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ABSTRACT: Maya Blue-like pigments were prepared by two
routes using a palygorskite from the Maya region. Synthetic
indigo was used as a dye in one case, while the other used the
añil plant (Indigofera suf f ructicosa). Both synthetic and natural
Maya Blue pigments were aged and characterized in order
to clarify the interaction of the dye-palygorskite. Natural and
synthetic fresh Maya Blue pigments were very different; the
synthetic ones obviously stabilized the indigo molecule probably at the clay surface and may be in the grooves, but the natural
ones stabilized indoxyl molecules in the tunnels and over time oxidized to indigo. The presence of indigo, originating from the
añil plant, into palygorskite tunnels was evidenced in aged natural pigments by 29Si, 27Al, 13C, and 129Xe NMR. The persistence of
color was evaluated as a function of leaching dye under acidic conditions.

■ INTRODUCTION
The famous pre-Columbian Maya Blue (MB) pigment has been
the subject of many research papers.1−4 Most research focused
on explaining the extreme stability of this hybrid organic/inorganic
pigment, which is present in mural paintings in Mayan ceremonial
sites in the Yucatan, as well as in many ceramic pieces. More recent-
ly, it was also identified in the large monolith, Tlaltecuhtli,5,6 which
represents the Aztec Earth god.
In the MB pigment, the host is the fibrous palygorskite clay,

and the guest is the indigo molecule. Palygorskite is a fibrous
hydrated T−O−T phyllosilicate built by continuous two-
dimensional tetrahedral sheets of Si2O5. In the palygorskite
structure (Figure 1 right), narrow strips or ribbons of 2:1 layers
are linked stepwise at the corners. One ribbon is linked to the
other by inversion of the direction of the apical oxygen atoms
of SiO4 tetrahedrons in such a way that the structure can be
regarded as an elongated rectangular box consisting of con-
tinuous 2:1 layers, which are attached to the nearest boxes at
their elongated corner edges. Thus, the absence of the silicate
layers on the elongated sides of the boxes leads to the formation
of tunnels with a cross-section sized 3.7 × 6.4 Å (for hydrated
clay). The octahedral sheet is discontinuous; some octahedral
ions (mainly Mg2+) are exposed at the edges and hold the bound
water molecules. The palygorskite is generally represented by the
formula Si8(Mg2Al2)O20(OH)2(OH2)4·4H2O.

7−9 Composition
can vary depending of the source; for instance the Palygorskite
from Yucatań, Mexico, is represented by the formula
Si7.61(Mg2.19Al1.93Fe0.23Ti0.03)O20(OH)2Ca0.15Na0.17K0.11(OH2)4·
4H2O.

10 Figure 1 left shows a schematic cross-section of the
palygorskite structure, perpendicular to the tunnel’s direction.

One can see the three different configurations of octahedral
sites as M1, M2, and M3 in the structure. The M1 sites have a
trans-OH configuration. The M2, occupied by Al3+, sites have a
cis-OH configuration with a pair of OH ions being shared be-
tween two adjacent octahedra. The M3 sites, occupied by Mg2+,
have two water ligands and are present at the edges of the
octahedral ribbons.
Indigo is an organic dye, C16H10N2O2 (size 4.8 Å to 12.3 Å),

with a quasi-planar structure (Figure 2a). On Figure 2b is
provided the structural formula of the indoxyl, a precursor of
indigo.
The host−guest interaction is claimed to be at the origin of

great stability of the pigment, but the location of indigo in MB
remains controversial. Depending on the authors, indigo lies in
grooves at the surface of the clay fibers,3,11,12 entering the
internal tunnels and replacing the zeolitic water,13−15 or does
not enter the clay but stays at the tunnel entrances.16,17

