
S
p

N
a

b

c

a

A
R
R
2
A

K
R
S
A
A
S

1

h
s
c
p
p
t
a
d
u
l
d
e
p
p
f

1
d

Spectrochimica Acta Part A 73 (2009) 505–524

Contents lists available at ScienceDirect

Spectrochimica Acta Part A: Molecular and
Biomolecular Spectroscopy

journa l homepage: www.e lsev ier .com/ locate /saa

ynthetic organic pigments of the 20th and 21st century relevant to artist’s
aints: Raman spectra reference collection

adim C. Scherrera,∗, Zumbuehl Stefana, Delavy Francoiseb, Fritsch Annettec, Kuehnen Renatea

Bern University of the Arts, Conservation & Restoration, Fellerstrasse 11, CH-3027 Bern, Switzerland
ACR Atelier de Conservation et de Restauration S.a.r.l., Passage du Cardinal 2d, CH-1700 Fribourg, Switzerland
K20K21, Kunstsammlung Nordrhein-Westfalen, Abteilung Restaurierung, Ständehausstrasse 1, D-40217 <!-Düsseldorf, Germany

r t i c l e i n f o

rticle history:
eceived 5 July 2008
eceived in revised form
1 November 2008
ccepted 23 November 2008

eywords:
aman spectroscopy
ynthetic organic pigments
rtwork analysis

a b s t r a c t

Some 170 organic pigments relevant to artist’s paints have been collected from historic collections and
modern manufacturers. The number includes multiples of the same pigment from different sources and
comprises 118 different color indices (C.I.). All of them have been analysed with FTIR spectroscopy and
125 pigments (93 different C.I. No.s) of particular relevance to artist’s paints have been characterised
with Raman spectroscopy so far. The pigment collection encompasses the following pigment classes and
subgroups: monoazo pigments represented by acetoacetic arylide yellow (hansa yellow), �-naphthol,
BON, naphthol AS and benzimidazolone; disazo pigments with disazo condensation, diarylide, bisace-
toacetarylide, pyrazolone; azo-azomethin metal complex pigments; non-azo, polycyclic pigments such as
phthalocyanines, diketopyrrolo-pyrroles (DPP), perylenes and perinones, quinacridones, isoindolinones,
zo pigments
pectroscopic library

polycarbocyclic anthraquinones and dioxanines. The selection of references was based on availability
(historic collections) and current use in 16 acrylic, alkyd and oil-based artist’s paints, and it covers pig-
ment colors PY yellow (27 C.I. No.s), PR red (38), PO orange (9), PB blue (8), PV violet (6), PG green (3) and
PBr brown (2). Besides peak tables and spectra patterns, flow charts based on color, pigment class, group
and individual color index are presented to help identification of unknowns and mixed paint samples.
While Raman could isolate all different C.I. numbers, multiple references of the same C.I. from different

inguis
sources could not be dist

. Introduction

The use of synthetic organic pigments in artist’s paint products
as dramatically increased and is now well established [1,2]. This
ets additional challenges to art technological research. There are
lear advantages over inorganic pigments in the sense of optical
roperties and processability. The application of synthetic organic
igments in artist’s paints has grown proportionally to their his-
oric development. Their industrial manufacturing has always been

sideproduct of the dyestuff industry. The history of synthetic
yes begins with the discovery of mauve in 1856 [3–6]. Of partic-
lar relevance was the discovery of the diazo compounds in 1861

aying the foundation for the currently largest class of synthetic
yes [5,7]. In the early 20th century, there has been an enormous

xpansion of synthetic pigment developments. There are exam-
les where new organic pigments in were found in artwork or
rints shortly after their introduction to the market [8,9]. In the
ollowing years, more and more synthetic pigments were devel-

∗ Corresponding author. Tel.: +41 31 848 3910.
E-mail address: nadim.scherrer@hkb.bfh.ch (N.C. Scherrer).

386-1425/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.saa.2008.11.029
hed.
© 2008 Elsevier B.V. All rights reserved.

oped and marketed. While organic pigment usage in artist’s paint
products has been conservative for a long time, the range of pig-
ment C.I.s and numbers of pigments mixed within the same product
has dramatically increased. More recently, synthetic organic pig-
ments have largely replaced particularly the yellow and red tones
of the classical artist’s pigment palette. Table 1 gives an overview
on the pigments and mixtures thereof in 16 current acrylic, oil and
alkyd artist’s paint. There are no less than 71 synthetic organic
pigments within those 16 products, making up almost 60% of
the pigments used (120) to create a painter’s palette. Further-
more, the combination of pigments to achieve a specific hue
varies largely across the products. This, of course, generates new
analytical challenges for forensic and art technological laborato-
ries.

