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ABSTRACT 

A green ancient thread sample from a Chilean mummy turban was analyzed by plasmon-enhanced Raman scattering spectroscopy using a direct drop-colloidal 

method. The enhanced-Raman signals in the sample are associated with biomolecules from the thread and two coexisting dyes, indigo and leuco-indigo. The presence 

of indigo (blue colour) was identified from its most characteristic vibrational bands. Leuco-indigo (yellow colour) was identified for the first time in an ancient textile; 

its SERS signals are coincident with the SERS bands of a synthesized leuco-indigo. The interconversion leuco-indigo to indigo was followed by UV-visible 

spectroscopy. Based on theoretical calculations it is proposed that the interconversion involves a  electron delocalization mainly around the NC-CN bridge. The 

mixture of both dyes (indigo and leuco-indigo) is the responsible for the green colour observed. 
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INTRODUCTION 

Indigo, (E)-[2,2'-biindolinylidene]-3,3'-dione, is an organic compound used as 

dye due to its characteristic blue colour. Historically, indigo has been extracted 

from plants (Indigofera, Strobilanthes, Isatis, and Polygonum) [1–3] by ancient 

cultures to use it in a variety of artefacts and tangible cultural heritage of the 

humanity. Related to this fact, it has been reported [4, 5] that pre-Columbian 

cultures used fermented bath as a recurrently methodology for dyeing with 

indigo, where Clostridium bacteria is associated and described as a biochemical 

mediator of this particular dyeing process [4, 6, 7]. The identification of indigo 

in many different matrices has been usually carried out by several 

chromatographic methods [1, 3, 8, 9] and by spectroscopic techniques such as 

Raman and surface-enhanced Raman spectroscopy (SERS) [10–14]. 

The use of natural extracts from plants in dyeing process also considers the 

presence of many others indigo-derivatives. Maugard et al [1] detected by 

chromatography different coloured molecules derived from indigo such as trans-

indigo (indigotin, blue), trans-indirubin (isoindigotin, red), cis-indigo (blue), cis-

indirubin (isoindirubin, red), indigo brown (isoindigo), indigo gluten and indigo 

yellow [1]. In the case of indigo yellow, no information about its identification 

as stable compound has been published, possibly, since its stability is associated 

to a particular chemical environment in the dyeing process. In this sense, 

synthetic indigo yellow or leuco-indigo, a water soluble diketo form of indigo 

(reduced form), is chemically unstable and in presence of O2 rapidly returns to 

its oxidized form (indigo). Leuco-indigo can be prepared by three chemical ways: 

dithionite pathway in a basic and inert (N2) aqueous environment [15], catalytic 

hydrogenation [16] or electrochemical reduction [17]. 

Platania et al [18] developed a micro-extraction methodology for indigo from 

an ancient textile with subsequent reduction. The methodology consists in the 

use of reduction agents, called as leuco-reagents (sodium hydroxide and 

dithionite) in an agar-gel structure. The use of this method allowed the extraction 

of indigo in the reduced form, leuco-indigo, and its later characterization by 

Raman and SERS [18].  

The presence of the yellow indigo has been reported in plants [1, 10]. However, 

the possible existence of indigo related compounds in ancient textiles was studied 

in a lesser extent. In some particular cases green colours observed in certain 

textiles have been likely associated to the presence of indigo relatives. For 

instance, Otłowska et al [19] identified natural dyes in a 16th century carpet from 

the combined use of chromatography and spectroscopy tools; a particular green 

sample was studied and the authors concluded that the colour is associated to the 

presence of indigo. However, no additional explanation of the colour was 

provided [19] considering that indigo exhibits a characteristic blue colour.  

To our knowledge, there are no previous studies regarding the presence of 

leuco-indigo dye in ancient textiles. In the present work, we demonstrate for the 

first time the identification of leuco-indigo as a stable chemical species in a green 

thread from a Chilean mummy turban. This evidence was done by using SERS 

and a novel colloidal drop methodology on the sample experimented here that 

implies a non-extractive method of dye from the textile fibre. The results 

obtained by this way show the identification of the coexistence of two dyes: 

indigo and leuco-indigo. To support the presence of the leuco form, leuco-indigo 

was prepared in this work by chemical reduction of indigo, using dithionite in a 

basic and inert environment and its SERS spectrum was compared to that of 

indigo and the leuco-indigo referred in the literature. 

