffuse, although at a limited extent, inside the palygorskite
tunnels partially emptied from zeolitic H2O during heating®-?2 and form specific host/guest
interactions with the clay matrix, whose nature is still disputed.?®>3® The amount of indigo
binding to the clay, though dependent from the magnitude of the applied heating, is reputed to be
quite low (< 2 wt%).1319-2125 Encapsulation and bonding within the clay tunnels shield the dye
molecules from external environment thus ensuring the pigment stability to chemical agents.
Basing on such premises, the extraordinary sorption properties of palygorskite were exploited to
stabilize differently coloured dye molecules with the aim to synthesize innovative hybrid
materials useable as pigments in the Cultural Heritage, Materials Science and paint industry
fields. Such an approach, seldom adopted in the past to remove dyes from wastewater
solutions®***® or evaluate the stability of analogous clay/dye adducts,?®%"?8 could lead to
production of compounds granted by limited toxicity (absence of heavy-metals, poisonous for
human health) and low production expenses. In a previous paper Giustetto and Wahyudi®®
succeeded in synthesizing a stable red-purple hybrid pigment by grinding and heating
palygorskite with 2 wt% acid red 2 (C1sH15sN3O2, C.I. 13020 — Fig.1.b; methyl red hereafter), an
azo-dye used as pH indicator (red at pH < 4.4; yellow at pH > 6.2; orange in between). Fixation

of methyl red in palygorskite stabilizes the dye molecule preventing colour changes in spite of
3



severe pH fluctuations. Such a compound proved to possess a chemical stability comparable to
Maya Blue as both its hue and structure are virtually unaltered after attacks with acid and alkali
solutions (modified version of the Gettens test).*’

Picking up the baton from these evidences, the current paper deals with the further in-deep
characterization of both the structure and the nature of the host-guest interactions responsible for
stabilization of this palygorskite + methyl red (2 wt%) adduct. Though fixation of methyl red
was tentatively experimented on laminar clays (i.e. montmorillonite and vermiculite), zeolites®
and Ni-Fe layered materials,*° this never attempted before adsorption on palygorskite brings to
formation of an innovative hybrid material which, due to its composition and colour, could

rightfully be considered a modern, organic-inorganic hybrid Maya Red pigment.

. Experimental

2.1 Synthesis

Natural palygorskite, coming from Chapas (Mexico), was hand-ground and purified through
dispersion into de-ionized water isolating the thinner suspended fraction from the heavier
quartz and calcite impurities.*® X-ray powder diffraction data, collected on an automated
Siemens D-5000 diffractometer in Bragg-Brentano geometry using graphite
monochromatized Cuk, radiation and a zero-background flat sample holder, proved
palygorskite to be the only detectable phase. Solid acid red 2 (methyl red) powder [4-
(CH3)2NCsH4N:NCsH4-2-COOH] was provided by Carlo Erba (C.1. 13020).

Procedure for the synthesis of the palygorskite + methyl red (2 wt%) adduct was
exhaustively described in a previous paper®® and modeled upon the laboratory preparation of
Maya Blue from pure precursors.*213234! Crushed palygorskite was mixed and hand-ground
with 2 weight% of methyl red powder (consistently with the maximum indigo amount in

Maya Blue)!319202125 5qding few drops of ethanol. The so-obtained orange mixture, which
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turned to brilliant red after a few minutes, was dispersed in a Petri dish with diluted HCI
(20%) and heated from room temperature up to 140°C through progressive 20°C/hour
increase steps; global heating time was 20 hours. The resulting red-purplish compound was
Soxhlet-extracted in ethanol to remove dye-surplus, turning to a bright purple-violet hue.

A different procedure was adopted to synthesize the specimens studied by infrared (IR)
spectroscopy. Palygorskite was preliminarily activated in vacuum (pressure below 5x10™
mbar in N2 atmosphere) at 120°C for 2 hours in order to remove zeolitic H20 and then
ground with 2 wt% methyl red (activated at 120°C for 30 minutes) in glove-box under N2
atmosphere. The resulting mixture was pressed in a pellet and inserted in a IR cell inside the
glove box. After N2 removal, the specimen was further heated in vacuum at 150°C. IR

absorption spectra were collected in each synthesis step (before and after heating).

2.2 Methods

IR absorption spectra were collected under controlled atmosphere (N2) and/or in vacuum
(pressure below 5x10* mbar) on a FTIR Bruker Vector 70, with a resolution of 2 cm™ and
collecting 64 scans for each spectrum.

Raman data were collected using several Renishaw in Via- or micro-Raman Microscopes
equipped with diode (emitting at 785 nm), He-Cd (325 nm) or Ar+ lasers (514 and 244 nm).
Scattered photons were dispersed by a 1800 or 3600 lines/mm grating monochromator
respectively and collected on CCD cameras. The collection optic was set at 15 or 20X
objectives respectively.

