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a b s t r a c t 

This study examines the fading of the blue-green background in an 1885 printed cotton dress by Edmund 

Potter & Co., in the collection of the Victoria and Albert Museum (V&A). Uneven fading patterns indicate 

differential light exposure, with protected areas retaining greater vibrancy. An in-situ analytical campaign 

employing portable UV–VIS–NIR spectroscopy, colorimetry, and VIS hyperspectral imaging identified dye 

constituents and evaluated their conservation state. Complementary micro-destructive Surface Enhanced 

Raman spectroscopy suggests the presence of early synthetic triarylmethane dyes. To further investigate 

their photo-fading behaviour, mordanted cotton mock-ups dyed with selected blue-green triarylmethane 

dyes commercially available at the time of the dress’s production, namely, diamond green B (C.I. 42,0 0 0, 

Basic Green 4, 1877), diamond green G (C.I. 42,040, Basic Green 1, 1879) and yellowish light green SF 

(C.I. 42,095, Acid Green 5, late 19th Century) were subjected to controlled aging and monitored. Com- 

parative analysis with in situ data provided contextual insight into the photochemical behaviour of the 

dyes, highlighting differences associated with substituent type and orientation and their potential influ- 

ence on observed photoproducts, including benzophenones. These findings advance the understanding of 

triarylmethane dye fading in important historical textiles and inform conservation strategies for museum 

display of such dye sensitive collections. 

© 2026 The Author(s). Published by Elsevier Masson SAS. This is an open access article under the CC BY 

license ( http://creativecommons.org/licenses/by/4.0/ ) 
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ntroduction and research aim 

Triarylmethane dyes (TAMs) are renowned for their versatile 

ivid hues from red and purple to blue and green and cost- 

fficient production, which led to their rapid industrial adoption 

ollowing their commercialization in the 1880s. Within the con- 

ext of heritage science, TAMs are of particular importance due to 

heir extensive historical use in textile dyeing and printing. Beyond 

extiles, they were also widely employed in cosmetics, biological 

tains, printing, ballpoint pens, and writing inks [ 1–3 ]. Since the 

7th century, textile printing in Europe was driven by advance- 

ents in design, production and dyers’ chemical expertise whose, 

ith the advent of synthetic dyes, further transformed the industry 

 4–6 ]. Calico printing transformed the textile industry by enabling 
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recise application of dyes to create patterned fabrics. Edmund 

otter (1802–1883) advanced this technique, making his Dinting 

ale Works (UK) a global leader. Texts from that time emphasised 

hat Potter’s ‘design library’ and colour lab actually drove innova- 

ion, earning recognition for unique Victorian patterns [ 7 ]. To af- 

ord a great variety of shades and strength, since 1880s, the tri- 

rylmethane family dyes were actively used for printing [ 8 ]. 

Structurally, TAM dyes observe a common chemical backbone 

ith three conjugated aromatic rings attached to a central carbon 

tom[ 1 ] differing in their various auxochromic substituents ( Fig. 1 ). 

owever, TAMs notably observe a low lightfastness (ISO 2) [ 9 ] and 

re susceptible to fading when exposed to light and oxygen. Their 

nvironmental impact and toxicity and subsequent effort f or their 

fficient chemical breakdown and removal from wastewaters has 

rovided motivation in recent decades for the studies to elucidate 

heir complex photodegradation pathways. TAMs undergo different 

egradation mechanisms and reaction pathways also depending on 

he orientation of substituents, thus leading to specific degradation 
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Fig. 1. Triarylmethane dyes backbone and main elucidated photoproducts through 

several oxidative degradation pathways in literature [ 3 , 17 , 18 ]. 
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ates and colour fading. Light exposure is noted in literature to 

rovoke several degradation pathways including: N-dealkylation , 

here methyl groups on the dye are sequentially replaced by hy- 

rogen atoms[ 10 ]; photo-oxidative cleavage of the central C-phenyl 

ond[ 11 ]; ring opening initiated by hydroxyl radicals (•OH) gener- 

ted from singlet oxygen in water[ 3 ]; and photo-reduction of the 

xcited dye cation to its leuco form, either by electron addition to 

he photoexcited species or by photochemical hydrogenation [ 12 ]. 

n cultural heritage materials, the conditions in which dyes are 

ound influence their photochemical behaviour and, consequently, 

heir degradation processes [ 13 ]. For example, literature notes that 

he use of fillers such as titanium dioxide in high-quality paper 

an affect the rate of N-dealkylation [ 14 ]. N-dealkylation has also 

een reported in powder samples [ 15 ] while, on the other hand, 

hoto-oxidative processes are observed when dyes are present 

longside binders [ 16 ]. 