EXPERIMENTAL 

Chemical reagents 

All the chemical reagents were of analytical grade and used without any further 

purification. Indigo, silver nitrate, sodium dithionite, sodium hydroxide, 

hydroxylamine hydrochloride and solvents were purchased from Sigma-Aldrich. 

Ultrapure water type 1 from Simplicity water purification system was 

employed in the preparation of the silver nanoparticles (AgNPs) and the stock 

solutions. 

Instruments 

The colour measurement of the thread sample was performed in a Konica 

Minolta’s CR-10 tristimulus colorimeter. The UV-visible spectra of the surface-

plasmon of the AgNPs, supernatants of the thread sample, indigo and leuco-

indigo in solution were recorded in a Hewlett Packard 8453 (Palo Alto, CA, 

USA) UV-visible spectrophotometer. Scanning Electron Microscopy (SEM) of 

AgNPs were obtained in a Zeiss EVO MA10, Oberkochen-Germany. 

Raman and SERS measurements were performed in two instruments: a      

Micro-Raman system (RM1000, Renishaw) equipped with a Leica microscope 

and an electrically cooled charge coupled device (CCD) detector to analyze the 

dried samples; while a Witec Raman spectrometer model Alpha300 RA equipped 

with electrically cooled EMCCD detector model DU970-FI Newton Series was 

used to register the spectra in solution. The 785 nm laser line was employed in 

all the experiments. Spectra were recorded in the 200-1800 cm-1 region and the 

scanning conditions were chosen to avoid sample degradation. 

Preparation of the thread sample 

A green thread sample from a mummy turban belonging to the San Miguel de 

Azapa Archaeological Museum of the Universidad de Tarapacá in Arica, Chile, 
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was analyzed. The turban was found in the Playa Miller 7 cemetery at                    

“El Laucho” beach (see Figure S1, Supplementary Material) from the incipient 

agriculture period (formative) [20, 21]. The analyzed sample consisted of several 

threads of 5 mm length. Commercial white wool was employed to register its 

Raman and SERS spectra as a blank in order to be compared with the ancient 

sample. 

Sample colour measurement 

The colour measured from the sample with the colorimeter was expressed 

according to the Commission Internationale de l’Eclairage (CIE) L*a*b* colour 

space values [22–24], where each colour in the CIE L*a*b* colour space has a 

unique location defined by its Cartesian coordinates respect to the axes L*, a* 

and b*; this is a 3-dimensional rectangular colour space based on the Opponent-

Colours theory. L* axis (lightness axis) has the following values: 0 for black, 50 

for middle grey and 100 for white. In the a* axis (red-green axis), the positive 

value represents the red, a negative value for green and 0 is neutral. In the b* axis 

(blue-yellow axis), the positive value represents the yellow, a negative value the 

blue and 0 is neutral. The colour parameters measured for the sample were L*: 

33.1; a*: 0.8; b*: 10.7. Based on these data, the colour of the sample is green. 

UV-visible Absorption spectra of the coloured solution from the thread 

UV-visible absorption spectra were obtained by extraction of the colorants of 

the green threads. To do this, the threads were deposited inside a glass tube 

containing 300 L of ultra-pure methanol; solutions were stored for 3 days in the 

darkness. Then, the supernatant solution was diluted with 1.5 mL of ultra-pure 

methanol and the UV-visible spectrum of the resultant solution was registered 

between 200 and 800 nm by using a quartz cell with 1.0 cm of optical path and a 

spectral resolution of 2 nm. 

Synthesis and characterization of AgNPs 

AgNPs used in the SERS experiments were synthesized following previously 

reported methods [25]. This colloid was prepared by adding 10 mL of silver 

nitrate (10-2 M) to 90 mL of a solution containing hydroxylamine hydrochloride 

(10-3 M) and sodium hydroxide (10-3 M). The AgNPs were obtained at room 

temperature under rapid stirring conditions rendering a grey-reddish suspension. 

Extinction spectra of the suspension were obtained by diluting 200 L of the 

suspension in 0.8 mL of ultrapure water. The UV-visible spectrum of the 

resultant solution was registered in the 200 and 800 nm region by using a quartz 

cell with 1.0 cm of optical path and the spectral resolution of 2 nm.  

