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Characterisation of organic colourants in ukiyo-e
prints by Fourier transform near infrared fibre
optics reflectance spectroscopy
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The materials used in Japanese woodblock prints called ukiyo-e, particularly colouring matters, function as indicators on the resources available at a given
time and allow us to deepen our knowledge of the cultural purposes and the socio-economic (trading activity, import of new techniques...) impacts of these
artworks. The aim of this work is to apply non-invasive near infrared (NIR) spectroscopy which may be helpful for the identification of organic colourings
widely employed in ukiyo-e, using fibre optics such as the Fibre Optics Reflectance Spectroscopy (FT-NIR FORS), that has been applied to the cultural herit-
age field for two decades because of its fast response time in any geometrical configuration. The present work reports results obtained on five organic pig-
ments (indigo, safflower, gamboge, dragon’s blood and cochineal), considered as the first step for the building of a database dedicated to specific Japanese
colouring matters in order to interpret future hyperspectral data recorded in the Short Wave InfraRed (SWIR) range on a collection of Japanese ukiyo-e
prints. The data were obtained with a FT-NIR spectrometer using a probe to collect the specular reflection within the 11,000-4000cm™ range, transformed
in pseudo-absorbance with log(1/R) conversion. Because large bands were observed, originating in overtone and combination modes, a pre-processing

smoothing and derivative procedure of the data, together with Principal Component Analysis (PCA) were applied to discriminate the pigments, notably

dragon’s blood.

Introduction

For several years, the study of paintings enables us to improve
our knowledge on the materials (pigments, binders, substrate)
and techniques used by the artists in terms of cultural or socio-
economic issues (trade exchanges, importation of new tech-
nologies...). However, analyses are often constrained by the
fragility of the painted artworks, such as prints, and by curators
who forbid any sampling or any move of the artworks out of
the museum. Regarding these issues and the various mate-
rials used through times, adapted analytical strategies using
non-invasive and contactless methods have been developed
to investigate painted artworks.’™ Infrared spectroscopy is
a selective and sensitive method that is in principle able to
evidence most of the materials used in paintings. Since the
2000s, infrared reflectance spectroscopy has been applied to
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the identification of pigments, dyes and binders using various
Fourier Transform Infrared spectroscopy (FTIR) sampling
techniques in the mid-infrared range.®"® More recently, near
infrared (NIR) reflectance spectroscopy has also been applied
thanks to the use of fibre optics (Fibre Optics Reflectance
Spectroscopy - FORS)? ™2 and allows non-invasive analyses
with a fast response time in any geometrical configuration.
The aim of this study is to develop and apply portable NIR
spectroscopy for the non-invasive probing of organic colour-
ings employed in the Japanese prints, or ukiyo-e, of the Federico
Torralba collection, currently kept in the Museum of Zaragoza,
Spain. Japanese ukiyo-e works refer to woodblock prints or
paintings produced between the 17" and the late 19" century
during the Edo (1615-1868) and the Meiji (1868-1912) eras.
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The Federico Torralba collection brings together more than
a thousand Asian works of art. Among them, there are a
hundred ukiyo-e signed by some of the greatest Japanese
artists such as Utamaro, Hiroshige or Hokusai. Beyond
the possibility to assess the state of conservation and
degradation of the prints of the collection, the analyses
conducted on these artworks aim at improving our knowl-
edge on the history of art and on preparation techniques
of the ukiyo-e by identifying the matters (nature, composi-
tion...) involved in their productions. The materials used,
particularly colouring matters, constitute indicators on
the typical resources available at a given period and allow
us to deepen our knowledge on the technical, aesthetic
or economic choices (for example natural or synthetic
pigments, local or imported pigments). Such information
may shed some light on the artistic trends, the cultural
purposes and the socio-economic (trading activity, impor-
tation of new techniques...) impacts of these artworks.
However, Japanese prints are thin and complex artworks,
made with various compounds: inorganic and/or organic
pigments and dyes bound with rice starch, printed on
Japanese paper (Figure 1). Japanese paper is itself a
complex system whose preparation depends on the paper-