UV-visible-NIR spectra in diffuse reflectance mode were collected using a Varian Cary
5000 spectrophotometer in the 2500-200 nm range on samples previously diluted with

BaSO4 (1:3/1:20).



Photo-stability was tested through progressively increasing irradiation times under a
Solarbox CoFoMegra 3000i, providing a solar like spectrum (250 W/m?, 40°C irradiation
chamber) and under an Osram Ultra Vitalux 300W mercury vapour lamp, providing a UV-A
spectrum (40 W/m?, 60°C). Irradiation was performed on BaSO4 diluted (1:3) specimens,
crushed in an agate mortar and finely dispersed on clock glasses in order to maximize
exposure and avoid possible measure-altering covering. At prefixed times, the irradiated
powders were transferred and pressed in an Al sample-holder with a suprasil quartz window
and their optical features analyzed by means of diffuse reflectance UV-Vis spectroscopy.
After data collection, specimens were re-crushed and dispersed for further irradiation.
Thermogravimetric data were collected on a Diamond TG/DTA instrument (Perkin Elmer)
in air and N2 flux, 40°C equilibration with a heating rate of 20°C/min until 1000°C
temperature was reached. Stability to thermal treatment was also checked by evaluation of
the hybrid material optical features by means of diffuse reflectance UV-Vis spectroscopy,
collecting spectra on specimens in the form of finely dispersed BaSOa diluted (1:3) powder

films progressively heated in oven for 2 hours periods at pre-fixed increasing temperatures.

3. Results

3.1 Spectroscopic characterization

Spectroscopic data on the palygorskite + methyl red (2 wt%) adduct were collected on both
isolated precursors and on the resulting hybrid material in all different steps of the synthesis
procedure. Several attempts were made at collecting Raman spectra, but strong fluorescence
effects related to both the dye*?-*¢ and the clay matrix?>#7-*% made it impossible to obtain
acceptable data.

(INSERT FIGURE 2)



Fourier Transform Infra-red (FTIR) spectra for the palygorskite + methyl red (2 wt%)
adduct collected in average environmental condition (in air at room temperature)® hinted
the feasible existence of host/guest interactions between the clay and the dye, though
nothing could be stated about their nature nor the reactive groups possibly involved in their
formation. This information, in fact, is hidden under the broad and intense signals related to
presence of physisorbed water on the clay fibres surface and zeolitic H2O in the tunnels,
which may cover other important IR-active modes related to both the clay and the dye. To
overcome this problem and grab information about the establishment and nature of mutual
bonds during the pigment preparation, an innovative approach successfully adopted in
previous studies on analogous clay/dye adducts®>#1>° was followed. The evolution of the IR-
spectra was monitored on a pre-activated palygorskite specimen mixed and ground in
controlled atmosphere with pre-activated methyl red (2 wt%), both before and after heating
in vacuum (pressure below 5x10™* mbar in N2 atmosphere). These FTIR evidences, purged
of the troublesome effects related to presence of weakly-bound H20, were compared to
those collected in average environmental conditions and to previous results obtained with
other techniques (i.e. UV-vis spectroscopy).3®

FTIR data collected on the clay/dye adduct in separate synthesis steps under controlled
experimental conditions are summarized in Figure 2, part (b) and compared with the spectra
of pristine solid-state methyl red dispersed in KBr or solvated in benzene [Figure 2, part (a),
grey and black patterns respectively]. The most relevant IR-active bands of methyl red
appear in the 1800-1100 cm interval [although weak signals, due to v(C—H) of aromatic
and aliphatic groups, appear between 3800 and 2800 cm™']. Moving from higher towards
lower frequencies, main components can be observed at: i) 1712 cm™, related to the

stretching of the carbonyl group [v(C=0)]; ii) 1601 and 1367 cm™, due to vasym (N=N) and

vsym( N=N) bonds typical of azo dyes;**>! iii) doublet at 1364 and 1340 cm™, due to v(C—



C); iv) 1483 cm, associated with T(C—N); v) 1312 and 1277 cm™, assigned to mixed modes
with v(C—C), §(C—H), 8(C—N)>! or with 8(N-H) and v(N-ring)®? characters; vi) 1269 cm™,
due to § (O-H); vii) 1146 cm?, associated to v(C-O). Most of these bands appear narrower
passing from the solid-state KBr-diluted dye [grey curve in Fig. 2, part (a)] to the benzene-
dissolved specimen [black curve in Fig. 2, part (a)]; in addition, the v(C=0) signal shifts to
higher frequency (1742 cm'®).