Sample preparation for SERS measurements of the thread 

SERS analysis was always performed in-situ in order to preserve the integrity 

of the existing colorants. Thus, no hydrolysis procedure of the dye/mordant 

molecular system was applied. The preparation of the sample was carried out as 

follow: the thread was placed onto a single concave microscope slide and 25 L 

of colloidal suspension were dropped to cover the thread. The solvent was 

evaporated at room temperature without sunlight exposure. After three hours, the 

spectra were registered on different sites of the sample. 

Preparation of leuco-indigo in solution 

3,3 mg of indigo were added to 25 mL of ultrapure water. The resulting 

suspension was sonicated for 30 minutes. 300 L of this solution were added to 

a cuvette containing 54 mg of sodium dithionite dissolved in 3 mL of NaOH 

(2M) solution in order to induce the oxidation of indigo to leuco-indigo. The 

cuvette was then sealed, and nitrogen gas was bubbled for 4 hours to prevent the 

oxidation of leuco-indigo and kept in the darkness for 12 hours. The resulting 

yellow leuco-indigo solution was studied by UV-visible and SERS. Once it was 

identified, small amounts of air volumes were added to oxidize the leuco-indigo 

to the indigo form. During this process, UV-visible spectrum was recorded. 

Raman and SERS measurements of indigo and leuco-indigo 

Regular Raman spectrum of indigo was obtained in the solid, while the SERS 

spectrum was obtained from the solution prepared by dissolving indigo in 

acetone to a final concentration of 1,0 μM. Then, 10 μL of this solution was added 

to 200 μL of AgNPs. The Raman and SERS spectra of indigo and sample were 

registered with a micro-Raman system (RM1000, Renishaw). The laser power 

onto the Ag colloidal coated sample was less than 2 mW. The instrument was 

calibrated using the 520 cm-1 band of a Si wafer and a 50× objective. Its 

resolution was set to 4 cm-1 and 1-4 scans of 10-20 s each were averaged. Spectra 

were recorded in the 1800-200 cm-1 region. Spectral recording conditions and the 

laser line used were specially selected in order to avoid sample degradation and 

fluorescence background; in this sense, the 785 nm line was used. 

SERS spectrum of leuco-indigo in aqueous solution was recorded in a Witec 

Raman spectrometer model Alpha300 RA equipped with electrically cooled 

EMCCD detector model DU970-FI Newton Series. The 785 nm laser line was 

employed to irradiate the aqueous solution into a quartz cuvette accessory. The 

excitation wavelength was chosen to avoid the intrinsic fluorescence of leuco-

indigo in aqueous solution. 

Theoretical calculations 

The Gaussian 09 software was employed to optimize the geometry of indigo 

and leuco-indigo and to calculate their Raman spectra; calculations were carried 

out at the DFT level using the restricted B3LYP functional and 6-31G(d,p) basis 

set in gas phase. Non-negative frequencies were obtained. 

Geometry optimizations, geometry single point, scans and Raman frequencies 

calculations for indigo and leuco-indigo molecules in the gas phase were 

performed with the Gaussian 09 software [26]. The same dihedral angles NC-CN 

in indigo and leuco-indigo species were rotated in 45 steps of 8 degrees. The total 

energies and Raman spectra of conformers were obtained using the density 

functional theory DFT with the hybrid functional B3LYP (Becke’s three 

parameter hybrid functional combined with the Lee–Yang–Parr correlation 

functional) and adopting the 6-31G (d,p) basis set. We selected the most 

representative conformer for each species according to the experimental data 

match. No imaginary frequencies were observed in the calculations of the 

vibrational spectra, and no scale factor was used in all the calculated frequencies. 

Local nucleophilic Fukui functions of the two species were analyzed by the 

AOMIX software [27]. 

RESULTS AND DISCUSSION 

AgNPs characterization 

The extinction maximum of the fabricated AgNPs was observed at 405 nm, 

that indeed corresponds to its localized surface plasmon resonance, Figure 1A. 

The analysis of AgNPs with SEM shows spherical nanoparticles, see insert in 

Figure 1A.  

No Raman signals were observed except for the 241 cm-1 band assigned to the 

Ag-Cl stretching mode [28]. In particular, Cl- anion comes from the colloidal 

preparation due to the use of hydroxylamine hydrochloride as a reducing agent, 

Figure 1B. 