Pigment analysis is well established as a means to answer
forensic and authentication questions regarding artwork. Spec-
troscopic techniques like FTIR and Raman spectroscopy form part

of the available armory that can cope with minute samples or,
in the case of Raman, even fully non-destructive in situ analysis
[10–14]. The range of organic pigments and mixtures thereof
both in current and historic artwork is very wide. Additionally,
successful Raman instrument settings may vary considerably. It is

http://www.sciencedirect.com/science/journal/13861425
http://www.elsevier.com/locate/saa
mailto:nadim.scherrer@hkb.bfh.ch
dx.doi.org/10.1016/j.saa.2008.11.029
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Table 1
Summary of pigments contained in 16 current products of artist’s paint.
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Table 2
List of reference materials and analytical settings for Raman spectra acquired.
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Table 2 (Continued )
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Table 3
Raman spectral library of 93 synthetic organic pigments, sorted by C.I. pigment name. Main signals are marked with vs = very strong, s = strong or m = medium in the peak
tables. Bold band positions in the tables relate to discriminating features differentiating between pigment class, group and individual C.I. number (refer to flowcharts in
Figs. 2–6). No baseline correction has been applied to any spectrum.
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Table 3 (Continued )
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Table 3 (Continued )
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Table 3 (Continued )
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Table 3 (Continued )
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Table 3 (Continued )
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Table 3 (Continued )
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Table 3 (Continued )
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herefore of considerable interest to gain knowledge of successful
nalytical settings and approaches to systematic identification
flowcharts).
. Experimental

Reference samples of synthetic organic pigment powders were
upplied by several collections and pigment manufacturers, as
isted in Table 2.
A Raman spectral database was compiled using the software
SpectralID as part of the Grams/AI suite. Spectra are available on
request in digital format from the corresponding author. Reference
powder samples were loosely pressed on an aluminum plate for

analysis. All Raman spectra were acquired on a Renishaw InVia dis-
persive Raman spectrometer (2007), equipped with a Leica DM
microscope and 3 laser sources: 785 nm (diode-type), Renishaw
HP NIR785 (300 mW); 633 nm (gas-type), Renishaw HeNe 633
(17 mW); 514 nm (gas-type), Spectra Physics Ar ion laser (24 mW).
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Fig. 1. Comparison of FTIR and Raman data of a red paint sample taken from the
artwork “Glas-Fassade”, 1940, by Paul Klee. This example demonstrates the different
signal contributions of pigment, substrate and binding media and intensity ratios
thereof. A baseline correction was applied to these spectra.

Fig. 2. Flowchart PB for the 8 blue pigments presented. Discriminating peak positions o
vs = very strong; s = strong; ms = medium to strong; m = medium, wm = weak to medium; w
in bold, “absent” is marked with italic text. The distinct bands (or their absence) selecte
Table 3.
cta Part A 73 (2009) 505–524 519

The general approach was to use the 785 nm laser (1200 l/mm grat-
ing), which did work successfully for about 90% of the pigments
with different C.I. numbers, applying powers between 0.00001 and
1 mW (power on sample). The remaining pigments were analysed
using the 514 nm laser (6%) with powers ranging between 0.1 and
5 mW, and the 633 nm laser (4%) with powers between 0.1 and
1 mW (both 1800 l/mm gratings). The spectral range covered for
all spectra is 100–3200 wavenumbers (cm−1) at a resolution of
<2 cm−1. Prior to each reference measurement, the instrument was
calibrated on the internal Si-reference standard (520.6 ± 0.1 cm−1).
Integration times varied from 30 s to 200 s in total (Table 2). 5 ran-
dom spots were analysed prior to the reference measurement to
check the homogeneity of the pigment powder. All spectra are
presented without baseline correction. According to other publi-
cations on organic pigments [15–19], the selected spectral range
of 100–1800 cm−1 for presentation is the relevant range to iden-
tify such pigments. Signals above 1800 cm−1 are generally weak
or absent, and for those observed in this upper range, the posi-
tions are listed in Table 3. Peak picking and peak table output was
generated in WiRE 2.0, Renishaw’s Raman software. To analyse the
large dataset, a Filemaker Pro database was generated combining all
information collected on a particular reference sample, spectra and
peak tables in a single file to permit searching (peak range, class,
group, etc.) and produce workable outputs in any wanted form.