The proposed models for the interaction that anchors indigo
to palygorskite include (i) formation of hydrogen bonds be-
tween the CO and N−H groups with edge silanol units of
the clay, (ii) formation of hydrogen bonds between indigo mol-
ecules and structural OH groups, (iii) hydrogen bond forma-
tion between indigo carbonyls and structural H2O, (iv) direct
bonding between the clay octahedral cations and the dye mol-
ecules without H2O, and (v) specific bonding to Al substituted
Si sites in tetrahedral centers.14,16,18 Finally, for some authors,
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the chemical stability in MB depends more on steric shielding
than on the strength of chemical bonding.19 Molecular modeling15

suggests that indigo molecules diffuse into the tunnels and
eventually reach several stable sites where they are trapped.
Further, theoretical calculations suggested that the most likely
association between the organic dye and the inorganic clay
involves Al3+ cations, exposed at the edge of the clay tunnels,
and the carbonyl group of the dye adsorbed on the surface.20

Among the numerous papers published on MB, very few
used original samples taken from Mayan sites. This fact is com-
prehensible because of the difficulty in obtaining a considerable
amount of archeological pigment for examination through
physicochemical and spectroscopic techniques. Instead, most
papers reported results obtained with fresh MB pigments pre-
pared using palygorskite clay collected from different sources
and with indigo provided by commercial chemical companies.
The MB pigments can be prepared using leaves of the añil
plant,21−23 which is the source of indigo that the Maya used.

The samples prepared from indigo and palygorskite have
been considered to be part of the family of pigments called
Maya Blue-like pigments. The other part of the family is a
pigment series where other aluminiosilicates (mainly sepiolite
and silicalite) host synthetic indigo molecules.24,25 The Maya
Blue-like stable pigments are now available within a wide
variety of colors and hues; these pigments are commercially
available. In fact, many other hybrid pigments have been
prepared, inspired by the Mayan technique.26,27

The mystery regarding the stability of MB has not been
resolved. As mentioned above, several studies are not in agree-
ment, and the synthetic samples may not match exactly with
the original pigment. In order to discard or confirm the hypoth-
esis that indigo molecules are stabilized inside the tunnels of
the clay, many experimental indirect information about the
tunnels of clays has been carried out,4 but the inner MB should
be directly examined. This observation has been achieved only
virtually. These studies attempt to be convincing, but the
materials simulated could be far from the real Mayan world.
Thus, we have started this work with the goal of visiting the
interior of tunnels of the MB pigments prepared by a protocol
believed to be close to those used by the Mayan people. To spy
the interior of the MB tunnels is possible using nuclear mag-
netic resonance (NMR) of 29Si,27Al, 13C, and 129Xe of adsorbed
xenon. Xenon has a kinetic diameter of 4.4 Å and has very high
polarizability; therefore, its diffusion in the direction of the
length of the tunnels of palygorskite is possible. 129Xe NMR
has proved to be a sensitive technique used to characterize the
different porous media in detail.28−33 Further, we have aged the

Figure 1. Structure of palygorskite clay (right) showing the tunnels where indigo dye could be hosted; gray = silicon, red = oxygen, and green =
magnesium or aluminum. Projection on directions a and b (left) showing the octahedral sites. In this projection O′, OH′, and H2O′ form the bottom
triangles while O, OH, and H2O fit in the top triangles of the octahedral. Adapted with permission from ref 7. Copyright 2009 Mineralogical Society
of America.

Figure 2. Structural formula for indigo (a) and indoxyl (b) molecules.
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samples and the evolution of the nature host−guest interaction
was followed, in particular by 13C NMR.

■ EXPERIMENTAL PROCEDURE
Materials. Traditional Maya Blue. Maya Blue samples

were prepared according to the traditional method, as reported
by Reyes-Valerio.34 Briefly, in 100 mL of distilled water, 1.5 g
of palygorskite clay (from Yucatań, Mexico) and 5 g of fresh
washed leaves from the añil plant (Figure 3; Indigofera

suf f ructicosa from Niltepec, Oaxaca, Mexico) were placed in
contact for 18 h at room temperature. The añil leaves were
removed, and the suspension was stirred vigorously for 20 min.
The suspension settled for 1 h and was finally filtered; the
filtered solid was dried at 180 °C overnight, obtaining a bluish
solid.
Synthetic Maya Blue. MB pigment was prepared following