maker. Generally, various plant fibres are employed, like
kozo or gampi. During the preparation, mineral fillers can
be added, like calcium carbonate or white clay (kaolinite) in
order to whiten the paper or increase its opacity. In addi-
tion, papers were sized with rice starch or dosa (animal skin
glue and alum warmed in water) and sometimes dyed.'*
For now, non-invasive methods have proven to be effi-
cient for the identification of inorganic compounds but the
identification of organic pigments remains a challenging
task depending on their composition and concentration.
In the case of paintings, NIR reflectance spectroscopy has
been mainly employed for the identification of organic
binders”° or of inorganic pigments.'?*® Thus we propose
to evaluate the benefit of applying the NIR reflectance
spectroscopy to probe traditional organic pigments used
in Japanese ukiyo-e prints. For this purpose, analyses on
reference isolated organic pigments and on model samples
(colour chart) were performed. The main issues concerning
the drawbacks of the techniques, such as the weakness
of the pigment response and the overlapping of the NIR
absorption bands (notably that originating from the paper
substrate) will be discussed and a solution based on statis-
tical treatment will be suggested.
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Figure 1. Overview of the composition of Japanese prints and FT-NIR FORS device employed in this study.
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Materials and methods

Reference materials and colour chart

For this first approach, five organic pigments (indigo,
safflower, gamboge, dragon’s blood and cochineal),
traditionally used in Asia,'*'®> have been chosen for the
building of a database dedicated to specific Japanese
colouring matters in order to interpret future hyper-
spectral data in the Short Wave InfraRed range (SWIR,
1000-2500nm) of a collection of Japanese ukiyo-e
prints. Their main chromophore molecules*® are shown
in Figure 2. Indigo and safflower are obtained by
extracting and precipitating the chromophores, from
the leaves of Persicaria tinctoria or Indigofera tinctoria for
indigo and from the flowers of Carthamus tinctorius for
safflower. Gamboge and Dragon’s blood are materials
obtained from the exudate of the trees of the East-
Asian genus Garcinia (for gamboge) and fruits of the
Daemenorops draco (for dragon’s blood). Contrary to the
other pigments, the red soluble dye of cochineal (Coccus
cacti), carminic acid, needs to be fixed onto an inorganic
substrate to form an organo-metallic complex, such as
aluminium or calcium salts, in order to produce the solid
pigment.

A reference colour chart was prepared using the five
colourants under consideration. They were used alone
mixed with a drop of rice starch made in the laboratory
using powder of rice starch provided by Kremer Pigmente
according to the following proportions: 5g of powder of
rice starch for 100 mL of distilled water. The mixtures
were applied on wooden blocks and printed on paper.
The selected paper is made of 100% cellulose (without
coating or sizing) in order to avoid any contribution from
other fibres or additives on infrared spectra such as lignin
or inorganic fillers. Paper was slightly moistened with
distilled water prior to printing.

Near infrared spectroscopy

In order to collect the reflectance spectra in the NIR
range, a portable ARCoptix FT-NIR Rocket equipped with
a photodiode InGaAs detector with a working range of
11,000-4000cm™* (900-2500 nm) was used. The instru-
ment is equipped with a HL2000 halogen lamp (Ocean
Optics, 20 watts). Spectra were collected with an optical
fibre bundle (Y shaped) which is constituted of seven
optical fibres (fibre core size 400 um, six illumination
fibres around a collecting one; Figure 1). The measure-
ment spot is of approximately 3mm diameter.

Organic

pigment Main chromophore

Indigo

Gamboge | .

Dracoflavilium (R=0OCH-)

Figure 2. List of the pigments and their main chromo-
phores.

The probe was positioned perpendicularly to the
surface thanks to a clamp standing at the end of an
articulating arm, at a working distance ranging between
3mm and 5mm, in order to record the specular reflec
tion component of the reflected light. Spectra were
obtained by averaging 30 scans with an acquisition
time about 20s and at a 8cm ™! spectral resolution. The
instrument was calibrated using a white Spectralon®
standard.
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Experimental approach
In the present work we applied infrared spectroscopy
following two steps:
Building of a database of isolated pigments in order
to identify the characteristic spectral signatures for
isolated colourants
Investigation of a reference colour chart to characterise
complex pigment/dyes mixtures printed on paper