 

Figure 1. A) UV-visible spectrum and SEM image of spherical AgNPs. B) 

Raman spectrum of AgNPs. 

Raman and SERS analysis of the commercial white wool and thread 

sample 

Commercial white wool used as reference was analyzed by Raman and SERS 

(Figure 2). The Raman reference spectra of wool were compared to the 

corresponding SERS spectrum of the archaeological thread (Figure 2A). The 

SERS spectra on the thread was repeated in different points in order to check the 

effect of the laser radiation on the textile fiber (Figure S2). It is evidenced that 

no big variations were observed so it is ruled out any degradation during the 

experimental work. 
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The signals with significant relative intensities observed in the Raman 

spectrum of the white wool, were related to the presence of the amino acids of 

keratin. Tryptophan (W; 1339 cm-1), tyrosine (Y; 1187 and 836 cm-1), cysteine 

(C; 652 and 522 cm-1) and phenylalanine (F; 1630, 1601, 1004 and 962 cm-1) 

were the amino acids identified in the Raman profile, as it can be seen in Figure 

2C. Additionally, bands due to -CH2- deformations and amide III modes were 

also identified and assigned. The same signals of the latter amino acids were 

observed in the SERS spectrum of the blank (white wool), with different relative 

intensities and slight shifts according to the rigid structure of the keratin. A 

detailed assignment of these signals is listed in Table 1. 

 

Figure 2. A) SERS spectrum of the thread sample, B) SERS spectrum of the 

white wool and C) Raman spectrum of the white wool, including their bands 

assignment. (: bending mode; : stretching mode).  

Table 1: Comparison of some Raman and SERS bands (cm-1) of the white 

wool with the SERS bands of the thread sample, along with the bands 

assignment. 

Raman 

white wool 

SERS 

white wool 

SERS 

thread Sample 
Assignment 

522 529 -  S-S keratin 

- 551 551 C 

652 650 662 C 

836 825 - Y 

962 950 965 F 

1004 1004 1009 F 

1187 1184 1185 Y 

1281 - -  Amide III keratin 

1339 1316 1328 W 

1455 1466 1471  -CH2 keratin 

1601 1601 1594 F 

1630 - - F 

: in-plane deformation; : stretching; C: cysteine; Y: tyrosine; F: 

phenylalanine; W: tryptophan. 

Analysis of the coloured sample 

In the SERS profile of the green sample it was possible to observe the same 

biochemical components of the keratin macrostructure [29, 30]. In particular, 

cysteine bands were observed at 551 and 662 cm-1. The first band is assigned to 

the stretching S-S mode of the gauche-gauche conformation which is supported 

by the appearance of the second band at 662 cm-1 assigned to the stretching C-S 

gauche [31, 32]. Tyrosine is identified by the signal at 1185 cm-1 assigned to the 

out-of-plane deformation of the ring (CCH). The strong signal at 1594 cm-1 was 

assigned to the ring stretching vibration of phenylalanine; this amino acid 

displays two other bands at 1009 and 965 cm-1. Finally, the signal at 1328 cm-1 

is related to tryptophan benzene ring vibrations [33]. 

The green colour of the sample is rarely observed in ancient textiles. However, 

a recent study associates this colour with the presence of indigo derivates [19] 

without any other chemical structural specification. 

The SERS spectrum of the green thread sample displays bands at 760, 879, 

1047, 1230 and 1361 cm-1 which evidence the presence of indigo dye (Figure 3, 

Table 2). These bands can be assigned as follow [18, 34, 35]: the deformations 

of aromatic rings of six- and five-members are observed at 760 and 879 cm-1. 

The signal at 1047 cm-1 is assigned to the out-of-plane deformation of CO 

coupled to the stretching CC of aromatic rings, while the CH deformation is 

observed at 1230 cm-1. The band at 1361 cm-1 is attributed to a coupled vibration 

of the fragment composed by the C=C, C=O and N-H bonds. 

 

Figure 3. SERS spectrum of the green sample. Identified peaks are ascribed to 

indigo. 

Table 2: Comparison of the most significant vibrational bands (cm-1) in the 

SERS spectra of white wool, thread sample, leuco-indigo, indigo and their most 

probable bands assignment. 