the procedure described in many previous studies.3 A mixture

of palygorskite clay from the Yucatań and synthetic indigo from
Aldrich were finely ground and heated to 180 °C for 24 h. This
procedure is the most common one used to prepare MB-like
pigments. It is worth noting that the indigo is not soluble in
water. In order to elucidate the role of solvent as a possible
determinant factor of indigo diffusion and stabilization on clay,
another sample was prepared with the same ratio of indigo/clay
but with indigo dissolved in dimethyl sulphoxide (DMSO),
provided by Aldrich. The color of MB pigments emerged from
these two preparations, using indigo, was enhanced blue.
Table 1 summarizes the synthesis conditions of the samples

considered in this study. The corresponding sample codes and
the number of water and indigo molecules per gram of pigment
were determined by chemical analyses. It was assumed that the
total amount of carbon is retained as indigo. Two traditional
Maya Blue samples were prepared by varying the ratio of añil/
palygorskite. For comparison purposes, the synthetic Maya
Blue pigment was prepared by maintaining the same total
amount of carbon that was found in one of the two traditional
Maya Blue samples considered.

Accelerated Aging. Samples were treated to simulate aging.
Samples were placed in an Accelerated Weathering Tester from
the Q Panel Company QUV. The temperature was maintained
at 45 to 50 °C for 16 h under UV exposure and a relative
humidity of 20 to 30%, followed by 8 h at 45 to 50 °C under 80
to 100% relative humidity without UV exposure. This cycle was
repeated for 200 days, which is equivalent to 10 years in real
time. The code of aged samples includes the prefix A instead of
F, which is used for the fresh samples.

Characterization. Samples were characterized by NMR of
29Si, 27Al, 13C, and 129Xe of adsorbed xenon. Solid-state 27Al and
29Si NMR single excitation spectra were acquired on a Bruker
Avance 400 spectrometer. 29Si NMR spectra were acquired at
79.46 MHz using the combined techniques of magic angle
spinning (MAS) and proton dipolar decoupling (HPDEC).
Direct-pulsed NMR excitation was used throughout the
experiment, employing 90° pulses (3 μs) with a pulse repetition
time of 40 s. Powdered samples were packed in zirconia rotors.
The spinning rate was 5 kHz, and the chemical shifts were
referenced to TMS.
The 27Al MAS NMR spectra were acquired under MAS

conditions operating the spectrometer at a frequency of 104.2 MHz.
Short single pulses (π/12) were used. The samples were spun

Figure 3. Añil (Indigofera suf f ructicosa) plant, containing the indigo
dye used to prepare Maya Blue-like pigments.

Table 1. Characteristic of the Samples

sample code components (precursors)

estimated number of
indigo molecules per
gram of pigmentab

indigo (wt %)
in sample

estimated number of
water molecules per gram

of pigmentcd

F-NMB1 palygorskite and fresh leaves of añil 2.987 × 1019 1.3 3.13 × 1021

F-NMB2 palygorskite and dried leaves of añil 5.974 × 1019 2.6 3.02 × 1021

F-SMB1 palygorskite and indigo from Aldrich 5.974 × 1019 2.6 2.41 × 1021

F-SMB2 palygorskite and indigo from Aldrich diluted in DMSO 5.974 × 1019 2.6 2.53 × 1021

F-PAL palygorskite 2.95 × 1021

A-NMB1 palygorskite and fresh leaves of añil after aging 2.987 × 1019 1.3 2.39 × 1021

A-NMB2 palygorskite and dried leaves of añil after aging 5.974 × 1019 2.6 2.24 × 1021

A-SMB1 palygorskite and indigo from Aldrich after aging 5.974 × 1019 2.6 2.46 × 1021

A-SMB2 palygorskite and indigo from Aldrich diluted in DMSO after aging 5.974 × 1019 2.6 2.59 × 1021

A-PAL palygorskite after aging 2.51 × 1021

A-SMB1- ac palygorskite and indigo from Aldrich after aging and acid treatment 2.920 × 1019 1.26
A-NMB2-ac palygorskite and dried leaves of añil after aging and acid treatment 4.986 × 1019 2.2
aAs determined by chemical analysis. bError associated ±5%. cAs determined by thermal analysis. dError associated ±3%.