The FTIR spectrum of a thin palygorskite film deposited on a silicon wafer at different
hydration levels was described by Giustetto et al..?> Palygorskite in air show bands due to
zeolitic H2O and structural OH: both in the stretching (3800-2800 cm™) and in the bending
regions (1750-1600 cm™). By evacuating the clay, components related to weakly bound H20
progressively disappear as sharper bands related to structural OH; and framework OH (only
hydrated and hydroxyl components known to exist in evacuated palygorskite)®*>* emerge.
Further heating implies shifting of the IR-active modes due to gradual OH> loss (expected to
start at 80°C in vacuum)®® and consequent structure folding. Once temperature reaches
150°C in vacuum three main bands appear, assigned to the stretching of framework
hydroxyls (3644 cmt) and coordinated OH, (3582 and 3525 cm) respectively,?® all
perturbed due to folding of the clay structure as a result of approximately 50% OH. loss.
Such a loss can be directly quantified from the decay in intensity of the OH; bending mode
at 1620 cm™.55-%8 The spectral trend observed in the current study is consistent with the
above described situation, though a sharp distinction of all mentioned IR maxima could not
be achieved due to measurements being performed on a pellet instead of a thin film. Further
heating (> 600°C) implies disappearance of these bands due to irreversible OH> loss and
transformation to palygorskite-anhydride (spectra not shown).

When 2 wt% activated methyl red is mixed and ground in controlled N. atmosphere with an

evacuated/pre-activated palygorskite specimen, the IR spectrum shows the simultaneous



presence of vibrational modes related to both the clay and the dye [Fig. 2, part (b), curve 1]).
Most significant methyl red modes can be observed in the 1250-1550 cm™ interval, where
no superposition with the more intense clay features occurs. Principal variations affecting
the signals of clay-solvated methyl red with respect to those of the isolated dye can be
summarized as follows: i) maxima at 1277 and 1312 cm™, evident in pure methyl red [Fig.
2, part (a)], undergo a significant intensity decrease when the dye is ground with the
activated clay, becoming barely visible; the band at 1398 cm™ [v(N=N)], conversely, shows
an opposite intensity increase [Fig. 2, part (b), curve 1]. Similar behaviors were also
observed for methyl red ground and heated in air with non pre-activated palygorskite*® or
intercalated in different matrices*® and suggest possible existence of supramolecular
host/guest interactions. ii) both the intensity increase of the 1398 cm™ maximum and the
shift at lower frequencies (from 1483 — pristine dye — to 1502 cm™ — clay/dye adduct) of the
7(C-N) band suggest possible transformation of methyl red to one of its quinoid zwitterionic
intermediates, an occurrence already observed in literature.® iii) maximum at 1742 cm™
[v(C=0)]*° undergoes a significant red-shift peaking at 1690 cm™ [Fig. 2, part (b), curve 1],
implying possible carbonyl perturbation due to H-bond formation.

As far as the palygorskite modes are concerned, lack of decay in the bending mode of Mg-
coordinated OH. (1620 cm™) certifies that the applied evacuation caused no structural OH;
loss.>*>4 Magnification on this band high-frequency side (Fig. 2, inset ¢) shows the
appearance of a tiny shoulder at higher wavenumbers (1632 cm™), claiming perturbation of
a small OH; fraction possibly involved in the formation of H-bonds.?>**-*C In the hydroxyls
stretching region, being the undiluted clay/dye specimen a pellet instead of a thin film, the
most intense components go out of scale in the range 3650-3515 cm thus hiding the
contributions of framework OH and coordinated OH: [3644 and 3525 cm* respectively].>*®

On the high frequency side of the main absorption, however, a weak doublet [3690 and 3714



cm™ — Fig. 2, part (b), curve 1] can be related to OH; interacting with the non-polar part of
the azo dye. Furthermore, appearance of a shoulder on the low frequency side at 3372 cm™
can be related to a small OH; fraction being perturbed (and red-shifted) due to H-bond
formation; such a signal may therefore represent the counterpart in the stretching region of
the analogous weak signal (1632 cm™) in the bending interval, a correspondence already
signaled in similar sepiolite-based adducts with indigo.**

When the ground palygorskite + methyl red (2 wt%) adduct is further heated [150°C in
vacuum — Fig. 2, part (b), curve 2], no significant variations other than slight intensity
differences apparently affect the IR spectrum. No major intensity decrease is observed for
the §(OH) mode of coordinated OH (1620 cm™), implying that in spite of the applied
heating loss of structural OH>, if any, is scarce. Furthermore, only minor changes affect the
OH stretching region; persistence of strong absorptions in the 3650-3515 cm™ range and of
the doublet at 3690 and 3714 cm™ [Fig. 2, part (b), curve 2] indicate an approaching of
methyl red reactive groups (CHs or phenyl) to the hexagonal hole of the amphibole-like
tetrahedrons chain, possibly due to dye encapsulation. Little can be said unfortunately on the
coordinated OH2 modes which possibly play a fundamental role in the establishment of the
stabilizing host/guest interactions, as the related bands go out of scale.