Raman 

Indigo 

SERS 

Indigo 

SERS 

leuco-Indigo 

SERS 

Sample 
Assignment 

545 544 549 551 δ C=C-CO-C, δ C-N 

758 759 - 760 
Ring def. 

(6- and 5-member) 

- - 859 851  Pyrrole 

871 872 - 879 Ring def. (6- and 5-member) 

- - 1010 1010 
 Ring-COH + 

Coupled to F breathing in the 

sample 

- 1058 - 1047 Ring def. (5-member) and  C=O 

- 1110 1103 1107  C-H 

- - 1193 1185  NC-CN bridge 

1231 1231 1243 1230  C-H +  N-H 

- - 1338 1345  NC-CN bridge 

1374 1369 1368 1361  C=C,  C=O,  N-H 

Def. Deformation; : in-plane deformation; : out-of-plane deformation;        

: stretching; F: phenylalanine. 
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The green colour observed in the threads is attributed to a combination of two 

coexisting species, the indigo blue colour and an indigo derivative contributing 

to the yellow coloration. The evident predominance of the indigo bands in the 

SERS spectrum is attributed to the stronger resonance effect of original blue 

indigo when exciting at 785 nm. In order to corroborate the co-existence of these 

two indigoid forms, the synthesis of the yellow leuco-indigo was performed in 

order to be characterized by SERS. 

Indigo displays a blue colour in aqueous solution and after the addition of 

dithionite the solution turns to yellow evidencing the formation of leuco-indigo 

(Figure 4A). The UV-visible spectrum of indigo (Figure 5A, dashed line), in a 

60/40 v/v acetone-water solution, exhibits a single absorption maximum at 616 

nm consistent with reported data [36, 37]. Conversely, in aqueous solution after 

the addition of dithionite, this maximum disappears and it can be seen a new band 

at 410 nm (Figure 5A, solid line) associated to an absorption maximum of the 

synthesized leuco-indigo [36, 37]. The origin of the colour change from blue to 

yellow is explained by the UV-visible spectra differences [10]; the spectral 

modification is associated to a  electrons delocalization around the pyrrole 

fragment and the C=C bridge. 

As it can be seen in Figure 4B, the conversion of indigo to leuco-indigo 

involves the reduction of the indigo molecule with the subsequent loss of the 

C=C double bond character on the bridge connecting the indole moieties. 

 

Figure 4. A) Picture of indigo and leuco-indigo aqueous solutions. B) Redox 

reaction of indigo to leuco-indigo. 

 

Figure 5. A) UV-visible spectra of indigo (dashed line) and leuco-indigo (solid 

line). B) UV-visible spectra of the leuco-indigo solution with 0, 5, 10, 15, 20 and 

25 mL of oxygen adding. 

This reduction can be reversed by the addition of oxygen to the leuco-indigo 

solution. To corroborate this fact, the conversion process of the synthesized 

leuco-indigo to indigo was performed by bubbling oxygen several times into the 

cuvette. UV-visible spectroscopy was used to monitor the conversion process. 

Figure 5B presents the UV-visible spectra of the leuco-indigo solution with 0, 5, 

10, 15, 20 and 25 mL of oxygen. When oxygen is bubbled into the leuco-indigo 

solution, the band at 410 nm (leuco-indigo absorption maximum) starts to 

decrease its intensity (hypochromic effect). Simultaneously, a new band at 680 

nm appears (indigo adsorption maximum) and increases its intensity 

(hyperchromic effect) with formation of an isosbestic point. After 25 mL of 

oxygen addition, there are no spectral signals of leuco-indigo; the UV-visible 

spectrum is dominated by the indigo signal. The stoichiometric addition of O2 

into the cuvette revealed the formation of an intermediate of the reaction (Figure 

5B), which is associated to the appearance of the band at 545 nm at the first 

addition of oxygen but quickly disappears. The low stability of this red coloured 

intermediate makes impossible to register its Raman or SERS spectra. 