The Journal of Physical Chemistry C Article

dx.doi.org/10.1021/jp207602m | J. Phys. Chem. C 2012, 116, 4556−45634558



at 10 kHz, and the chemical shifts were referenced to an
aqueous 1 M AlCl3 solution.
The 13C CP/MAS NMR spectra were acquired at a fre-

quency of 75.422 MHz at a spinning rate of 5 kHz. Typical 13C
CP/MAS NMR conditions for 1H−13C polarization experiment
used a π/2 pulse of 4 μs, contact time of 1 ms, delay time of 5 s,
and at least 80 000 scans. Chemical shifts were referenced to a
solid shift at 38.2 ppm relative to TMS.
Xenon gas (Praxair, 99.999%) was used for the 129Xe NMR

measurements. For these experiments, the sample was placed in
a NMR tube equipped with Young valves through which the
xenon gas was equilibrated with the sample at 20 °C under
different pressures. Prior to xenon loading, samples were dehy-
drated by gradual heating up to 80 °C under vacuum (1.33 ×
10−4 kPa). These soft conditions were used in order to avoid
any change in the interaction of the clay−dye. Colors of pig-
ments before and after vacuum treatment were similar, assum-
ing that desorption of the dye did not occur. The 129Xe NMR
spectra were recorded at 20 °C while operating the spectrometer
at 111.23 MHz. Single excitation pulses were used, and at least
5000 scans were collected with a delay time of 2 s. The chemical
shift was referenced to xenon gas extrapolated to zero pressure.
Dye Desorption. Maya Blue-like pigments were tested for

dye desorption by refluxing the samples in aqueous 5 M HNO3 .
The samples were acid treated several times. Solids and liquids
were separated by centrifugation, and the desorbed dye was
quantified in solutions by UV−vis spectroscopy; analysis was
performed by interpolating the intensities measured in a calibra-
tion curve that was previously created.

■ RESULTS AND DISCUSSION

Fresh synthetic MB pigments (F-SMB) were enhanced blue
colored. In contrast, the natural fresh MB samples (F-NMB)
were only pale blue, and with aging, the blue was considerably
enhanced.
Figure 4 displays the 29Si spectra of both synthetic and

natural MB samples. Spectra of four fresh pigments (Figure 4a)

are very similar to the spectrum of free-dye palygorskite (F-PAL).
The spectrum shows three resonance peaks, and two are very
intense; the first peak at −97.5 ppm is assigned to the edge Si
nuclei. The second intense resonance at −93.0 ppm is due to
the center silicon nuclei. Lastly, a small peak is observed close

to −85 ppm, which is due to Q2(Si−OH)Si sites, located at the
edge of the ribbons at the crystal edges or defects.35,36 All three
resonances were observed in fresh pigments with a similar
width and at the same position, suggesting that the dye mole-
cules are not strongly interacting with the silicon atoms. Because
of the propositions regarding the dye−clay interactions, one
could expect that the aluminum atoms play an important role
as receptors of dye. The 27Al MAS NMR spectra, shown in
Figure 5a, however, do not support this hypothesis because the

spectra of the four fresh pigments are very similar to the
spectrum of palygorskite, which presents an isotropic signal close
to 0 ppm due to aluminum 6-fold coordinated in an oxygen
environment.8,37 These results suggest that in fresh samples, the
clay−dye interaction does not occur directly with Al or Si, which
is reasonable because of the low reactivity of silicons in clay and
the internal position (M2 sites) of aluminum. It should be
concluded that the clay−dye interaction in fresh samples should
be only a physical adsorption at the surface of the clay, in agree-
ment with previous works supported by TEM, SEM, thermal
analysis, and theoretical studies.11,27