These degradation pathways often compete, rendering the pro- 

ess highly complex also significantly affected by external fac- 

ors such as heat, light intensity, wavelength, and humidity. Pho- 

odegradation of TAMs typically produces oxidation products such 

s quinone-like compounds and benzophenone derivatives, along 

ith dealkylated species. Hydroxylated products, aromatic amines, 

nd carbonyl compounds are also formed due to cleavage and ox- 

dation of the molecular structure. Prolonged light exposure can 

ield smaller fragmentation products, such as organic acids and 

ldehydes [ 19 ]. These photoproducts, identified via spectroscopy 

nd chromatography, reflect the varied chemical pathways of ox- 

dation, N-dealkylation, and molecular breakdown under light ex- 

osure. Fig. 1 shows the common molecular structure of triaryl- 

ethanes alongside frequently reported photoproducts: Michler’s 

etone, benzophenone, and phenol from photo-oxidative cleavage; 

ararosaniline from N-dealkylation; and carbinol from hydrolysis) 

 2 , 17,18,20–24 ]. 

Over the past decades, analytical techniques have been em- 

loyed to investigate this class of dyes, predominantly in so- 

ution and in historical artifacts as colorants, inks and dyes 

ue to their chemical complexity, historical significance, and rel- 

vance for conservation employing namely UV–VIS–NIR spec- 

roscopy, Infrared and Raman/Surface-Enhanced Raman Scattering 
46
SERS) techniques [ 2 , 20 , 18,22 , 25–27 ]. Micro-destructive chromato- 

raphic methods have been utilised including, HPLC-DAD-ESI-Q- 

oF, LC-MS and LC-MS-MS favouring the identification of degra- 

ation products [ 3 , 28,29 ]. More recently, pyrolysis coupled with 

C–MS, and capillary electrophoresis [ 30 ] and UHPLC-PDA-HRMS 

ave been employed emphasising the complexity and diverse com- 

ositions of dye production to gain a better understanding of the 

ormulation of historical drawings and manuscripts inks [ 15 ]. Inte- 

rating these findings is key to elucidating the chemical behaviour 

f triarylmethane dyes in varied matrices, a requirement increas- 

ngly vital to the field of cultural heritage preservation. To under- 

tand the fading phenomena observed in the historical Edmund 

otter & Co cotton dress and ultimately inform its preservation, an 

n-situ analytical campaign was carried out, supported by a con- 

rolled photo-aging study on textile mock-ups. The mock-ups pro- 

ide a controlled setting to better elucidate the synthetic dyestuff

nd the processes driving its photodegradation, which helps in- 

erpret changes in the original textile. Based on the production 

imeline of the dress, dated about 1885, and through prelimi- 

ary micro-destructive analytical investigations of a micro-sample 

ollected during a recent conservation intervention (2023), it is 

ypothesised that early synthetic dyes from the triarylmethane 

amily were employed in the now faded background coloration. 

he in-situ campaign outcomes were used to construct a series 

f mordanted cotton textiles to examine the photo-fading be- 

aviour of selected blue-green triarylmethane dyes. The selection 

f these dyes was based on their class, colorimetric data, produc- 

ion year (which needed to precede the dress’s production date), 

nd their reflectance spectra. Based on these criteria, three dyes 

rom our database were chosen: Diamond Green B (DGB), Dia- 

ond Green G (DGG), and Yellow Light Green S.F (YLG). The mor- 

anted cotton mock-ups were subjected to analytical monitoring 

y non-invasive and micro-invasive techniques, including UV–VIS–

IR spectroscopies and colorimetry. The resulting analytical data 

re compared with those collected in-situ. These findings may sup- 

ort colour reconstruction effort s and assist in defining a coherent 

cientific predictive basis to contribute to the optimization of pre- 

entive conservation strategies of historical artifacts utilising anal- 

gous TAM dye systems. 

aterial and methods 

aterials 

Dress: The V&A houses an exemplary printed cotton dress by 

dmund Potter & Co, Fig. 2 .a. This textile design, influenced by 

apanese kamon circular emblems, reflects the impact of Japanese 

rt on late Victorian design [ 31 ]. The dyes used are undocumented 

nd the garment exhibits a blue-green background, with evident 

igns of fading in areas not shielded from direct light exposure, 

uch as beneath flaps and overlaps of the bodice which remain still 

ore brightly coloured (see details of Fig. 2 .b). 

Textile mock ups preparation: Raw cotton was dyed with se- 

ected triarylmethane dyes fitting of the turquoise colour in the 

ress which were commercialised at the time of its manufacture, 

amely, DGB (Basic Green 4, C.I. 42,0 0 0), DGG (Basic Green 1, C.I. 

2,040) and YLG (Acid Green 5, C.I. 42,095), Fig. 3 . Raw cotton was

ordanted with gallic acid [ 32 ] using a simplified method, a 100:6 

cotton:mordant, w/w) ratio by pre-soaking for 2 h, dissolving gal- 

ic acid in hot water, and treating the fibres for 1 h at 70 – 80

C. Dye method: For the basic dyes (DGB and DGG), 20 mg of dye 

ere dissolved in 150 mL of demineralised water at 70 °C. Cotton 

abric (2 g; 2.5 × 16.5 cm) was immersed in the dye bath and held 

t 70 °C for 30 min, with stirring every 5 min. The samples were 

ooled in the bath and rinsed with demineralised water. 
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Fig. 2. Image of a ) printed cotton dress and b ) details of fading of the blue background [printed by Edmund Potter & Co. (1885, made), Accession Number T.7–1926]. 