Related to the bathochromic shift of the absorption band observed in the UV-

visible spectrum of the interconverted indigo from leuco-indigo (from 616 to 680 

nm, Figure 5A and B), this could be related with the presence of the sodium 

cation (from sodium dithionite). To clarify this, TD-DFT calculations were 

performed (see supporting material). In particular, the UV-visible spectrum was 

simulated for indigo in presence and absence of two Na+ cations. The obtained 

results exhibit a red shift of the absorption band when sodium cations were placed 

at 2.5 Å of distance for each oxygen atom of indigo. The stabilization of the 

structure was achieved and a bathochromic shift from 535.88 to 632.44 nm 

(+96.56nm) in the theoretical electronic UV-visible spectra in gas phase was 

observed (see Figure S3). On the other hand, a similar behavior was found by 

Liu et al [38] , were the synthesis of indigo was achieved through the oxidation 

of indole by the use of H2O2 and a protein catalyst named as F34Y Mb. In this 

case, the in-situ synthesis was followed by UV-visible spectroscopy, by 

considering the appearance of a band at 670 nm assigned to the formed indigo. 

When indigo is removed from the reaction aqueous solution and re-dissolved in 

DMF the absorption maximum exhibit a blue shift from 670 to 610nm. In this 

sense, it can be notice that the complexity of the reaction media can have an 

effect in the electronic behavior of the synthetized dye. 

In order to demonstrate the presence of both leuco-indigo and indigo in the 

thread sample, an UV-visible spectrum was quickly obtained for the supernatant 

fraction of the solution of the thread in methanol. The absorption bands at 409 

and 602 nm (Figure 6), are close with those observed in the UV-visible profile 

of indigo and the synthesized leuco-indigo displayed in Figure 5A.  

 

Figure 6. UV-visible spectrum of the supernatant solution. 

SERS spectrum of the synthetized leuco-indigo is displayed in Figure 7C 

compared to those of indigo and the green thread. The most significant bands are 

listed in Table 2. No bands associated with anhydrous, hydrated or aqueous 

dithionite residues were observed in the SERS experiments of leuco-indigo       

[38, 39]. In general, the SERS spectrum of leuco-indigo is dominated by bands 

of medium and strong relative intensity at 551, 859, 949, 1010, 1103, 1193, 1338, 

1571 and 1612 cm-1 (Figure 7C). Most of these bands have been also observed 

and discussed by Platania et al [18]. However, they did not make any assignment 

for the 1193 and 1338 cm-1 signals, which are associated with the pyrrole ring 

fragment and the conjugated NC-CN bridge. These two bands are of great 

importance because they are directly related to the moiety of the chemical 

structure that differentiates leuco-indigo from indigo. 
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Figure 7. A) Raman and B) SERS spectra of indigo. C) SERS spectrum of 

leuco-indigo and D) SERS spectrum of the green dyed thread sample. 

In order to find an appropriate assignment of the bands 1193 and 1338 cm-1, a 

theoretical study was performed for two selected conformers displaying 

differences mainly in their dihedral angle associated to the NC-CN bridge. The 

proposed theoretical bands assignment suggests coupled vibrational modes with 

an important contribution of a stretching vibration of a rather single C-C bond 

and vibrations of the 6- and 5-member ring for both bands (Table 3). This is 

consistent with the possibility of a rotation around the NC-CN bridge giving rise 

to the different conformers. 

Table 3. Experimental and theoretical Raman and SERS of selected bands     

(cm-1) of indigo and leuco-indigo 

Experimental Theoretical 

Assignment 
Raman of 

indigo (35) 

SERS of 

indigo 

SERS of 

leuco-indigo 

SERS of 

the thread 

sample 

Raman of 

indigo 

Raman of 

leuco-indigo 

- - 1193 1185 - 1171 
 C-C bridge  + 

 CH (6-member ring) 

- - 1338 1345 1358 1334 
 C-C bridge  + 

 C-N (5-member ring) 

: in-plane deformation; : stretching 

As mentioned above, the SERS spectrum of the green thread sample shows 

bands at 551, 1010, 1107, 1185 and 1345 cm-1 (Figure 7D), that correspond to 

the yellow dye leuco-indigo. When compared to the SERS of synthetized leuco-

indigo, slight wavenumber shifts were observed that are likely due to the 

difference of the matrix (thread or aqueous solution) where the experiments were 

performed. This is the case, for example, of the band at 1193 cm-1, associated to 

the pyrrole ring [40, 41], seen in the SERS spectra of leuco-indigo, and that 

appears at 1185 cm-1 in the SERS spectrum of the green thread. In addition, the 

band at 1338 cm-1 in the leuco-indigo SERS spectrum, related to the NC-CN 

bridge, shifts to 1345 cm-1 in the SERS spectrum of the thread sample. 