Flowcharts were generated for colors where more than 5 dif-
ferent C.I. numbers were analysed (PB, PO, PR, PV, and PY). No
flowcharts were produced for PG (3 pigments) and PBr (2), but
the spectra have been included in Table 3. The flowchart hierar-
chy followed the path along color, pigment class, pigment group
and individual C.I. constitution number. The discrimination crite-
ria were the presence or absence of distinctive Raman bands of
very strong to medium intensity, variations in relative intensities
of two prominent signals, or specific features such as twin or triple
peaks. Obviously, the comparison is restricted to the dataset avail-
able, which as such is limited, but nevertheless comprises about 3
times the number of different C.I. numbers presented in previous
publications [15–17,19].
3. Results and discussion

Raman analysis is an excellent supplement to the standard ana-
lytical armory of forensic and art technological analysis, since both

r ranges are given as Raman shift (cm−1) and relative intensities are marked with:
= weak; vw = very weak; abs = absent; br = broad; tw = twin peak. “Present” is given
d as discrimination criteria are also highlighted in the spectra table collection in
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Fig. 3. Flowchart PO for the 9 orange pigments presented. Refer to Fig. 2 for the labeling convention.

Fig. 4. Flowchart PV for the 6 violet pigments presented. Refer to Fig. 2 for the labeling convention.
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Fig. 5. Flowchart PR for the 38 red pigments presented. Refer to Fig. 2 for the labeling convention.
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Fig. 6. Flowchart PY for the 27 yellow pigments

rganic and inorganic pigments can be characterised reliably. XRF or
EM-EDS is powerful with inorganic pigments. In combination with
TIR, elemental analysis often leads to conclusive results. Organic
igments, whatsoever, require another combination of techniques.
TIR is very sensitive to organic compounds and often delivers
nformation on pigments and substrates as well as binding media
nd fillers within the same analysis. This advantage of combined

nformation may, however, be hampered by overlapping bands and
elative signal intensities, making it difficult to separate the individ-
al components of paint samples from artwork. Raman, on the other
and, while more complex in the choice of ideal analysis and instru-
ent settings, appears to suffer far less from overlapping signals,
nted. Refer to Fig. 2 for the labeling convention.

since binding media such as oils or resins produce relatively weak
Raman scattering compared to the pigments of interest [17,20–23].
Fig. 1 elucidates such a comparison of a sample taken from the
painting “Glas-Fassade”, 1940, artwork 288(K8) of Paul Klee. Nev-
ertheless, FTIR analysis provides a fast response on a routine basis,
delivers in any case binding media and substrate information and
hints at possible types of pigments. Raman complements excel-

lently in pigment isolation and identification, or in case of requests
for in situ and possibly mobile non-destructive analysis. The effi-
ciency in information gain by the two spectroscopic methods may
be expressed in terms of the difference in the number of reference
measurements acquired within the same amount of time, where
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Fig. 7. Comparison of 8 Raman spectra of pigment yellow PY3 from different sources
(Table 2) and analysed on different days. The peak precision is within one wavenum-
N.C. Scherrer et al. / Spectrochi

TIR has clear advantages for routine measurements and requires
ess experience of the operator. In order to compare the specificity
f FTIR and Raman to pin down separate C.I. numbers, both spec-
ra have been generated, with the priority given to the synthetic
rganic pigments most relevant to artist’s paints of current products
Table 1), as well as historically important pigments from collection
ources (Table 2). Published libraries of Raman spectra cover most
f the inorganic pigments [10,24–33], whereas papers with Raman
pectra of synthetic organic pigments cover a comparatively small
alette [8,15–19,34–37]. Identification of inorganic pigments with

ew prominent signals is reasonably efficient using peak tables and
pectra patterns. With the large number of signals generated from
ynthetic organic pigments, the use of peak tables and patterns only,
eems inefficient and time consuming. Software solutions for auto-
atic spectra matching such as SpectralID (Grams/AI) considerably

ase the identification of unknowns in the presence of a reference
atabase. The identification of multi-component paint samples suf-
ering potentially from degradation phenomena may not always
ead to a clear automatic match, however. A major goal was thus
o generate flowcharts based on major peak discrimination, as has
een presented by Vandenabeele et al. [19] for a selection of red
nd yellow azo pigments. While they set their flowchart criteria
n structurally relevant bands across the colors, this paper sepa-
ates first by color and empirically discriminates the same colors,
ased on the presence, absence or ratio of characteristic major sig-
als within the individual patterns. This approach was chosen since
ajor signal intensities may have different origins in relation to the

tructural elements. In most cases this will permit identification of
he pigments contained in this reference collection, even with the
ack of minor peaks expected for mixed or dilute samples. Based on
he relatively large dataset available, the following points of inter-
st were addressed on comparing reference spectra of synthetic
rganic pigments with

