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ARTICLE INFO ABSTRACT

Keywords: This study focuses on the identification and characterization of 31 Fanal pigments. The samples were provided by
Synthetic organic pigments Technische Universitit Dresden and derive from five product lines of Fanal pigments from the period 1924-1934,
Basic dyes

in the colours: yellow, yellowish green, green, blue, violet, pink, and red. Fanal pigments are made from syn-

. thetic organic dyes containing basic functional groups, mostly consisting of triphenylmethanes. Since their
Micro-Raman spectroscopy . P . . . .
HPLC-PDA-HRMS pioneering introduction on the market by the chemical company I.G. Farben in 1924 as ‘Fanal®’ pigments, the
Py-GC-MS dyes were precipitated with the anions of the heteropoly acids phosphotungstic acid (PTA), phosphomolybdic
acid (PMA) or a combination (PTMA). This study employs a diverse analytical toolkit, combining both non-
destructive and destructive techniques, to set a precedent for the future identification of Fanal PTMA pig-
ments in works of art. It focuses on confirming the chemical composition of Fanal pigments, as documented in the
archives of I.G. Farben, and identifying markers unique to specific Fanal product lines.

Micro-Raman spectroscopy identified nine pigments across the different Fanal samples. High-performance
liquid chromatography with photodiode array and high-resolution mass spectrometry detection (HPLC-PDA-
HRMS) revealed thirteen main colourants, including rare dyes such as Ceres blue I (C.I. 44065) and Indolenine
yellow (C.I. 48010). In addition, varying amounts of dye compounds, closely resembling the primary dyes,
differing by one or two methyl or ethyl groups, were identified. Thermally assisted hydrolysis and methylation
pyrolysis gas chromatography mass spectrometry (THM-Py-GC-MS) evidenced the consistent presence of
emulsifier "Emulphor FM’ in the Fanal ’supra’ product line. Furthermore, some small molecules were identified
as unreacted compounds from the colourant synthesis process. With scanning electron microscopy - energy-
dispersive X-ray spectroscopy (SEM-EDX) various PTMA and PTA salts were distinguished and additional com-
pounds like aluminium oxide and/or blanc fixe were identified. Notably, the presence of dye compounds com-
plexed with PTA appeared to be exclusively correlated with samples from the first two ’alt’ and 'neu’ product
lines; no pure PMA salt was found. All other pigments were PTMA salts. Large differences in the particle
morphology between pigments of different product lines could be observed in the SEM-backscattered electron
images. For each pigment the main dye used proved to be consistent across the Fanal product lines, except for the
yellow dyes employed for Fanal yellow and yellowish green.

PTMA

1. Introduction pigments. These synthetic organic pigments (SOPs) quickly were in high

demand in the art world due to their bright and vivid colours, despite

In the second half of the 19™ century the development of synthetic their poor lightfastness and sensitivity to solvents in paint mediums

organic colourants coincided with the rise of the coal-tar industry. [1-6]. This incited the continuous development of new SOPs and pre-

Initially developed for textiles, these colourants were also used as pig- cipitation methods to enhance the working properties while preserving
ments - complexed or precipitated with an inorganic substrate as lake the intense hues.
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In the first half of the 20" century, the development of SOPs
happened at fast speed. Most of the production of synthetic colourants
took place in Germany, where it was a turbulent time with two world
wars. During the Second World War (WWII), many production records
were destroyed, and as a result a considerable amount of knowledge on
the SOP production of the first half of the century and their character-
istics is no longer available today.

The search for SOPs with improved lightfastness led to the devel-
opment of a novel precipitation method for basic dyes using anions of
the heteropoly acids phosphotungstic acid (PTA) and phosphomolybdic
acid (PMA), or a combination of both (PTMA) (Fig. 1). Until this point,
triphenylmethanes were used as dyes or were precipitated as pigments
by using a combination of acids such as tannic acid and tartar emetic
acid [6]. The first patent for the new precipitation method with heter-
opoly acids was obtained by Badische Anilin-und Sodafabrik (BASF)
Germany in 1913 [7]. Due to the disruption caused by WWI, these PTMA
pigments were only officially introduced on the market in 1924, under
the brand name ‘Fanal®’, by the chemical company I.G. Farbenindustrie
(hereafter 1.G. Farben) [8]." Fanal pigments were mainly intended for
printing, wallpaper and graphic art (e.g., pastel chalk, crayons, pencils).
To increase their lightfastness I.G. Farben developed new precipitation
methods, leading to the introduction of six different Fanal product lines
in the period between 1924 and 1932. The first two product lines, ‘alt’
(old) and ‘teig’ (paste), were followed by the ‘neu’ (new) line, the ‘neu
konz.” (new concentrated) line, the ‘neu hochkonz’ (new highly concen-
trated) line, and finally the ‘supra’ line [8].