Further rehydration and Soxhlet extraction in ethanol [Fig. 2, part (b), curve 3] cause, as
expected, broadening and shifting of the clay-related 5(OH) IR maximum (peaking now at
1648 cm™) and significant intensity decrease of all dye-related features, due to zeolitic H,0

re-absorption and excess methyl red being washed out respectively.

3.2 Resistance to solar/UV-A irradiation and thermal treatment

In order to further characterize the stability of the studied hybrid material, resistance to
different kinds of irradiation and heating were tested and compared to those shown by the
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isolated precursors. Such features were evaluated by comparing the optical properties of the

material before and after exposure.

3.2.1 Photo-stability

The photo-stability of a heated and Soxhlet-extracted palygorskite + methyl red (2
wt%) specimen was tested through prolonged exposure under solar and UV-A
irradiation. Fig. 3.a shows the diffuse reflectance UV-vis spectra collected at
progressively increasing times (up to 100 hours) under a solar-like irradiation. It is
evident how the absorption maxima, both in the visible (540 and 580 nm) and in the
UV (245 nm) regions, show marked intensity decrease in time as a result of a
progressive bleaching of the material. Such a fall follows different trends for the two
visible maxima, as the 580 nm band undergoes a less marked decay than its 540 nm
counterpart (40% vs. 45% after 100 hours, reaching 60% and 55% of their original
heights respectively: Fig. 3.b). At the end of the exposure, the mutual intensities of the
two maxima become reversed (Fig. 3.a).

For comparison purposes, pristine methyl red powders were irradiated under the same
conditions. The related diffuse reflectance UV-vis spectra collected at pre-fixed
intervals (not shown) prove that an analogous intensity decrease affects in equal
measure all three main absorption bands (290, 465 and 575 nm respectively) due to
progressive dye degradation. This fall in intensity is sensibly quickened in time with
respect to that observed for the clay-adsorbed dye. Stability to solar irradiation is
therefore vigorously enhanced by fixation of methyl red in the microporous matrix.
(INSERT FIGURE 3)

The effect of prolonged UV-A irradiation (up to 76 hours) on the spectral features of

the studied hybrid material is shown in Fig. 4. Absorption maxima in the visible region
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(540 and 580 nm) show a progressive intensity decay in time, symptomatic of an
intervened dye degradation. Both bands are affected in equal measure, so that the ratio
of their mutual intensities remains unvaried.

The global intensity decay and bleaching of the studied compound is slightly more
enhanced than that observed under a solar-like irradiation, even if measured on shorter
exposure times (42% intensity decrease for the 580 nm peak after 76 hrs: Fig. 4.b),
which is consistent with the higher energy emitted by the UV-A irradiating lamp.

No significant shift affects the positions of the absorption maxima throughout all
exposure, though the two bands tend to gradually coalesce in a single broad feature.
Such a trend suggests that no transformation affects the dye molecules but rather a
gradual decay and consequent bleaching.

Interpretation of diffuse reflectance UV-vis spectra collected on pure methyl red
exposed to the same UV-A irradiation (not shown) is troublesome, as the intensity
variations of the absorption bands are not linearly related to different exposure times.

(INSERT FIGURE 4)

3.2.2 Thermal stability

Thermograms (TGA) and Heat Flow (DSC) data were collected for pure palygorskite,
methyl red and for the studied red-purplish hybrid material. Patterns were collected
both in air and N2 flux, but no appreciable difference was observed. The following
comments and related figures are referred to data collected in air.

The TGA/derivative Heat Flow (DSC) patterns for pure palygorskite (Fig. 5) are
consistent with previous studies'>>%-6! and can be divided in three sections: i) in the
low temperature region (< 300°C), two sharp endothermic peaks appear in the

derivative DSC at about 120-130 (more intense) and 230-240°C. The former, causing

12



a 9% weight loss, can be attributed to the departure of both superficially adsorbed and
loosely bound zeolitic H20; the latter, causing a further 4% weight loss, to the removal
of residual H>O and the first fraction of structural OHa. ii) in the central region (300-
600°C), a broad endothermic peak at 520-530°C can be related to release of residual
OHg, causing a further 5% weight loss. iii) in the high temperature region (> 600°C) a
narrow endothermic peak followed by a broader exothermic maximum can be
observed at 920 and 950-980°C respectively, the former being related to
dehydroxilation and irreversible folding of the clay structure — a process reputed to
start at lower temperatures (550°C)®2 — and the latter to possible phase transformation
to clinoenstatite®® or an amorphous phase.®? These occurrences cause no further
decrease in weight. The global weight loss is approximately 18%.

