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Abstract – Photophysics, among others, is a non-

invasive analytical technique useful for the study of 

artefacts in the cultural heritage field. 

 

I INTRODUCTION 

 

During the past decades, interest in non-invasive 

investigations for the characterisation and identification 

of painting materials has greatly increased.
[1]

 In 

general, the nature of museum objects is such that 

sampling is always kept to a minimum and is often 

completely unacceptable. Therefore, such analyses are 

more routinely used in the cultural heritage field. 

Photoinduced luminescence spectroscopy (PL) can 

provide quantitative information on a small area (e.g. 

emission properties, PLQY and lifetime). By contrast, 

photoinduced luminescence imaging provides 

information on the distribution of materials of interest 

over large areas. When supported by theoretical (DFT) 

calculations for the interpretation of the photophysics 

involved in the luminescence processes, luminescence 

investigations can provide useful information for 

heritage specialists. Moreover, photoluminescence 

investigations of painting materials have proven useful 

to fields well beyond cultural heritage. In fact, as 

recently demonstrated, Egyptian Blue exhibits a 

remarkable emission intensity in the near-infrared 

region and has a future in a variety of hi-tech 

applications including bio-medicine, lasers and 

telecommunications.
[2]

 Here we report a summary the 

optical properties of three dyes used in paintworks.  

 

II DISCUSSION 

 

Egyptian Blue, Cuprorivaite (CaCuSi4O10) is rare in 

nature, but well known to Egyptologists and museum 

scientists as the synthetic blue pigment. The earliest 

known use of the pigment is in the late Nagada II 

period and the early Nagada III A-B period in Egypt 

(around 3350-3200 BC).
[3]

 It was widely used in Egypt 

and in the Mediterranean basin until the end of the 

Roman period and beyond.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1 Fowling in the marshes (EA 37977), Nebamun 

wall painting fragment, British Museum, London, U.K.: 

visible (top) and infrared photoluminescence (bottom) 

images. Bright white areas, which correspond to the 

presence of Egyptian blue, are caused by luminescence 

from the pigment. © The Trustees of the British 

Museum 
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The first qualitative analyses of the pigment were 

undertaken by Chaptal and Davy. On the basis of the 

X-ray diffraction data, the currently accepted chemical 

formula for Egyptian blue is that of the naturally 

occurring mineral cuprorivaite. The coloured crystal 

can be synthesised by heating together, at 850–1000 

°C, a calcium compound (typically calcium carbonate), 

a copper-containing compound (metal filings or 

malachite: CuCO3_Cu(OH)2), silica sand and soda or 

plant-derived potash as a flux.
[4]

 The compound has 

been photophysically investigated both as a pure 

powder and mixed with potassium bromide (around 

80% KBr) with identical results. Fig. 2 (top) shows the 

absorption (total-reflectance) spectrum, the emission 

(exc = 637 nm) spectrum and the luminescence decay 

profile of synthetic cuprorivaite. Absorption and 

excitation spectra show three different electronic 

transitions (
2
B1g-

2
B2g, 

2
Eg and 

2
A1g) attributable to Cu

2+
 

ions, which are expected to be the only 

photoluminescent components of cuprorivaite.
[5]

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. (Top) Absorbance (dotted line), excitation 

(dashed line, em= 916 nm) and emission (solid line, 

exc = 637 nm, corrected for the detector response) 

spectra of powdered synthetic cuprorivaite. Inset: 

luminescence decay (107 s, exc = 637 nm). (Bottom) 

Visible (left) and visible-induced luminescence (right) 

digital images (exc = 629 nm) of a synthetic 

cuprorivaite sample captured in the 800–1000 nm 

range. The 99% reflectance standard is non 

luminescent and allows quantification of ambient stray 

infrared radiation. 