The Fanal pigments were not always used in all product lines in a
similar manner. While the yellow Fanal pigment Fanalgelb G was mar-
keted only in the product lines ‘alt’, ‘neu hochkonz’, and ‘supra’, the five
blue Fanal pigments were commercialised in five product lines (Fanal-
bremerblau G, Fanalbremerblau B, Fanalblau B, Fanalblau 3B and Fanal-
blau LB). Recently published work on the archives of German pigment
producers BASF, Bayer, I.G. Farben and Dutch paint manufacturer Royal
Talens indicates that the different product lines of Fanal pigments were
sold in parallel [8]. Although only the ‘supra’ line was recommended for
artist-quality paints, Talens also used the ‘alt’ and ‘neu’ product lines for
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Fig. 1. a-keggin structure of PMA and PTA, with X = molybdenum or tungsten.

! 1.G. Farben was the overarching company formed in 1924 consisting of
Bayer, BASF, Hoechst, Agfa, Chemische Fabrik Griesheim-Elektron and Weiler-
ter-Meer.
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this purpose. At that time Fanal pigments were praised for their light-
fastness, but also criticised because they could bleed into the paint
medium [1].

It is uncertain when exactly I.G. Farben stopped the production of
Fanal pigments. After WWII, the collaboration of the five different
companies within I.G. Farben discontinued and from research in the
archives of BASF and Bayer it remains unclear how the production of
Fanal pigments was continued after WWIL. In the 2" edition of the Color
Index from 1956 Fanal pigments of the ‘supra’ product line are listed as
produced by three companies: BASF, 1.G. Farbenindustrie and General
Dyestuff Co., New York, U.S.A [9]. This is supported by paint-outs of
Fanal ‘supra’ pigments produced by BASF originating from 1960 and
documentation in the Talens archive of the 1980s [10].% Literature
shows that PTMA, PTA and PMA pigments were sold by companies in
the United States, England, Scotland, Germany, and France, under a
wide variety of brand names [9,11-13]. Through the market introduc-
tion of copper phthalocyanine pigments at the end of the 1930s some of
the PTMA blue and green pigments were replaced by these more light-
fast and cheaper SOPs [12-15]. Although pigments sold under C.I.
numbers associated with PTMA complexes appear to be widely available
on the market today, exact information on the current production of
PTMA pigments is not available. PTMA pigments are rarely identified in
artworks and only two examples are described in literature. Bridarolli et
al. found four PTMA pigments in Wilhelm Ostwald’s 1925 ’Colour Organ’
using X-ray fluorescence (XRF) and Raman spectroscopy [16]. The
second example is a blue PTMA pigment in a 1940’s oil painting by the
Dutch artist J. M. J. Wijnsouw called ‘Stil life with palette’ where the
identification was accomplished with XRF and Raman spectroscopy [3].

The basic organic dyes used in PTMA/PTA/PMA salt complexes are
characterised by the presence of one or more free or substituted amino
groups (such as: -NHy, -NHCH3, -N(CH3s)3, and -N(CyHs)2) which can
form complexes with coordination metals [17]. Phosphotungstic acids
and phosphomolybdic acids are heteropoly acids that exist as
H3[PX;12040]-nH20, X = tungsten (W) or molybdenum (Mo), with a
so-called a-Keggin anion structure, Fig. 1 [18,19]. When complex acids
are made from a mix of tungsten and molybdenum acids, the charac-
teristics resemble those of the predominant pure acid [13]. When the
acids decompose at a low pH to H4P[M0207]4' or H4P[W207]4’ ions,
these, in theory, form a complex with four positively charged dye mol-
ecules and precipitate as a salt [19]. Depending on the type of dye and
the availability and price of tungsten and molybdenum, preference was
given to a PTA, PMA, or PTMA complex with varying ratios of tungsten
and molybdenum [8,19]. The exact coordination and structure of the
resulting salts is unknown and is likely to vary according to the dye
(mixture) used.

The patents and the recipes found in the production archives of I.G.
Farben document the development of the Fanal pigment production. All
recipes have the following basic production steps in common: the one or
two basic dyes are first brought into solution, then the PTMA/PTA/PMA
was added (as a solution, or as a powder) resulting in the formation of
large insoluble salts. This precipitated pigment was then filtered,
washed, and further processed. As the different product lines were
developed the recipes were modified in several ways. Acids, such as
hydrochloric acid, sulfuric acid or nitric acid, were added to the pre-
cipitation mixture to aid the dissociation of the PTMA/PTM/PMA,
higher temperatures and pressure over longer time periods were applied
to the precipitation mixture, and other chemicals, like sodium sulphate,
sodium phosphate, sodium hydroxide, sodium chloride or copper sul-
phate, were added to the pigments in solution [20-23].