© Victoria and Albert Museum. 

Fig. 3. Molecular structures of a ) diamond green B (DGB), b ) diamond green G (DGG) and c ) yellowish light green SF (YLG). 

a

d

a

f

a

a

(

i

i

a

a

T

p

b

o

e

5

6

fl

t

t

M

V

s

S

p

s

s

o

e

a

s

t

a

R

For the acid dye (Yellowish Light Green SF), 150 mL of deminer- 

lised water was heated to 70 °C, 10 g sodium sulfate and 30 mg 

ye were added, and the cotton sample (2 g) was immersed. After 

dding 40 μL concentrated sulfuric acid, dyeing proceeded at 70 °C 

or 30 min with periodic stirring. The fabric was cooled in the bath 

nd rinsed with demineralised water. 

Artificial Ageing: Photoaging experiment were performed using 

n ozone free Cermax xenon lamp filtered by water and UV filter 

 > 400 nm) at different step of irradiation time, over 203 h. Light 

rradiance measurements were performed using an irradiance cal- 

brated AvaSpec-2048–2 spectrometer (Avantes, NL) provided with 

 200 μm diameter optical fiber (FC-UVIR200–2 ME, Avantes) and 

n 8 mm active area cosine corrector (CC-UV–VIS/ NIR, Avantes). 

he spectrometer operates in the 200 – 1100 nm range (300 lines 

er mm grating) and is equipped with an AvaBench-75 optical 

ench, a 25 μm slit which produced 1.2 nm FWHM spectral res- 

lution and a 2048-pixel CCD detector. The total light dose for 

ach textile mock-up, after 203 h, experiments were respectively: 

,68 ×10 °4 Watt∗h/m2 for DGB, 3,45 ×10 °4 Watt∗h/m2 for DGG and 

,04 ×10 °4 Watt∗h/m2 for YLG. The changes induced in the re- 

ectance and colorimetric properties were monitored at different 
47
ime interval, Table 1 . This procedure was applied to all three tex- 

iles. 

ethods 

IS-NIR reflectance & fluorescence hyperspectral imaging 

Visible and near infrared (VIS–NIR) hyperspectral imaging mea- 

urements have been performed using a Surface Optics Corporation 

OC 710 camera. The system utilizes a whiskbroom line scanner 

roducing a 696 × 520 pixels hypercube in the 400 – 1000 nm 

pectral range with 128 bands producing an about 4.5 nm spectral 

tep. The camera was positioned at about 1.5 m from the surface 

btaining 20 × 30 cm single frames with about 0.4 mm of lat- 

ral resolution. Two halogen lamps Elinchrom Scanlite were used 

s illumination sources (300 W) for reflectance measurements. The 

ources were placed at 45 ° and at a 1.5 m distances with respect to 

he dress. Chemical maps were produced by exploiting the spectral 

ngle mapper algorithm in the ENVI suite. 

UV–VIS–NIR reflectance spectroscopy A FieldSpec 4 Hi- 

esolution handheld fibre optic spectrometer (ASD) was used 
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Table 1 

Time intervals and corresponding hours and dose light for the different, mock-ups, DGB, DGB and YLG. 

Step Hours (h) Total light dose (Watt∗h/m2 ) 

DGB DGG YLG 

t0 0 0 0 0 

t2 1 4,43 ×102 ± 4.12 ×10–3 3,27 ×102 ± 2.58 ×10–3 3,79 ×10 °2 ± 1.21 ×10–3 

t9 8 4,22 ×103 ± 5.81 ×10–4 2,22 ×103 ± 7.27 ×10–3 3,30 ×10 °3 ± 5.89 ×10–3 

t12 15 7,25 ×103 ± 1.92 ×10–3 5,01 ×103 ± 7.68 ×10–4 6,29 ×10 °3 ± 2.39 ×10–3 

t14 23 8,14 ×103 ± 2.30 ×10–3 7,66 ×103 ± 2.28 ×10–3 9,22 ×10 °3 ± 3.29 ×10–3 

t15 29 9,34 ×103 ± 3.90 ×10–3 9,14 ×103 ± 7.88 ×10–3 1,27 ×10 °4 ± 3.34 ×10–3 

t16 35 1,16 ×104 ± 1.47 ×10–2 9,73 ×103 ± 5.31 ×10–3 1,46 ×10 °4 ± 1.65 ×10–3 

t18 131 4,07 ×104 ± 7.22 ×10–3 2,78 ×104 ± 2.95 ×10–3 4,10 ×10 °4 ± 5.01 ×10–3 

t19 203 5,68 ×104 ± 3.17 ×10–3 3,45 ×104 ± 1.73 ×10–3 6,04 ×10 °4 ± 3.07 ×10–3 
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n-situ and on the mock-ups covering the spectral range 350 –