With aging, 27Al and 29Si NMR spectra of free-dye paly-
gorskite clay (A-PAL) remain unchanged, supporting that water
remains adsorbed close to aluminum. Likewise, the three peaks
in the 29Si NMR spectra of both fresh and aged synthetic SMB
samples are roughly identical (Figure 4a,b, respectively). In the
case of the dye in aged pigments, A-SMB indigo does not
interact with the silicon layers. 27Al NMR spectra of samples
SMB1 and SMB2, before and after aging, also remained similar
(Figure 5). This feature supports that in synthetic MB
pigments, the interaction of indigo and palygorskite does not
occur through aluminum atoms. A symmetric and narrow peak
of 27Al resonance in this pigment suggests that structural water
is adsorbed close to aluminum and prevents the approach of
the dye molecules.
On the contrary, the 29Si MAS NMR spectra of natural NMB

pigments changed with aging and revealed an evolution of
the dye−clay interaction. In aged NMB1 and NMB2 samples,
the low intense peak at −85 ppm faded out completely; only
two intense resonance peaks are observed reaching the same
integrated intensity. Further, the chemical shifts of the signals in
the spectrum of sample loaded with the higher amount of dye
(NMB2) are shifted 3 ppm to higher chemical shift values, and
they are roughly 200 Hz broader than those observed for fresh

Figure 4. 29Si MAS NMR spectra of fresh (a) and aged (b) Maya Blue-
like pigments.

Figure 5. 27Al MAS NMR spectra of fresh (a) and aged (b) Maya
Blue-like pigments.
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pigments. This is the first evidence that indigo is inside the clay
tunnels. The incorporation of indigo into tunnels of paly-
gorskite has to correlate to the elimination of water molecules.
The absence of the resonance at −85 ppm was previously
related to dehydration and decomposition of the ribbons of
clay.38 In addition, the 29Si NMR spectra are sensitive to de-
sorption of zeolitic water molecules,35 then also to the adsorp-
tion of other species. This explanation is also supported by the
27Al MAS NMR spectra, (Figure 5a,b), which show that
the narrow and symmetric peak in the spectrum of sample
F-NMB2 becomes significantly broader and asymmetric in the
spectrum of A-NMB2. This can be explained because of the
exchange of some water molecules close to the aluminum
atoms with dye molecules, maintaining the 6-fold coordination
around aluminum but changing some of its symmetry. The loss
of water was confirmed by thermal analysis, as seen in Table 1.
These results could be interpreted as a folding of clay but this
hypothesis is discarded because C. Dejoie et al. analyzed
original Maya Blue pigments and reported that indigo prevents
the clay folding.19

For the sake of conciseness, only some 129Xe NMR spectra of
xenon adsorbed at different pressures on the F-NMB1 sample
are presented in Figure 6. All spectra show a low signal/noise
ratio due to the low amount of adsorbed xenon.

All fresh and aged samples, including the free-dye paly-
gorskite, presented similar spectra, with a single isotropic signal
whose chemical shift increases with the amount of adsorbed
xenon (Figures 7 and 8) and fit very well to linear relationships
as follows:29,33,39

δ ρ = δ + δ + δ ρ( ) 0 S 1 ([1])

where δ0 is the reference, and δs is the term due to the inter-
action between xenon and the wall of the clay tunnels. More
precisely, δS is related to the mean free path of a Xe atom within a
pore because it depends not only on the dimensions of the pores
but also on the ease of diffusion inside the solid crystallites.33,39

Typically, the smaller the value of δS, the larger the pore
size.33,39,40 This dependence was first expressed for zeolites and
was later validated for many other types of microporous materials,
including two-dimensional network structures such as clays.41−43

The δS values are indeed the same, 66.5 ± 1 ppm, for the four

fresh MB pigments, as well as for the palygorskite without dye
(F-PAL). This value of δS agrees with the pore size of paly-
gorskite. δ1 is the coefficient describing the effects of xenon−
xenon collisions, and ρ is the xenon density (atoms per gram of
pigment). The slope of lines δ = f(ρ) is related to the free
porous volume. The slopes of the two lines corresponding to
both fresh natural pigments (F-NMB1 and F-NMB2) and for
the line for F-PAL are the same. The same δS and δ1 means that
the three materials have similar pore sizes and free volumes,
and the adsorbed species are only located at the external surface
of the clay as supported by 29Si and 27Al NMR results. Addi-
tionally, the slopes of the lines for the two synthetic pigments,
F-SMB1 (preparation without solvent) and F-SMB2 (prepara-
tion in DMSO), are very close and slightly lower than those of
palygorskite. This fact is due to the lower content of water in

Figure 6. 129Xe NMR spectra of xenon adsorbed at indicated pressures
on F-NMB1 sample.