 

The emission spectrum is centred at 910 nm and is 

related to the lowest energy electronic transition (
2
B2g - 

2
B1g). This transition is symmetrically prohibited, as 

suggested by the very long luminescence decay (107 

s; inset Fig. 2). The compound shows an 

exceptionally high luminescence quantum yield for an 

infrared emitter, PLQY (Photoluminescence quantum 

yield)  = 10.5%. The strong emission can be observed 

in Fig. 2 (bottom), which shows the visible and visible-

induced luminescence images of powdered synthetic 

cuprorivaite. The long luminescence lifetime and the 

unusually intense infrared emission make cuprorivaite 

an excellent candidate as a luminescent label for a 

number of applications. In the bio-medical field, for 

instance, the greater penetration by infrared photons of 

human tissue with respect to the penetration of UV or 

visible photons offers the possibility of attaining more 

detailed and highly resolved images. Materials that 

emit between about 700 and 950 nm or around 1050 

nm are preferred as this minimizes absorption by the 

tissue. Thus, excitation between about 650 and 900 nm 

is required. Moreover, the relatively long-lived 

luminescence makes it possible to cut off short-lived 

background emission from biological matrices. This 

can be easily achieved by setting the instrument to 

detect the luminescent output after a suitable delay. 

Another potential application of this strong NIR emitter 

is in silica-based optical amplifiers and fibre optic 

systems for telecommunications. For long distance 

communication it is necessary to compensate for losses 

in the fibre by regenerating the signal, typically every 

50–150 km (depending on the data rate). At present, 

this is achieved using optical amplifiers, which are 

typically pumped at 1480 or 980 nm (standard 

telecommunication window) with commercially 

available semiconductor diode lasers coupled into the 

amplifier with a wavelength multiplexer. NIR emitting 

species are also useful in laser technology, where the 

generation of coherent low energy light beams can 

form the basis of tunable solid-state lasers over a wide 

spectral range.
[2]

 

Manganese blue is a synthetic barium 

manganate(VI) sulphate compound that was produced 

from 1935 to the 1990s and was used both as a blue 

pigment in works of art and by conservators in the 

restoration of paintings. According to Eastaugh et al. 

(1998),
[6]

 manganese blue was used as a colorant in 

cement and therefore known as ‘cement blue’. In 

addition to its use in the cement industry, manganese 

blue was also sold as an artists’ pigment from its first 

industrial production until the 1900s. It must, therefore, 

have been used by a number of artists, but apart from a 

brief mention of its possible use by Diego Rivera, there 

is, to the knowledge of the authors, no published 

scientific evidence of the use of manganese blue in 

works of art. In the 1980s, manganese blue was 
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recommended to conservators as an excellent non-

metameric match for azurite,
[7]

 and the pigment is still 

used for retouching paintings at, among other places, 

the National Gallery, London, and the Courtauld 

Institute of Art, despite dwindling supplies, as the 

pigment is no longer being produced. The 

photophysical properties of manganese blue were 

investigated both as a pure powder and mixed with 

potassium bromide (to refine the absorbance value for 

the quantitative determination of the luminescence). 

The absorption (total reflectance), excitation and 

emission profiles, obtained in the solid state as a 

powder, are reported in Fig. 3, while the lifetime decay 

is shown in the inset. The compound absorbs radiation 

in the visible and near-infrared regions between ca. 500 

and 1250 nm; this absorption pattern is responsible for 

the blue colour of the material. The absorption 

spectrum is characterized by a broad band structure, 

due to the very strong coupling between electronic 

transitions and lattice phonons, typical of transition 

metal crystal systems. According to previous 

assignments,
[8]

 it mainly consists of a near-IR band 

system, between 800 and nearly 900 nm, that can be 

attributed to 
2
E- 

2
T2 ligand field (LF) transitions, and 

ligand-to-metal charge-transfer bands between 600 and 

800 nm, as also predicted by DFT calculations.
[9]

 The 

excitation spectrum, obtained by monitoring the 

emission output at 1300 nm, matches the energy 

position of the absorption profile, indicating that the 

emitting levels are directly populated by the absorbing 

states mentioned above.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3: Absorbance (total reflection, full line), 

excitation (empty circle, λem = 1300 nm) and emission 

(full circle, λexc = 637 nm) spectra of powdered 

synthetic manganese-blue. Inset: luminescence decay 

(7.1 µs, λexc  = 637 nm).  

 

The photoluminescent quantum yield of the 

luminescence centred at ca. 1300 nm has been 

quantitatively determined as well as the corresponding 

lifetime decay. By exciting manganese blue with 

radiation at 637 nm, a PLQY of 0.5% and a 

corresponding decay of 7.1 s have been found. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. Detail of Blue Managanese on “The Coronation 

of the Virgin” by the Master of Cappenberg (NG 263). 