Results and discussion
Isolated compounds

The first step consists in collecting reference spectra
on neat standards (pigments, binder and substrate) in
order to build a database of NIR spectra. Each isolated
compound shows a specific signature in the NIR range
(Figure 3). The paper and the rice starch are made of
carbohydrates. The reference paper is made of 100 %
cellulose and its related bands are assigned mainly to
OH groups: 2v(OH) between 7000cm ™ and 6200cm™,
combination of OH stretching and OH bending vibra-
tions at about 5185cm™!, principally due to adsorbed
water, and combinations with CO stretching vibrations
around 5495cm™t [Vv(OH)+2v(CO)] and 4755cm™*t

[V(OH)+Vv(CO)]. The other bands can be assigned to CH
group vibrations: combination of CH stretching and CH
bending vibrations at 7280cm™! [2v(CH)+&(CH)] and at
4275cm T [V(CH) +8(CH)], first overtone of CH stretching
vibration centred at 5600cm™! and other combina-
tion bands between 4270cm™! and 4000cm™*. The
spectrum of rice starch also presents bands ascribed
to the carbohydrate signature between 7000 cm™*
and 6200cm™ [2v(OH)], at 4775cm™t [§(OH) +v(CO)],
between 6000cm™t and 5600cm™t [2v(CH)] and
between 4330cm™t and 4000cm™! (CH combination
bands).!” The band at about 5170cm™* [V(OH)+&(OH)] is
assigned to the presence of water.

Regarding the pigments, safflower is a red pigment
composed of carthamin, a quinochalcone C-glycoside®
(Figure 2). Its NIR spectrum shows absorption regions
corresponding to OH groups between 7000cm™* and
6200cm ™t [2v(OH)] and at 5170cm™* [v(OH)+8(0OH)]
which are mainly assigned to water. A pattern visible at
about 5780cm™! is correlated to the first CH stretching
overtones and the bands observed at 4330cm™* and
4250cm™! are due to CH stretching and CH bending
combinations, which is consistent with the intense CH
stretching mode measured in the mid-infrared spectrum.®
The spectrum of cochineal is characterised by weak
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Figure 3. NIR spectra of isolated organic pigments, binder and substrate.
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bands mainly at 6955cm™" [2v(OH)], between 5900cm ™!
and 5600cm™* [2v(CH)] and at 4330cm™* and 4260cm™*
[V(CH,)+&8(CH,)L.Y

Gamboge and dragon’s blood are complex mixtures
of several molecules including chromophores such as
gambogic acid and dracoflavilium (Figure 2) as well as
gum and/or resin components.**'® The spectra of both
pigments are characterised by absorption bands of CH
groups. The first and second overtones of CH stretching
vibrations are observed, respectively, between 6100cm ™t
and 5500cm™?, very specific for dragon’s blood with
four defined absorption bands (5970, 5890, 5805 and
5730cm™Y), and between 9000cm ™t and 8000cm™t. The
combination bands are located at about 7300cm™ and
between 4350cm™! and 4000cm™. The broad absorp-
tion between 7000cm™! and 6200cm ™t is ascribed to
the first overtone of OH stretching vibrations. The bands
centred at 5170cm™* for gamboge and at 5180cm™*
for dragon’s blood are assigned to OH stretching and
bending combination. The dragon’s blood spectrum also
exhibits a specific band at 4670 cm™* that can be assigned
to the CO stretching and CH, stretching combination.”’

The spectrum of indigo exhibits several narrow but
weak bands. Among them, the bands at 7065, 5180
and 4630cm™! are not ascribed to indigo but to kaolinite
[Al,Si,O-(OH),]*” which may be used as an extender
in order to increase the quantity or the bulk of the

pigment or to modify its colour. This result has been
confirmed by energy-dispersive x-ray spectroscopy
(EDXS) analyses that indicate the presence of silicon and
aluminium. The other bands are due to the molecule of
indigo. The band centred around 5980cm™ is assigned
to the first overtone of CH group stretching vibrations.
In addition, combinations of CH group vibrations are
certainly involved in numerous narrow bands between
4700cm™! and 4000cm™t. Finally, the band located at
about 4860cm™ is ascribed to the combination of NH
stretching and bending vibrations.?®