Figure 7. 129Xe chemical shift as a function of concentration of xenon
in (▲) F-PAL, (■) F-NMB1, (□) F-NMB2, (●) F-SMB1, and (○) F-
SMB2. The error associated to the value of chemical shift is ±1 ppm.

Figure 8. 129Xe chemical shift as a function of concentration of
xenon in (▲) A-PAL, (■) A-NMB1, (□) A-NMB2, (●) A-SMB1, and
(○) A-SMB2. The error associated to the value of chemical shift
is ±1 ppm.
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these pigments as determined by thermal analysis (Table 1).
The difference in the content of water is originated by the
preparation method. In conclusion, the previous results by
129Xe NMR confirm those obtained with 29Si and 27Al NMR:
dye does not diffuse into the tunnels of synthetic fresh
pigments, whatever their preparation.
With aging, the variations of the chemical shifts against the

amount of xenon (Figure 8) are more interesting. Because the
PAL samples do not contain any organic molecules, the slight
difference of the slopes between F-PAL and A-PAL is only due
to the small decrease in the water concentration with aging
(Table 1). The variation of δ(ρ) in both synthetic MB pig-
ments, A-SMB1 and A-SMB2, are identical to that obtained for
A-PAL. Because these three samples contain a similar content
of water, it is concluded that the indigo is not inside the tunnel
of the aged synthetic samples. Whatever the preparation (free
solvent or in DMSO), using pure indigo leads to a strong
stabilization of dye at the surface of clay, inhibiting its diffusion
into the tunnels.
On the contrary, with aging, an increase of the δ1 slopes for

A-NMB1 and A-NMB2 was observed, as compared with those
of the fresh samples. Further, the higher the concentration of
dye, the higher the slope. This result can be interpreted as a
presence of indigo inside the tunnels and grooves as a function
of its concentration. It is worth noting that the δS value is the
same and is within the experimental error for all natural pig-
ments, fresh and aged, which suggests that some of the tunnels
are blocked by indigo and others are dye-free. The diffusion of
dye into the tunnels of the A-NMB2 sample may be so imp-
ortant that the zeolitic water is displaced to favor the
stabilization of dye.
Regarding the A-NMB2 sample, the previous results must

be relevant to explain the persistence of the color in Maya
pigments. In this context, curves displayed in Figure 9 show the

amount of dye retained in the solids after leaching under acidic
conditions. After seven consecutive acid attacks on A-NMB2,
the sample (A-NMB2-ac, Table 1) leached approximately 20%
of dye. In contrast, the synthetic A-SMB1 pigment releases a
high percentage, up to 50% of dye, after five acid treatments
(A-SMB1-ac, Table 1). The dye more accessible, i.e., the dye

present at the external surface of the clay, is easily attacked by
acid. Thus, the stabilization of dye at the surface of the
synthetic pigment implies a vulnerability of this pigment to acid
attacks.
After acid treatment, 129Xe NMR experiments were carried

out with A-NMB2-ac and A-SMB1-ac. The plots of chemical
shift versus xenon amounts are presented in Figure 10. In order

to have a reference material, the curve for palygorskite clay, acid
treated in the same way that the pigments were, is also included
(A-PAL-ac). Within the experimental errors, the plots for A-
SMB1-ac, A-PAL, and A-PAL-ac coincide. This result confirms
the assumption above, suggesting that aging does not induce
the penetration of indigo into the tunnels of the synthetic
samples.
Alternatively, the curve for acid treated A-NMB2-ac presents

a slight minimum at a low concentration of xenon. A linear
behavior is observed at higher xenon loading with a slope
slightly greater than that for the sample before acid treatment.
The value of δ determined by extrapolation of the line for zero
concentration is equal to δS. These results show that the free
volume of the A-NMB2 sample is slightly lowered by the acid
treatment, creating a few strong adsorption sites, likely cations
removed from the framework.28,33 These variations, however,
are relatively weak and are the consequence of a very strong
acid treatment. It is confirmed that the stability of the A-NMB2
sample is similar to the stability of the original Maya Blue
pigments.
The different behaviors of MB pigments prepared from

synthetic indigo and from añil leaves remain questionable. It
should be emphasized that indigo is water insoluble. Indigo
from leaves in aqueous solution should precipitate on the
surface of the clay without any diffusion in the pores, according
to the results obtained with synthetic indigo. However, añil
leaves also provide indoxyl and indican (easily hydrolyzed to
indoxyl), which are both soluble in water and smaller than
indigo. These molecules can be adsorbed on the clay surface
and diffuse much more easily into the pores; they are oxidized
under atmospheric oxygen during aging to give indigo. In this
sense, 13C CP/MAS NMR spectra displayed in Figure 11