(INSERT FIGURE 5)

Loss of OH, merits further discussion: though previous studies® proved that no
correspondence exists between experimentally calculated H>O percentages and those
derived from the theoretical model,®® Mg-coordinated OH is expected to be lost over
a wide temperature range, i.e. to start immediately after the release of the last fraction
of zeolitic H20 (210-220°C) and to be complete before dehydroxilation. Recent
diffraction studies,®® consistent with previous TGA,® proved that loss of OH, occurs
in two steps: the first half is lost between 202 and 267°C and the residual between 307
and 452°C. In spite of the renowned difficulties in sharply attributing weight
percentages inferred from TGA to zeolitic H20 or structural OH,® it is assumed that
most of the 230-240°C and the 520-530°C endothermic maxima can be related to the
loss of the 1%t and 2" half of Mg-coordinated OH, respectively.

TGA/DSC data collected for pristine methyl-red in air (not shown) are consistent with
previous studies.*® No weight loss occurs below 200°C, though a small exothermic

transition attributed to trans- to cis-isomerization can be appreciated at 180°C. A
13



drastic weight loss (25%) is registered between 200 and 230°C, accompanied by an
endothermic maximum (230°C) associated to molecule combustion. Weight loss
proceeds gradually with temperature rise until complete consumption.

Adsorption of methyl red on palygorskite causes significant changes in both the TGA
and derivative DSC patterns (Fig. 6). Most important variations are: i) two
endothermic peaks, analogous to those described for pure palygorskite, appear in the
derivative DSC below 300°C, but the global weight loss is reduced with respect to the
pristine clay (11 vs. 13%, respectively). ii) a never-before seen, sharp endothermic
peak appears in the DSC at 390-400°C. As no analogous band is observed for the pure
clay, this feature is expected to be related to loss and combustion of the guest methyl
red dye. Reliability of this attribution is supported by the corresponding weight loss
(measured in the 300-400°C interval) being approximately 2%, well matching with the
dye amount purposely added to the clay during synthesis of the hybrid pigment. At
higher temperature (500°C), a weaker endothermic peak can be related to release of
the residual structural OHxfraction, whose departure is likely to start between 250-
260°C (shoulder in DSC); the related weight loss (4%) is lower than that occurring in
pure palygorskite (5%). iii) no significant change affects the region above 600°C.
(INSERT FIGURE 6)

In order to evaluate the effects of heating on the colour and optical properties of the
studied hybrid material, diffuse reflectance UV-vis data were collected in different
steps of the adopted temperature ramp. The related patterns are shown in Figure 7.a.
Heating causes both absorption maxima in the visible range (540 and 580 nm
respectively) to progressively decrease in intensity until complete disappearance: such
a behavior is consistent with gradual deterioration of the methyl red molecules
adsorbed on palygorskite. The intensity decay with heating is slightly more effective

on the 580 nm band (Figure 7.b), basically showing for both maxima a linear decrease
14



which causes them to almost zero at T > 350°C (Figure 7.b). Further heating (up to
450°C) flattens all visible bands, causing the related spectrum (Fig. 7.a) to be similar
to that of pristine palygorskite.

UV-vis spectra collected using the same temperature ramp on pristine methyl red
specimens (not shown), though following a more complicated trend, basically show
that absorption bands in the visible range tend to disappear below 300°C consistently
with the above commented TGA results.

(INSERT FIGURE 7)

4. Discussion

All experimental evidences suggest that in the studied hybrid material supramolecular
host/guest interactions form between the hosting palygorskite matrix and the guest dye, which
is in agreement with previous results® and literature studies on analogous methyl red-
intercalated adducts.*

Because of its reactivity, the methyl red carboxyl group is likely to be mostly involved in
interacting with the hosting clay, a fact already hinted by previous UV-vis data (decay of the
290 nm maximum — see figure 4 in Giustetto and Wahyudi, 2011).%468 Though the
correspondent IR spectral region is superposed to the more intense palygorskite v(Si—O) bands,
involvement of the dye —C=0 group as an H-bond acceptor could be ascertained.2°48:56:58.69
Existence of H-bonds, known to be responsible for the unusual stability of analogous
palygorskite and/or sepiolite-based adducts with indigo,?>3341:50.70 js further confirmed by the
detected perturbations which involve a small Mg-coordinated OH: fraction, presumably acting
as H-bond donor for the methyl red carbonyl.?>4%% These interactions can form inside the
palygorskite tunnels and/or in the grooves (half-channels) furrowing the fibres surface,*®

supporting the assumption of an intervened incorporation of methyl red inside the clay pores.
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The collected spectroscopic outcomes give also specific information about the configuration of
the incorporated dye molecules. Before sorption, pure methyl red is mostly in its neutral trans-
form’%"2 though presence of a subordinate cis- isomer cannot be completely excluded; ">
transformation of one form to another can be switched by pH fluctuations or exposure to
electromagnetic wavelengths.” Encapsulation inside the palygorskite pores triggers, at least in
part, transformation of methyl red trans-form [Fig. 8, (a)] to its possible quinoid zwitterionic
intermediates, namely an intramolecular H-bonded tautomer®® and a non-bonded one [Fig. 8,
(b) and (c) respectively].%7%"7 Such transformations, possibly favoured by contextual presence
of the strong donor-acceptor couple of dimethylamino and carboxyl groups,’® reduce n-electron
density on the central azoic bond due to conversion from a double (N=N) to a single bond (N—
N)>! and tend to stabilize after completion of the hybrid pigment synthesis. These zwitterionic
azo derivatives possibly contribute to formation and tightening of host/guest interactions due to
presence of strong donor-acceptor groups on both precursors,®%67.71 7677 \which may justify
existence of Coulombic attractive forces.