Finally, Indian Yellow is a historic pigment 

produced in India until the end of the 19th/beginning of 

the 20th century. It has been identified on several 

miniature paintings dated between the 16
th 

and 19
th
 

centuries that are attributed to the Mughal and Rajput 

schools 
[10]

. It was also used by artists in Europe and 

the United States
[11]

. However, its extensive occurrence 

on a monumental painting is reported for the first time 

in this study, following analyses of the yellow pigments 

used in the wall paintings decorating the Badal Mahal 

within Garh Palace in Bundi (Rajasthan, India). The 

painted scheme, dated to 1620–30, is one of the most 

significant within the palace complex. Depictions of 

courtly life, unfolding on the walls, are among the 

earliest and finest in Rajasthan.
[12]

. Other subject 

matters include a Ragmala series as well as scenes of 

Hindu mythology on the ceiling. It is characterised by 

luminous yellow-orange colour and noticeable 

photoluminescence properties. For the first time the 

optical properties of Indian Yellow were determined 

quantitatively in the solid state and correlated with its 

chemical composition.  
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Fig.5 Ceiling of the Badal Mahal, Garh Palace, Bundi 

(Rajasthan, India) depicting Krishna dancing with the 

gopis; (top) visible image and (bottom) UV-induced 

luminescence image, showing the yellow-orange 

emission of Indian yellow. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6 Absorbance (total reflection, full line), excitation 

(dashed line, λem = 600 nm) and normalised emission 

(full line, λexc = 407 nm) spectra of powdered NG (dark 

green line) and B64 (dark red line). Inset: sample 

luminescence decays and instrument response (black 

full line).  

 

Although the main components of the pigment _ 

euxanthic acid and euxanthone _ were known, the 

presence of a sulphonate derivative of euxanthone 

(C13H8O7S) was identified for the first time.
[13]

 A 

complete understanding of the photophysical properties 

of Indian yellow is required for correct interpretation of 

results obtained with PL spectroscopy and imaging 

techniques. Here, the organic chemical components of 

two samples, from a reference archive at the National 

Gallery, London (NG) and from the wall painting in 

Bundi (B64), were identified with HPLC-ESI-Q-ToF. 

The optical properties of the Indian yellow reference 

sample, that is the absorbance (total reflection), 

excitation and emission profiles, as well as the lifetime 

decay were characterised both in the solid state (as 

powder) and in solution (water) and compared to the 

emission profile and lifetime decay of the wall painting 

sample (Fig. 6). The absorbance spectrum of sample 

NG covers the range between c.250 and 550 nm, 

imparting the dark yellow colour to the powder. The 

bands in the UV region can be attributed to -* 

transitions, while those at longer wavelengths (> 400 

nm) are of n-> π* (S0 > S1) nature 
[14]

 (see also the 

TDDFT calculations).
[13]

 The excitation spectrum, 

obtained by monitoring the emission at 600 nm, closely 

matches the absorption profile, pointing to a lack of 

intermediate photo-induced processes between 

absorption and emission.  Both samples (NG and B64) 

emit in the yellow-orange region with a maximum 

around 600 nm (Figure 6). The corresponding lifetime 

decays (Figure 6, inset) are in good accordance with a 

bi-exponential model (B64: τ1 = 510ps (73%), τ2 = 1.50 

ns (27%); NG: τ1 = 530ps (75%); τ2 = 1.49ns (25%)), 

suggesting the presence of different packed domains 

(driven by the - stacking and hydrogen bonds), 

which commonly occur in solid-state organic 

samples
[15]

. For the first time, it was possible to 

measure the photoluminescence quantum yield of a 

solid sample of Indian yellow: PLQY(NG) = 0.6%. 

Unfortunately, the sub-millimetric sample from the 

wall panting was too small to measure its PLQY. The < 

10 nm hypsochromic shift between the emission 

maxima of the two samples can be attributed to the 

different ratios of EA (Euxanthic acid) and E 

(Euxanthone).
[13]

 

 

III CONCLUSIONS 

 

In this work, we reported the photophysical studies 

made on three modern and ancient artist’s pigments 

used in different world regions. Some showed 

interesting properties potentially useful in 

technological field, others have been found to be 

composed by a mix of molecules influencing the 

chemical structure of the pigment itself and its optical 

output, according to the preparation method. 

Information on the presence of organic and inorganic 
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materials and their distribution on a work of art can 

help in the understanding of their making and history. 

Importantly, it may also inform conservation 

intervention, in an attempt to design and implement 

appropriate treatments, which will contribute to the 

long-term preservation of art for future generations. 
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