Reference colour chart

A colour chart of paints printed on paper was prepared
in order to study mixtures of pigment and binder on
paper mimicking the real case of Japanese prints. The
NIR spectra of the depositions mainly present the spec-
tral signatures of the paper substrate and the rice starch
(Figure 4) with bands located at about 6750, 5185, 4760
and 4400cm™t. For the pigments, only few spectral
features can be distinguished on the spectra of dragon’s
blood, gamboge and indigo (indicated by arrows) due to
overlapping bands of the paper and the starch.
Statistical methods can be used to explore further
the infrared data in order to extract information from
the spectra. In this first approach, Principal Component
Analysis (PCA) was applied to discriminate and identify

_ Indigo+RS

Gamboge+RS

log(1/R)

Dragon's blood+RS

Red safflower+RS

| Cochineal+RS

'Rice starch (RS)

Joseph paper

11000 10000 9000

8000

7000 6000 5000 4000

wavenumber (cm™)

Figure 4. NIR spectra of painted layers with organic pigments on the

reference colour chart.



(20

Proceedings of the 18 International Conference on Near Infrared Spectroscopy

the pigments used in the mixtures on the depositions.
Eight spectra have been acquired on each deposition
on the colour chart for a total data set of 40 spectra.
Data were pre-treated with first derivative Savitzky-
Golay algorithm (polynomial order 1, 11 data points)
followed by Standard Normal Variation (SNV) in the
range 4100-8500cm™! (Figure 5a and b). The first four
principal components (PC) calculated by the statistical
model explain a percentage of 92% of variability (PC1:
51.3%, PC2: 20.4%, PC3: 14% and PC4: 6.5%). The
score plots of the PC1 against the PC2 and the PC1
against the PC4 are reported in Figure 5c and 5d. They
show that the deposition made with dragon’s blood can
be clearly distinguished from the others thanks to PC1.
Following the loading plots (not shown here), the vibra-
tions that contribute to the PC1 are mainly due to those
of dragon’s blood with the well-defined and specific
absorptions of the first overtones of the CH stretching
vibrations between 6000cm ! and 5500cm™" as well

as the CO stretching and CH, stretching combination
at about 4660cm ™. The two score plots show that the
depositions of safflower and cochineal are sparse and
not well separated whereas the depositions of indigo
and gamboge are, respectively, grouped. The vibra-
tions of paper and rice starch strongly contribute to the
PC2 loading plot (around 5200cm™t and 4765cm™)
but features assigned to gamboge can be highlighted
in the region of the first overtones of CH stretching
vibrations (5900-5500cm™Y). In the case of the deposi-
tion of indigo, the discrimination can be clearly made
thanks to the PC4 (Figure 5d) with the contribution of
the characteristic vibrations of the molecule of indigo
at about 5980cm™* and 4850 cm™! but also of the
extender kaolinite (around 7050cm™). The discrimina-
tion of safflower and cochineal still remains difficult
as their NIR absorption bands are located in the same
ranges as those of paper and starch (7000-6200cm™*
and 5180cm™) and due to the weakness of their
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specific absorptions (6000-5600cm™* and 4330cm™*
and 4260cm™).

Conclusion

Portable NIR spectroscopy has been used for the first
time on a set of five traditional Asian organic pigments
involved in Japanese woodblock prints. Dragon’s blood,
indigo and gamboge pigments exhibit very specific bands
in this range. However, in the case of paint deposition
(mixture of pigment and binder) on paper substrate,
the discrimination between the pigments appears diffi-
cult due to the overlapping spectral signatures of the
paper and the rice starch. Chemometric treatments
such as Principal Component Analysis has been consid-
ered in order to explore the data. For now, we highlight
the possibility to discriminate between dragon’s blood,
gamboge and indigo depositions and suggest the use
of spectral regions of interest, mainly related to the CH
overtone and combination modes. Results also empha-
sise the importance of carefully paying attention to
spectral contribution of each component in the building
of the PCs. Indeed, pigments and more importantly
paints are complex mixtures and in some instance, as it
is the case for indigo, not only the chromophore mole-
cule but also inorganic additives, which are not specific
of the pigment, might be considered in the model. The
pre-treatment of the data may be improved and other
data processing schemes may be considered in the
future such as clustering methods (Hierarchical cluster
analysis, fuzzy C-means analysis)?! or the combina-
tion of specific NIR ranges with other spectral domains
(mid-infrared range or Raman) in the statistical model
which has been proved relevant for the discrimination
of organic binders.'%??
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