500 nm. The instrument is supplied with a 1 m long optical fibre 

irectly connected to the spectrophotometer with a 25 ° FOV. It 

s also equipped with two bifurcated fibre optic systems (large 

nd small diameter reflectance probe) which can be connected 

o the permanent fibre and to an external source with nominal 

ower 12VDC, 30 W. The large diameter reflectance probe (used 

n the mock-ups) consists of 156 fibres (200 μm), 78 for the 

xcitation and 78 for collecting the reflected light. The large 

iameter fibre was used with a collection probe for reflected light 

ept at approximately 20 ° with respect to the investigated surface 

under these conditions, the analysed area was about 6 – 5 mm 

n diameter). The small diameter reflectance probe (used in-situ 

n the dress) is composed of 6 illumination fibres (600 μm) sur- 

ounding a single collection fibre (600 μm). The distance between 

he sample and the fibre was kept constant (ca. 1 cm) allowing an 

rea of approximately 2 mm in diameter to be analysed. Spectral 

esolutions are of 3 nm in the VIS (350 – 10 0 0 nm) and 8 nm in

he SWIR (10 0 0 – 250 0 nm). White diffuse reference standards 

ere regularly measured using a Spectralon® (Labsphere) tile, 

eflecting 99 % of the light at each wavelength [ 33 ]. 

Colorimetry Colorimetric measurements of the dress and 

ock-up textiles were acquired with a Konica-Minolta CM-2600d 

he experimental conditions are related to the Normal Recommen- 

ation 43/93 (“Colorimetric measurements of opaque surface”): 

pectral range 40 0 – 70 0 nm; spherical geometry d:8 °; lighting 

ource CIE C; observation angle 10 °; reference system CIE L∗a∗b∗

olour space; UV radiation contribution not considered; acquisition 

ode SCE; and spot diameter 3 mm [ 34 ]. The �E, calculated us-

ng the equation, �E1976 =
√ 

[(�L∗) 2 + (�a∗) 2 + (�b∗) 2 ] , where 

L∗ = lightness-darkness difference, �a∗= redness-greenness dif- 

erence, �b∗= yellowness-blueness difference between t0 -tx , where 

0 is colorimetric values of dyed textile before irradiation and tx is 

he colorimetric values of dyed textile in each irradiation step. All 

he colorimetric values were acquired in triplicate at each time in- 

erval. 

External Reflection (ER) mode FTIR spectroscopy All spectra 

ere recorded using a compact portable Bruker Optics ALPHA- 

 spectrophotometer equipped with a Globar infrared radiation 

ource, a Michelson interferometer (RockSolid (TM)) modified to 

ork in any environmental condition and spatial orientation and 

 DLaTGS detector. ER mode consents to perform measurements at 

n angle of incidence at approximately 20 °. Spectra were recorded 

sing 186 interferograms across the range 70 0 0 – 375 cm-1 with a 

pectral resolution of 4 cm-1 . The correction of background absorp- 

ion was carried out utilising a reflection spectrum of a reference 

old surface. Examined areas observed dimensions of 28 mm2 [ 22 ]. 

Surface Enhanced Raman Scattering (SERS) Spectra were 

ecorded using a Renishaw inVia confocal micro-Raman spectrom- 

ter equipped with solid state diode laser excitation at 532 nm 

sing a 20x objective lens and 1800 gr mm-1 grating. SERS mea- 

t

48
urements were carried out utilising silver colloids. Citrate-reduced 

olloids were prepared according to the Lee and Meisel procedure 

 35 ] by the reduction of silver nitrate (Aldrich 99.9 %) with sodium 

itrate (Aldrich 99 %). Investigations were carried out by adding 

 10 μL drop of colloid aggregated with magnesium sulfate [ 36 ] 

irectly onto the textile sample, where spectra could be obtained 

ith 0.05 – 0.1 % of the laser power (0.04 – 0.08 mW) for acqui- 

itions of 3 – 5 s for 3 – 7 accumulations with a spatial resolution 

f 1 – 2 μm and spectral resolution of 4 cm-1 . 

esults and discussion 

VIS hyperspectral imaging was utilised in-situ in an area of 

he dress encompassing the less to more faded blue-green areas 

 Fig. 4 .a, i) which permitted the mapping of the distinct patterns 

 Fig. 4 .a, ii-iii) not easily discernible under standard visual con- 

itions. The overall distribution and chemical composition of the 

ifferent dyestuffs (reds and oranges in Fig. 4 .a, ii-iv) reveal in- 

ights into the printing production, where each pattern’s dye was 

pplied sequentially to the cotton matrix. For example, the VIS re- 

ectance spectra ( Fig. 4 .b, i-ii) of two different areas (i.e., colours) 

how the presence of two different dyes. Indeed, the blue-green 

ackground has a broad band centred at 618 nm, while the pur- 

le has a broad band centred at 582 nm. Thus, the chemical vari- 

tions permit to individualise and distinguish the dye constituents 

nd mapping their degradation, such as that observed for the pur- 

le and blue-green areas given in Fig. 4 .a, v-vi. As can be observed

y Fig. 4 .a, vi, the blue-green background colour presents a pro- 

ressive degradation, while the purplish hue on the inner circles 

ompletely disappears, Fig. 4 .a, v. 