(INSERT FIGURE 8)

Gradual transformation of one zwitterionic tautomer (non-intramolecular hydrogen bonded
form) to another (intramolecular H-bonded form) is likely to characterize the different steps of
the clay/dye complex formation. ¢”-"* Such an evolution, catalyzed by heating and Soxhlet
treatments, may also suggest appearance of a third, additional quinoid zwitterion with
temperature rise which may form an inter-molecularly hydrogen bonded complex with the
hosting framework, a hypothesis already hinted in literature.”* Contextual presence in the
hybrid material of several zwitterionic tautomers is consistent with the sorption of methyl red
on an electrostatic unbalanced hosting matrix such as palygorskite.

In addition to zwitterions, the clay-adsorbed methyl red molecules may also appear in the form
of modified trans-isomers perturbed by gradual formation and strengthening of interactions

with the clay framework.
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It appears therefore that several kinds of different bonding types may exist between the clay
and the dye — each contributing to the exceptional stability of this hybrid material, which rivals
that of Maya Blue itself. The proposed analogy is well-grounded as also stability of this Pre-
Columbian pigment is guaranteed by similar effects related to various kinds of interactions®*
co-existing in different sites®! — i.e. inside the host microtunnels or in the superficial grooves.*®
No significant loss of structural OH> nor structural folding is likely to happen by heating
(150°C) a previously activated/evacuated palygorskite + methyl red (2 wt%) ground mixture.
Such a behavior is opposed to that of pristine palygorskite, whose heating in vacuum at 150°C
causes almost 50% OH; loss and folding of the clay structure.>*>*>" Presence of methyl red in
the tunnels of palygorskite apparently prevents structural folding while affecting release of
structural OH2 1% half, a situation analogous to that observed in sepiolite, a similar
microporous clay, for which incorporation of indigo under equivalent T and vacuum conditions
implies non-folding of the clay structure.>>° Phase transition due to appearance of di-hydrated
palygorskite (expected at = 252°C in air’* and 150° in vacuum®>°7 for the pristine clay) is
therefore unlikely to happen in the heated hybrid pigment. Partial structural disorder caused by
limited structure folding, however (i.e. methyl red-free tunnel portions or located near the fibre
edges, with or without OH loss),* cannot be completely excluded.

Basic invariance of the evacuated hybrid material spectral features before and after heating
[Fig. 2, part (b), curves 1 and 2 respectively] implies that formation of host/guest interactions is
likely to be complete already after grinding, assuming that palygorskite is preliminarily
activated before adding the dye. Such a treatment, in fact, is expected to cause zeolitic H2O loss
while preserving the whole structural OH2 amount. Departure of zeolitic H>O achieved through
palygorskite activation or heating is a fundamental step to allow bonding to the dye. Such an
assumption further supports the fact that methyl red fixation involves diffusion inside the clay

tunnels or grooves rather than merely sticking on the fibre surface.
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The role of heating is therefore of lessen importance when a pre-activated clay/dye ground
mixture is concerned, as such a step just ensures strengthening of host/guest interactions
already established during grinding consequent to clay activation and zeolitic H2O loss.
Conversely, heating becomes a fundamental step to allow formation of mutual bonds when the
hybrid pigment is prepared in air at room temperature, for mere grinding per se is not effective
to cause zeolitic H20 loss, achievable only by heating the mixture. Such a treatment, when
applied in average environmental conditions, triggers perturbations in the dye molecule
configuration causing spectroscopic data collected on merely ground or heated specimens to
substantially differ.*

To further support the abovementioned assumptions, UV-vis diffuse reflectance data were
collected on pre-activated palygorskite mixed and ground under N2 atmosphere with 2 wt%
methyl red (Fig. 9, curve 1, dot-dashed) prior to heating. This pattern is quite different from
that related to an analogous unheated clay/dye adduct ground in average environmental
conditions (curve 2 in Fig. 9, taken from Giustetto and Wahyudi).%® As pre-activation of
palygorskite causes loss of most zeolitic H20 to occur without heating, the ground mixture
(curve 1 in Fig. 9) shows both an absorption decrease of the 465 nm band (trans-isomer
perturbation, due to formation of mutual bonds) and a weak red-shift (from 560 to 566 nm) of
the zwitterions maximum, thus implying that host/guest interactions are already established at
this stage. It is noteworthy to remark that for these spectral features to become manifest when
the hybrid pigment is synthesized in average environmental conditions, further heating and
Soxhlet extraction are necessary.® Such a trend confirms that crushing of pre-activated
palygorskite in N2 with a 2 wt% methyl red is more than sufficient to ensure adequate
stabilization of the dye in the clay matrix, even without heating.