The presence of the latter two bands of leuco-indigo, as well as other weaker 

bands also observed in the SERS spectrum of the sample is the major evidence 

of the presence of leuco-indigo in the ancient thread. Indeed, this corroborates 

the fact that the green colour observed is the result of a combination of indigo 

(blue) and leuco-indigo (yellow). Since leuco-indigo is impossible to obtain as a 

solid powder, its detection in an ancient thread is novel and generates the 

question of how leuco-indigo is stabilized on the thread. On the basis of the 

electronic redistribution involving the NC-CN structural moiety, that the N lone 

electron pair plays an important role in the stabilization of the leuco-indigo, most 

probably through its interaction with positively charged chemical species. This 

interpretation is supported by a recent work demonstrating that the N atoms of 

indigo and leuco-indigo are involved in the interaction with Ir(III) [42]. In 

addition, another possibility for the stabilization of leuco-indigo is the formation 

of a stable metal-complex in the thread resulting from an interaction involving 

the oxygen atoms of the leuco-indigo form and a cation acting as binder. This 

idea is supported by the values of the calculated condensed nucleophilic Fukui 

located on the N atoms (Table 4) which indicate that leuco-indigo could interact 

with a cation after a deprotonation to form a cation-ligand complex. Also, on the 

basis of the Fukui values for the O(1) and O(2) atoms, displaying a high electron 

density, it is possible to propose that any positively charged species (cation) in 

the environment could stabilize the leuco-indigo conformer; the same cation 

could interact with the keratin protein as in the case of Cu+2, Ni+2 and Zn+2 as also 

demonstrated by recent works [43, 44]. Thus, a stabilized leuco-indigo form 

should result when the cations of the environment interact with nucleophilic 

binding sites localized on the O atoms removing the protons linked to these O 

atoms. 

Table 4. Fukui nucleophilic values* for selected atoms in indigo and leuco-

indigo and structural scheme of A) indigo and B) leuco-indigo. 

indigo leuco-indigo 

Atom 

Nucleophilic 

Fukui function 

in percent 

Atom 

Nucleophilic 

Fukui function 

in percent 

Atom 

Nucleophilic 

Fukui function 

in percent 

Atom 

Nucleophilic 

Fukui function 

in percent 

O(1) 7,60 O(2) 7,62 O(1) 17,19 O(2) 17,15 

C(1) 1,11 C(4) 1,11 C(1) 1,01 C(4) 1,01 

C(2) 10,95 C(3) 10,98 C(2) 9,37 C(3) 9,32 

N(1) 15,93 N(2) 15,94 N(1) 11,61 N(2) 11,63 

 
Selected atoms are identified with a number in parenthesis in indigo and 

leuco-indigo structures. 

*The condensed nucleophilic Fukui function was calculated for each atom 

around the C-C interring bridge bond for the two indigoid structures. 

CONCLUSIONS 

A green ancient thread sample from a Chilean mummy turban was analyzed 

by SERS spectroscopy. Bands associated to biomolecules of the fibre structure 

were identified. The CIE L*a*b* parameters allowed to confirm that the sample 

colour is green. SERS results show that the presence of two dyes, indigo and 

leuco-indigo, are responsible for the green observed colour. Indigo (blue colour 

component) was identified in the thread from its most recognizable vibrational 

bands. Leuco-indigo (reduced indigo derivative) displays a yellow colour and its 

SERS bands, obtained from a synthesized sample, exhibit a great correspondence 

with some of the bands also seen in the thread SERS spectrum. Particularly, two 

bands at 1194 and 1338 cm-1 related to modes involving the NC-CN bridge were 

also identified in the SERS spectrum of the thread (at 1185 and 1345 cm-1, 

respectively). In this sense, we concluded that the green colour is associated to a 

combination of indigo and leuco-indigo, both in the thread. The stabilization of 

leuco-indigo on the thread could be related to an eventual interaction between 

the N lone electron pair in the pyrrole moiety with unknown chemical charged 

species. The formation of a stable metal-complex in the thread, resulting from an 

interaction involving the oxygen atoms of the leuco-indigo form and a cation, is 

suggested. This proposition is supported by the calculated condensed 

nucleophilic Fukui values for N and O atoms. 
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