Figure 9. Percent indigo retained by the pigments after consecutive
acid treatments. (a) A-NMB2 and (b) A-SMB1.

Figure 10. 129Xe chemical shift as a function of concentration of xenon
in samples after acid treatment. (▲) A-PAL-ac, (□) A-NMB2-ac, and
(●) A-SMB1-ac.
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confirm this hypothesis. Spectra of fresh, synthetic, and natural
MB pigments are very different. NMR peaks of the spectrum of
F-SMB1 were assigned to the indigo molecule (peaks labeled
according to carbons numbered in Figure 2a). In contrast, the
spectrum of F-NMB2 matches with the indoxyl molecule,
where the numbering of peaks corresponds to the numbering of
carbons of Figure 2b.
With aging, the spectrum of synthetic pigment remains

unaltered; the indigo molecules were stable on the palygorskite
over the time. The presence of indigo is also evident (intense
peaks at 112, 120, 123, 124, 142, and 188 ppm) in the aged
natural pigment (A-NMB2). Clearly, the indoxyl was oxidized
to indigo. A minor amount of indoxyl (peaks at 101 and
109 ppm) remained without being oxidized. This explanation has
been previously suggested12,44 and is in complete agree-
ment with our results.
These results explain the variations above-mentioned about

the color differences between the natural MB samples, before
and after aging. For example, F-NMB2 is slightly bluish, while
A-NMB2 became enhanced blue.
The case of A-NMB1 may seem surprising, the variation in

δ(ρ) seems to contradict the 29Si and 27Al NMR spectra, prac-
tically unchanged. In fact, according to the theoretical conclu-
sions of C. Dejoie et al,19 indigo populates successively the very
stable sites at the tip fibers, then the groove sites, and finally the
tunnels. Sample A-NMB1 having a concentration of adsorbate
relatively lower than A-NMB2, the change in slope of δ(ρ) may
be due exclusively to the filling of the grooves, which have
almost the same dimensions as that the tunnels, but this does
not influence the silicon and aluminum sites in the tunnels.

■ CONCLUSIONS

This work aimed to understand the interaction between indigo
dye and palygorskite clay from the Maya region. The dye was
added to clay three different ways: (i) the traditional Mayan
technique, mixing the palygorskite with aqueous solution of
leaves of the añil plant; (ii) the synthetic recurrent method,
mixing palygorskite and synthetic indigo finely ground and
heated to 180 °C; and (iii) a variant of the synthetic method
mixing palygorskite and synthetic indigo dissolved in DMSO.

NMR spectra of 29Si, 27Al, and adsorbed xenon 129Xe show
that only the sample prepared by the traditional technique
contains indigo inside the tunnels of palygorskite. With samples
prepared from synthetic indigo, an interaction between indigo
and the external surface of the clay is favored.
The acid treatment of samples after aging provides evidence

for the chemical resistance of pigments prepared from the
traditional technique when compared to the synthetic samples.
This behavior agrees with the distribution of dye in the
samples, as elucidated by NMR.
The indigo dye from añil leaves is water insoluble; therefore,

it should be deposited on the external surface of clay without
any diffusion in the pores, according to the results relative to
the synthetic samples. The presented results, particularly the
13C NMR spectra, prove that some smaller precursors of indigo,
such as indoxyl, should be adsorbed on the clay surface and
diffuse more easily into the pores; they are ultimately oxidized
under atmospheric oxygen to provide indigo.
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J. Archaeol. Sci. 2010, 37, 2881−2886.
(7) Chryssikos, G. D.; Gionis, V.; Kacandes, G. H.; Stathopoulou,
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