(INSERT FIGURE 9)

Further rehydration and Soxhlet extraction in ethanol removes any non-bonded dye surplus

(isolated or crystalline methyl red trans-isomer) from the pigment, leaving the bound trans-
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form and zwitterions unaffected and possibly strengthening their links to the hosting matrix
(shift towards higher wavelengths of the 540 and 580 nm UV-vis maxima: see fig. 4 in
Giustetto and Wahyudi, 2011).364

Persistence of the adsorbed dye as zwitterions or perturbed trans-isomers in the clay framework
is hard to destabilize, as previously performed stability tests to chemical agents and pH
fluctuations proved. Only treatment with HCI apparently affects the clay-incorporated dye,
somehow modifying its bonding to the host and causing an appreciable chromatic variation
(from purplish to red).*® Further stability checks proved that neither prolonged solar/UV-A
irradiation nor thermal treatment trigger appreciable transformations in the encapsulated dye
molecules, as no shift affects the related spectral maxima. All treatments, however, cause
progressive degradation thus explaining the consequent bleaching of the hybrid pigment hue.
Though sharp identification of molecular species from absorption spectra is tricky,’®
consistently with the attributions suggested by literature3%:’1-"47® the methyl red zwitterions are
less severely affected by sunlight exposure with respect to the perturbed trans-isomer form,
whose maximum (540 nm) undergoes a more significant decay. An opposite trend is observed
by severely heating the hybrid material, for it is the zwitterions maximum (580 nm, main
contributor to the pigment colour) to suffer a more severe intensity decrease. Trans- to cis-
isomerisation, sometimes catalyzed by specific irradiation,’” is not likely to occur.

Colour fading due to progressive dye degradation proceeds linearly with time. Sorption of
methyl red in palygorskite, however, causes such bleaching to be significantly slower with
respect to that observed for pure methyl red exposed to analogous conditions. The palygorskite
framework plays therefore a fundamental role in sheltering the guest molecules, which is
consistent with their intervened incorporation in the host micropores. When progressively
heated, the red/purplish colour of the hybrid material is maintained, though progressively
reduced in intensity, until T = 350°C; a further 50°C increment causes the specimen to almost

completely bleach (400°C: Fig. 7.a). Such a behavior is consistent with the endothermic
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degradation of the clay-adsorbed dye and is further confirmed by the related weight loss
corresponding to that of the added methyl red amount (almost2%).

Stability of methyl red to both irradiation with specific wavelengths and thermal treatment is
therefore markedly enhanced by incorporation and bonding in the hosting palygorskite
microtunnels. The mutual clay/dye interaction significantly affects the thermal features of the
resulting hybrid material with respect to its isolated precursors. Sorption of methyl red in
palygorskite causes a lower quantity of weakly-bound H>O to leave the hosting framework
during dehydration. Such reduction, possibly related to zeolitic H20, implies that in the
synthesized pigment part of the channels volume is occupied by the incorporated guest
molecules. Sheltering guaranteed by intervened encapsulation causes the adsorbed dye to
apparently decompose at significantly higher temperatures (390-400°C) with respect to its pure,
isolated counterpart (200°C), a trend already observed on similar methyl red intercalated hybrid

materials.*°

5. Conclusions

A stable red/purple hybrid pigment can be obtained by mixing, grinding and heating (140°C for
several hours) palygorskite with 2 wt% methyl red. Such a complex possesses the same stability
of Maya Blue as neither its color nor its structure are significantly affected by chemical attacks.*®
While fixation on other microporous materials (i.e. zeolites) preserves methyl red activity to pH
fluctuations and related color changes allowing production of solid phase indicators,* sorption
on palygorskite shields and stabilizes the azo-dye, whose color does not sensibly change in spite
of drastic pH variations, and keep it in situ thanks to supramolecular host/guest interactions. Use

of palygorskite instead of sepiolite ensures the adopted hosting framework to be stronger and
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more stable,2#! although the reduced size of the pores (maximum width: 6.4 vs. 10.6 A
respectively) inevitably limits the possibility of incorporating bigger guest molecules.