Aiming to clarify the faded blue-green background coloration, 

his data was complemented through the micro-destructive anal- 

sis of micro-sample. By SERS examination, a characteristic 

pectral profile ( Fig. 4 .c) was acquired indicating the likely 

resence of a triarylmethane dyestuff given by the charac- 

eristic SERS marker bands across three key regions: 800 –

100 cm-1 νs (CCC)/ δ(CCC)breathing/ δ(CH3 ); 1400 – 1500 cm-1 

 νas (CCC)/ δ(CCC)ring/ δ(CH)) and ca. 1600 cm-1 ( ν(C = C) ring).37 The 

R-FTIR spectra ( Fig. 4 .d) recorded in a seemingly unfaded area 

lso supported the premise of a triarylmethane over the predomi- 

ant cotton matrix given by the νs (C = C) aromatic band located at 

580 cm−1 . 

To permit a fuller interpretation of the data collected in-situ, a 

argeted preparation of cotton mock-ups dyed with selected blue- 

reen triarylmethanes in commerce when the dress was printed 

ere produced. The choice was based on our data base, consid- 

ring the class of dyes (TAMs), the production’s year, the colour 

ue and the similarity on the UV–VIS spectra in-situ vs our data 

ase. Moreover, it was necessary to focus on the artificial ageing 

f the mock-ups to provide a better understanding of the degrada- 

ion phenomenon experienced by the dress which was most likely 
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Fig. 4. a ) VIS hyperspectral mapping images of the dress T.2–1926: i) dress, ii) red dye distribution, iii) orange dye distribution, iv) red and orange, v) purple dye distribution 

and, vi) blue-green dye distribution; b ) spectral profiles related to i) purple, areas of the blue-green dye- ii) less faded and iii) more faded; c ) SERS spectra of two blue-green 

μ-samples i) more faded and ii) less faded; d ) ER-FTIR spectra of i) cotton standard and ii) cotton dress on less faded blue-green area. 

w

i

t

s

F

w

D

o

i

3

t

i

t

i

w

r

f

s

d  
orn and exposed to natural outdoor light before its later display 

n a museum environment. 

The UV–VIS–NIR reflectance spectra of freshly dyed cotton tex- 

iles using triarylmethane dyes, alongside spectra captured during 

uccessive controlled photoaging steps can be observed in Fig. 5 .a. 

or simplification in the discussion of results, the designation “t18”

ill be considered, which corresponds to 4.07 ×104 Watt/m ² for 

GB, 2.78 ×104 Watt/m ² for DGG and 4.10 ×104 Watt/m ² for YLG 

f total light dose, over 131 h of light exposure; and the des- 

gnation “t19”, which corresponds to 5.68 ×104 Watt/m ² for DGB, 
49
.45 ×104 W/m ² for DGG, and 6.04 ×104 Watt/m ² for YLG of to- 

al light dose, over 203 h of light exposure. For the others time 

ntervals and corresponding total light dose, see Table 1 for de- 

ails in the Experimental Section. As summarised in Table 2 , the 

nitial spectral features (tn ) for DGB, DGG, and YLG are similar, 

ith all displaying two distinct reflectance bands in the visible 

ange. The reflectance maxima, however, emphasises structural dif- 

erences among the dyes: DGB exhibits peaks at 628 nm (with a 

houlder at 578 nm) and 431 nm; DGG at 633 nm (with a shoul- 

er at 588 nm) and 431 nm; YLG at 639 nm (with a shoulder at



C.M. Pinto, D. Buti, L. Monico et al. Journal of Cultural Heritage 78 (2026) 45–54

Fig. 5. UV–VIS–NIR reflectance spectra of a ) DGB, b ) DGG and c ) YLG along the artificial aging (t0 bold black line and different steps of irradiation at grey line, included the 

respectively total light dose [Watt∗h/m2 ]). Upon irradiation, a blue shift is observed, signed by blue arrow. The red shift induced by the substitution of heavier functional 

groups on the three conjugated aromatic is highlighted with the red line; d ) UV–VIS–NIR reflectance spectra of different areas of dress i.T.2–1926 – dark blue, ii. mid-blue 

and iii. light blue, iv. DGB; v. DGG and vi. YLG after t19 (last step of aging). 

Table 2 

Spectral features, the absorption wavelengths ( λabs ) of the dyed textiles with DGB, 

DGG and YLG, at t0 , T18 and T19. 