(a) different C.I. numbers,
b) the same C.I. from different manufacturers (e.g. 8 products of

PY3, Fig. 7),
(c) the same C.I. from the same manufacturer (e.g. 4 products of

PY74, Table 2),
d) the same C.I. root, but different modifications (e.g. PB15, PB15:1,

PB15:2, PB15:3, PB15:4, PB15.6, Fig. 2)

o explore the possibility of pinpointing a particular C.I. number
r even product of a unique manufacturer. The combination of
utomated spectra matching, use of flowcharts, tables and patterns
hould thus ease and speed up identification of synthetic organic
igments. A further step not addressed here will be the spectral
eparation of synthetic organic pigment mixtures in modern artist’s
aint products (compare Table 1).

Reference spectra and tables are summarised in Table 3, pre-
enting one spectrum and peak table for each C.I. number. Within
he adjacent peak tables, prominent signals are marked with very
trong (vs), strong (s) or medium (m). Weak signals have not been
abeled specifically. The main discriminating bands or spectral
anges guiding through the flowcharts (Figs. 2–6) have been marked
ith bold capitols in the peak tables. The flowcharts rely on rela-

ively precise peak positions or bands, which have been derived
rom the dataset available and thus may be regarded with some
olerance for pigments of the same classes or groups not yet con-
idered in this database. Nevertheless, for multiple products of the
ame C.I. number, current experience with the instrument used

ere is that the peak precision is within 1 wavenumber (a) for prod-
cts from various sources and manufacturers, and (b) for spectra
cquired on different days and up to 5 months apart. This is shown
xemplarily for 8 pigment products of PY3 in Fig. 7. When compar-
ng the associated peak tables (Fig. 7), the noted peak precision is

ber for all peaks. The only conspicuous difference visible is the curved background
of two samples from historic collections (G and H, refer to Table 2). The spectra have
been normalised to the highest peak, but no baseline correction has been applied.
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ithin 1 wavenumber for all peaks listed. The same applies to all
ther pigments in the collection, where multiple references were
nalysed (e.g. PY1/n = 7, PY74/8, PR12/4, PO5/3, PB15:3/2, PR5/2,
Y16/2). It thus appears reasonable to view the positions given in
he flowcharts with a tolerance of about ±1 wavenumber. Address-
ng the question regarding differences between older products from
ollections versus currently produced batches, e.g. due to process
elated changes, it is observed that in the cases of the 7 pigments
B15:3, PO5, PR5, PR12, PY1, PY3 (Fig. 7) and PY16, where old and
ew reference materials were available, older samples from collec-
ions may display a distinctly higher background, but otherwise are
dentical to within 1 wavenumber.

. Conclusion

16 current products of acrylic, alkyd and oil-based artist’s paints
ave been compared on the basis of pigment contents. The occur-
ence of more than 60% synthetic organic pigments within those
tates their relevance to contemporary artwork and the importance
o build up analytical tools for the reconstruction of painter’s color
alettes, or to solve authenticity questions. A Raman spectral library
f 93 synthetic organic pigments with separate C.I. numbers of par-
icular reference to artist’s paint products has been presented here.
bout 90% of those could readily be analysed using 785 nm excita-

ion. The remaining pigments could be analysed applying the 514
nd 633 nm lasers. The size of the reference collection also per-
itted comparison of products with the same C.I. from different

ources, performed exemplarily in the case of PY3 (n = 8) and PY74
n = 5). While it currently seems not possible to track down a par-
icular product, this comparison elucidates the peak precision of
pectra acquired up to 5 months apart to within 1 cm−1. To help
dentification of unknowns, flowcharts have been generated for PY
comprising 27 C.I. numbers), PR (38), PO (9), PB (8) and PV (6).
aman spectroscopy has shown to be capable of distinguishing a

arge number of synthetic organic pigments, and under ideal con-
itions, may even differentiate between modifications of the same
.I. root number (PB15). A next step will be the spectral separation
f multi-pigment samples.
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