Feasible diffusion of methyl red inside the palygorskite micropores was already hinted in
literature®® thanks to the dimensional compatibility between the tunnels maximum effective
width (6.4 A) and the molecule minimum steric impediment (6.0 A). This hypothesis is
corroborated by the fundamental role played by heating or evacuation during the hybrid pigment
synthesis, processes which are responsible for clay activation, zeolitic H2O loss and dye
incorporation inside the emptied tunnels or superficial grooves (Fig. 10).

(INSERT FIGURE 10)

Methyl red encapsulation affects the structural features of the hosting matrix preventing folding
with heating (150°C in vacuum, due to concrete unfeasibility for the dye-occupied tunnels to
collapse) and modifying its tendency to retain structural OH. The same phenomenon modifies
the thermo-optical features of the azo dye, enhancing its stability and colour resistance.
Different kinds of host/guest interaction (H-bonding and electrostatic attractive forces) coexist
and contribute to the exceptional stability of the studied hybrid material, a situation apparently
occurring as well in the analogous clay/indigo Maya Blue adducts.®! It cannot be excluded,
however, that further interactions might develop according to the magnitude of heating applied
during synthesis. Straight bonds could form between the dye carboxyl group and the peripheral
TOT Mg ions, once the 1% OH> half is removed due to temperature rise. These bonds, described
for analogous hybrid materials subjected to severe thermal treatments,>?2 are known to lack
stability favouring gradual reverse to OH»-mediated H-bonds consequent to relentless
rehydration of palygorskite cooled in a hydrating environment.32

As in Maya Blue, where indigo loses its planarity?>*’ due to partial oxidation to
dehydroindigo,?®#284 sorption of methyl red in its multiple configurations (modified trans-isomer
and zwitterions) might involve slight distortions of the molecule thus facilitating diffusion inside

the palygorskite microtunnels.
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1. The structure of monoclinic palygorskite®®; unit cell is marked by continuous lines and z-
elongated microchannels are deprived of zeolitic H>O for sake of clarity (a); Acid red 2
(C15H15N302, C.1. 13020 — methyl red) dye molecule (b).

2. Part a): FTIR spectra of pristine methyl red as solid-state powder diluted in KBr (grey curve)
and in benzene solution (solvent contribution subtracted; black curve). Part b): FTIR spectra
of pre-activated (in vacuum at 150°C) palygorskite + methyl red (2 wt%) mixed and ground
under N2 atmosphere (1), heated in vacuum at 150°C (2) and after re-hydration in air and
Soxhlet extraction in ethanol (3). Inset ¢) magnification of the 5(OH) band of the pre-
activated mixed and ground hybrid material, evidencing a shoulder at 1632 cm™.

3. Effect of prolonged solar-like irradiation (100 hours) on the diffuse reflectance UV-visible
spectra of the palygorskite + methyl red (2 wt%) adduct (a); intensity decrease of the
absorption maxima in the visible range (540 and 580 nm) (b).

4. Effect of prolonged UV-A irradiation (76 hours) on the diffuse reflectance UV-visible
spectra of the palygorskite + methyl red (2 wt%) adduct (a); intensity decrease of the 580
nm absorption maximum (b).

5. Observed TGA (a) and DSC (b) curves for palygorskite in air in the 0-1000°C temperature
range.

6. Observed TGA (a) and DSC (b) curves for the palygorskite + methyl red (2 wt%) adduct in
air in the 0-1000°C temperature range.

7. Effect of progressive heating [room temperature (RT) to 450°C] on the diffuse reflectance
UV-visible spectra of the palygorskite + methyl red (2 wt%) adduct (a); intensity decrease of
the absorption maxima in the visible range (540 and 580 nm) (b).

8. The acid red 2 (methyl red) molecule in trans-form (a), intra-molecular hydrogen bonded
quinoid zwitterion (b) and non-bonded quinoid zwitterion (c).>!

9. Diffuse reflectance UV-Visible spectrum of a pre-activated (120°C in N) and evacuated
(pressure below 5x10* mbar) palygorskite + methyl red (2 wt%) adduct mixed and ground
under N2 atmosphere (curve 1, grey and dashed) compared to that of a non-pretreated
palygorskite + methyl red (2 wt%) adduct mixed and ground in average environmental
conditions (in air at room temperature) (curve 2, black, taken from Giustetto and Wahyudi,
2011%%). Spectra were obtained on powder samples diluted with BaSO4 (1: 3 ratio).

10. Juxtaposition and encapsulation of methyl red molecule inside the palygorskite superficial
grooves (a) and microtunnels (b and c) respectively. Specific H-bonds and electrostatic
interactions form between the dye carboxyl group and the clay Mg-coordinated OH. (dashed
lines), thus stabilizing the hybrid material. Notice how the limited amount of methyl red
added to palygorskite (2 wt%) causes not all channels to be filled by the dye molecules. The
residual channels are empty (while heating or in vacuum) or re-filled by weakly bound
zeolitic H20 (in average environmental conditions; not shown for sake of clarity).
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