Sample λabs, t0 

(nm) 

λabs, T18 

(nm) 

λabs, T19 

(nm) 

diamond green B 628 

578 ∗

431 

618 

- 

424 

617 

- 

424 

diamond green G 633 

588 ∗

431 

629 

580 ∗

431 ∗

629 

580 ∗

431 ∗

yellowish light 

green SF 

639 

597 ∗

431 

634 

- 

432 ∗

632 

- 

- 

∗ shoulder. 

5

m

t

t

g

m

w

s

(  

t

s

a

c

c

50
97 nm) and 431 nm. Thus, it can be hypothesised that the maxi- 

um of reflectance at the major wavelengths is indeed attributed 

o the monomeric form, while the observed shoulder is attributed 

o the dimeric species. This class of dyes is known to undergo ag- 

regation, with the band at approximately 590 nm attributed to a 

onomeric species ( α-band) and the band at 550 nm associated 

ith a dimeric species ( β-band) [ 18 ]. The UV–VIS-NIR reflectance 

pectra of DGG and YLG, in comparison to DGB, exhibit a red shift 

see Fig. 5 .a, red line). This shift is likely due to a reduction in

he energy gap between the HOMO-LUMO orbitals, caused by the 

ubstitution of heavier functional groups on the three conjugated 

romatic rings. Upon artificial aging, all the textiles showed a de- 

rease in the reflectance intensity of the chromophore band, ac- 

ompanied by a blue shift (see Fig. 5 .a, blue arrow). The blue shift, 
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Fig. 6. Colorimetric data and the correspondent dyed textiles images at t0 , t18 and t19 a ) DGB, b ) DGG and c ) YLG on artificial aging. 
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 characteristic behaviour of triarylmethane dyes [ 3 , 17 , 18 ], is ob-

erved as follows: DGB shows a blue shift of approximately 11 nm 

from λabs = 628 nm to λabs = 617 nm); DGG exhibits a blue 

hift of around 4 nm (from λabs = 633 nm to λabs = 629 nm); 

nd YLG shows a blue shift of about 7 nm (from λabs = 639 nm

o λabs = 632 nm) and is a direct consequence of the demethyla- 

ion process for each dye as the removal of N-substituents groups 

akes the dye molecule more oxidised, causing it to absorb light 

t shorter wavelengths, corresponding to higher energy transitions 

n the molecules. 

UV–VIS–NIR reflectance spectra collected from three different 

reas of the dress representative of differing blue fading hues 

T.2–1926: dark blue, blue and light blue) could be directly com- 

ared with the photoaged cotton mock-ups of DGB, DGG and YLG 

after t19 (last step of aging), Fig. 5 .b. The areas of the dress

.2–1926_dark blue, _blue and _light blue, observe a maximum 

avelength at, 633 nm, 620 nm and 620 nm, respectively. Spec- 

rally, they appear more similar to DGB and DGG than to YLG 

see Table 2 ). The UV–VIS-NIR reflectance spectra from the cotton 

ock-ups prepared under a minimal technique of dye with tannin 

ordant do not perfectly overlap with those from the different re- 

ions of the dress accountable for the diverse textile roughness and 

aried production techniques utilised. 

The colorimetric parameters can be observed in Fig. 6 where 

E was obtained for each cotton mock-up. Tracking the �E val- 

es provided a means to evaluate the visual fading and degra- 

ation of the TAM dyes on cotton. From the dyed textiles un- 

er study, YLG present the lower �E value, �E = 19.72 ± 2.39, 

nd DGG the higher �E = 35.08 ± 2.04. In detail, the parame- 
51
ers which influences the �E values were both the luminosity ( L∗) 

nd green-red component ( a∗). In all samples, the L∗ component 

alues consistently increased under artificial aging, indicating fad- 

ng and a lighter hue in the textile. Shifts in a∗ (increasing) and 

∗ (increasing) values reflect changes in hue, transitioning from a 

reener tone (a∗) to a more yellowish one (b∗), which aligns with 

he loss of the dyes’ greenish colour. Additionally, the increase in 

∗ values (indicated by the dashed line in Fig. 5 ) suggests that, 

t a certain point, the degradation of the dye may reveal the un- 

erlying cotton substrate. Indeed, for undyed cotton mock-ups, the 

olorimetric changes are negligible when compared to those ob- 

erved in dyed mock-ups. In particular, the colorimetric parameters 

hanged as follow: L∗ from 87.84 to 90.04, a∗ from 1.5 to 0.4 and 

∗ from 12.09 to 8.56, which resulted in a �E = 4.32 ± 0.50. This 

E variation is minor when compared to that of the dyed mock- 

ps. In addition, the UV–VIS reflectance spectrum of the undyed 

otton mock-up, characterized by a band centred at approximately 

75 nm, does not significantly affect the chromophores’ reflectance 

ands (380 – 450 nm and 540 – 700 nm). Furthermore, after 203 h 

f artificial ageing, the characteristic cotton band at 375 nm re- 

ains unchanged. 

External reflection mode FTIR spectra were acquired for undyed 

otton and TAM-dyed cotton mock-ups before and after t18 and 

19 of irradiation, 131 h and 203 h, respectively (for the correspon- 

ent total light dose, Table 1 ). As shown in the detail in Fig. 7 .a for

GG, the characteristic signal at 1580 cm−¹ is observable where 

t is noted that the intensity of this band, associated with C = C 

tretching of a substituted ring (C-Ph-N), disappears after t18 of 

ging. This behaviour is mirrored for DGB, confirming the presence 
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Fig. 7. a ) ER-FTIR spectra of DGG, at ii. t0 and i. t18; b ) ER-FTIR spectra of i. undyed aged cotton, ii. DGB, iii. DGG, iv. YLG after last step of aging (t19) and, points on dress 

v. T.2–1926 – dark and vi. T.2–1926 – light. All spectra have been normalised and vertically overlayed for clarity; c ) UV reflectance spectra of i. aged cotton, ii. unaged DGG, 

iii. aged DGG (t19) and iv. micro-sample dress. 
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f a TAM in the calico dress [ 27 , 37 ]. The full range ER-FTIR spectra

n Fig. 7 .b instead compares the aged cotton and its dominant 

ignals, DGB, DGG, and YLG after T19, 203 h of light exposure, 

ith points collected from the dress (T2.1926_02 – dark blue and 

2.1926_08 – light blue). Resulting spectra of the dress shows a 

ronounced shoulder at 1710 cm−¹, which is not observed in the 

AM dyed cotton prepared herein at the time of aging achieved. A 

roadening in the 1700 cm-1 range is in any case visible in Fig. 7 .a.

his peak characteristically assigned to ʋ(C = O), ester carbonyl may 

e an indicator of residual Michler’s ketone, an intermediate in 

he triarylmethane dye production itself or from the formation of 

arbonyl functionalities on dye degradation [ 3 , 17 , 18 ]. However, it is

ot always straightforward to attribute the presence of dealkylated 

omponents to the degradation of the original molecule or to the 

resence of synthesis by-products [ 38 ]. To examine this presence 

f possible photoproducts non-invasively, the acquisition of spectra 

elow 350 nm on the cotton mock-ups and on the micro-sample 

ress was conducted ( Fig. 7 .c). It is possible that the UV bands

f benzophenone could be appreciated in the aged DGG ( Fig. 7 .c, 

ii) and micro-sample from the dress ( Fig. 7 .c, iv) at 213 nm,

30 nm and 250 nm over the signals of aged cotton and unaged 

GG [ 39 ]. 
52
The SERS spectra of unaged DGB and DGG mock-ups present 

arker bands for their differentiation ( Fig. 8 .a, i; b, i). Specifi- 

ally, the peaks at 1162 cm-1 ( νs(CCC)/ δ(CCC) breathing/ δr (CH3)) 

nd 1427 cm-1 ( δas(CH3)) present in DGG are absent in DG. Spec- 

ra for YLG mock-up are not given here since no conventional SERS 

nhancement could be achieved. It was only on prior hydrolysis 

ould sufficient scattering be observed, contrary to the method for 

he micro-sample from the dress. Upon irradiation of the dyes on 

otton ( Fig. 8 .a, i-iii; b, i-iii), there is an overall loss of intensity

f peaks across the entire spectral range. The decrease in common 

eaks, evidenced in the grey ranges, specifically at ca. 1340 cm-1 

nd 1590 cm-1 indicate a general loss of aromaticity [ 27 , 40 ]. 

Langer, J. et al., suggests that the consistency of the band at 

366 – 1369 cm-1 (phenyl-N stretching) hypothesises a shared ad- 

orption pathway of adsorption of TAM dyes on the SERS-active 

ubstrate occurring through the nitrogen atoms linked to the 

henyl groups [ 41 ]. In this work it is shown that for DGG ( Fig. 8 .b)

his band persists at all stages of ageing, whilst for DGB it is ob- 

erved in the unaged DGB and is no longer perceived at any suc- 

essive aging steps. This is indicative of a clear disruption to the 

henyl-N-methyl substituent for DGB on ageing and could well in- 

icate a predominant physisorption of the dye on the SERS-active 
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Fig. 8. SERS spectra of a ) DGB and b ) DGG mock-ups i. unaged, ii. t18 and iii. t19; c ) SERS spectra of i. dress sample (T7.1926.01) and ii. DGG mock-up. 
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ubstrate [ 41 ]. This observation supports the degradation through 

he N-demethylation pathway where the methyl groups of the dye 

re sequentially replaced by hydrogen atoms. Notably in DGB, there 

s a simultaneous increased intensity as degradation progresses of 

he peak at 804 cm-1 , attributed to the NH2 rocking vibrational 

otion [ 42 ]. The appearance of further peaks on ageing for DGB 

an be noted, specifically after t18, with peaks at 1435 cm-1 at- 

ributed to δas (CH3 ) and 1539 cm-1 due to ʋ(CO) and ʋ(CC ring). 

he presence of the carbonyl is significant in relation to the possi- 

le formation of photoproducts as aforementioned, noting that its 

athway is related to the cleavage of the central C-phenyl bond, 

eading to benzophenones and phenols as primary degradation 

roducts [ 43 ]. At t19 instead, very weak peaks for DGB at 952 cm-1 

CH(ring), 1035 cm-1 δ(CH) and 1571 cm-1 can be appreciated. 

hese latter peaks are also present in fuchsine, dye from the same 

lass structurally observing both -CH3 by -NH2 groups [ 2 ] suggest- 

ng the advancement of degradation and chemical modifications on 

ading. The carbonyl peak at 1539 cm-1 is still present with the 

ame relative intensity as previously mentioned. 

For DGG, the presence of HSO4 
− counterions although are lost 

pon dissolution in water, but in the dyeing process they may still 

nfluence the initial interaction with the fiber, promoting adsorp- 

ion and penetration. At t18 of ageing, the peak at 952 cm-1 is vis- 

ble, as well as the 1384 cm-1 the 1388 cm-1 doublet attributed 

o δ(NCH3 ) and 1475 cm-1 ʋ(NC ring). No further modifications are 

bserved on ageing to t19, although it is expected that oxidative 

-dealkylation shall take place, with eventual replacement of ethyl 

roups by hydrogen. The comparison of the SERS spectra for DGB 

nd DGG after t19, 203 h of light exposure (see Table 1 for cor-

espondent total light dose), and the micro-sample from the dress 

T7.1926.01) highlight a significant overlap between the dress sam- 

le and the DGG specifically due to the presence of the peak at 

429 cm−¹ ( Fig. 8 .c) which persists across each stage of ageing. This 

trong correlation supports the recognition of DGG as the main dye 

tilised in the blue-green areas of the printed cotton dress. The 

V–Vis point analyses do not indicate the presence of a dye mix- 

ure, as the absorption band profiles are consistent with a single 

AM dye. When considered together with the vibrational data, the 

ifferences observed between the mock-ups and the dress sample 

re more plausibly attributed to degradation products than to mix- 
53
ures of colorants. The SERS spectra of the dress retain the diagnos- 

ic features of the TAM family, although the marked spectral broad- 

ning suggests a significantly higher degree of degradation than 

hat achieved in the laboratory-aged samples in this work. In the 

GB reference, the 1590 cm−¹ band progressively decreases with 

geing, indicating that extended artificial ageing of DGG could sim- 

larly lead to its disappearance. The artificial ageing protocol here 

as intentionally stopped once the colorimetric values matched 

hose of the dress, as the aim was to investigate the spectral char- 

cteristics corresponding to that specific colour state. 

onclusions 

This study has successfully combined in-situ and laboratory 

nalyses to investigate the fading of the blue-green background in 

n 1885 printed cotton dress. Non-invasive hyperspectral imaging 

nabled the mapping of dye distribution and degradation patterns, 

evealing progressive fading in the blue-green areas. Complemen- 

ary UV–VIS–NIR reflectance data hinted at the presence of triaryl- 

ethane based dyes. Laboratory experiments on artificially aged 

extile mock-ups dyed with DGG, diamond green B (DGB), and 

ellowish light green SF (YLG) provided insights into the photo- 

ading pathways of TAM dyes. Controlled aging resulted in a char- 

cteristic blue shift in reflectance spectra, linked to progressive N- 

ealkylation and oxidative degradation. SERS analysis of aged sam- 

les revealed spectral changes indicative of aromatic ring disrup- 

ion and the formation of photoproducts, including benzophenone 

erivatives. Micro-destructive SERS and FTIR analyses confirmed 

hat the background coloration was likely achieved using a triaryl- 

ethane (TAM) dye, with spectral markers supporting the pres- 

nce of diamond green G (DGG). The comparison between artifi- 

ially aged samples and the dress fabric established a strong corre- 

ation between the degradation pathways of DGG and the fading 

bserved in the historical textile. Overall, although the converg- 

ng spectroscopic evidence points to DGG as the most plausible 

ye, targeted micro-destructive analyses will be essential to con- 

rm this attribution and should form a key focus of future work. 

The results provide valuable data for understanding TAM dye 

tability in historical textiles that may inform conservation strate- 

ies for similar artifacts. By comparing in situ observations with 
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eference materials subjected to controlled ageing, this work of- 

ers interpretative elements that may inform modelling of colour 

hange, while acknowledging the limitations of a non-invasive ana- 

ytical approach, and supports the development of preventive con- 

ervation strategies for TAM-dyed objects in museum collections. 

lthough this recommendation is necessarily qualitative, it is ad- 

ised to minimize the exposure of TAM-dyed textiles in museum 

ollections to both natural and artificial light. This can be achieved 

ither by using neutral-density filters or by adjusting the lighting 

ystem. 
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