As the first PTMA pigments brought on the global market, Fanal
pigments provide a unique insight into the development and charac-
teristics of PTMA pigments. The aim of this study is to follow the
development of Fanal pigments focusing on the organic colourants and

2 personal communications of Klaas Jan van den Berg with Royal Talens.
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compare these findings with archival information. Thirty-one historical
Fanal samples were obtained from the reference collection of the Tech-
nische Universitat Dresden (see Table 1). The samples are dated from 1924
to 1934 and include twelve pigments from five of the six product lines
(no samples of the ‘neu hochkonz.’ line are included). This collection
covers around seventy percent of all types of Fanal pigments put on the
market by I.G. Farben [8] and offers the exceptional opportunity to
study these pigments as powders and pastes with clear origin, just as I.G.
Farben sold them to paint manufacturers. The possibilities and limita-
tions to analytically distinguish the different Fanal types and production
lines will provide a basis for the future identification of Fanal pigments
in works of art. The samples were subjected to analysis with
micro-Raman spectroscopy and high performance liquid chromatog-
raphy coupled to a photodiode array detector and/or a high resolution
mass spectrometer (HPLC-PDA-HRMS) as a standard approach for
studying SOPs from the beginning of the 20t century put forward by
Sundberg et al. [24]. Raman spectroscopy can be used non-invasively to
detect SOPs in cultural heritage objects based on the data collected in
this study [25-28]. HPLC-PDA-HRMS provides detailed chemical fin-
gerprints of the organic colourants that can be compared with archival
information [29-32]. Thermally assisted hydrolysis and methylation
pyrolysis gas chromatography mass spectrometry (THM-Py-GC-MS) was
used to identify any possible organic non-colourant components added
during the production process [33-35]. Furthermore, scanning electron
microscopy - energy-dispersive X-ray spectroscopy (SEM-EDX) and
SEM-back scattered electrons (BSE) were used to study the elemental
composition of the inorganic components and the pigment morphology.
Archival information was obtained from the patents applied by BASF
and Bayer (before 1924) and 1.G. Farben (after 1924), sourced from the
contemporary patent books by Friedlaender (1921-1934) [20]. Recipes
documenting the production process were found at the Bayer production
archive, which incorporates parts of the I.G. Farben archive [8,21,22].

2. Experimental
2.1. Samples

This study includes 31 historical Fanal pigment samples from the
Historische Farbstoffsammlung collection of the Technische Universitat
Dresden in yellow, yellowish green, green, blue, violet, pink, and red
tints. The pigments are dated to the timeframe between 1924 and 1934
— see Table 1 and S1 for more information. The pigments (with the
exception of three dried paste pigments) are in powder form and are
stored in glass bottles. The pigments are as they would have been sold to
paint manufacturers by I.G. Farben.

2.2. Chemicals

The following chemicals were used: acetonitrile (ACN, hypergrade
for LC-MS, LiChrosolv®, Millipore Sigma), ammonium formate (AF, 99
%, Honeywell FlukaTM), dimethyl sulfoxide (DMSO, Fisher Scientific,
>99 %), formic acid (FA, LC-MS grade, Thermo scientific), methanol
(MeOH, HPLC ultra-LC-MS grade, HiPerSolv CHROMANORM®, VWR
Chemicals), tetramethylammonium hydroxide (TMAH, Sigma-Aldrich)
and water (Ho0, LC-MS grade, LiChrosolv®, Millipore Sigma).

2.3. Micro-Raman spectroscopy

Micro-Raman spectroscopy was performed using a RamanMicro 300
(PerkinElmer) in combination with a RamanStation 400F equipped with
a 785 nm laser (Waltham, MA) and an Olympus BX51 M microscope.
Spectra were recorded between 150 and 2700 cm ™~ with a resolution of
approximately 4 cm L. The laser power ranged between 1.7 and 21.4
mw, with 6-15 accumulations and exposure time between 15 and 30 s,
depending on the sample. All micro-Raman spectra were interpreted
using the internal reference database of the Cultural Heritage Agency of
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the Netherlands and/or spectra from the Belgian Royal Institute for
Cultural Heritage (KIK-IRPA) SOPRANO database [28,36].

2.4. SEM-EDX-BSE

A Jeol JSM 5910 LV SEM with a Thermo Scientific SSD EDX detector
was used. The samples were mounted on metal stubs using carbon tape
and analysed in low vacuum mode (30 Pa) with a primary electron beam
energy of 20 kV.

2.5. THM-Py-GC-MS

A Frontier Lab 3030D pyrolizer unit (Koriyama, Japan) was used
coupled to a ThermoFischer Focus GC-MS (Waltham, MA). All samples
were analysed with thermally assisted hydrolysis and methylation
(THM) using TMAH (5 % in methanol). The samples were pyrolyzed
using a 360-700 °C ramp with a rate of 500 °C/min. Separation was
achieved using a Supelco SLB-5 ms 5 % diphenyl column (20 m x 1.18
mm, 18 pm film thickness; Bellefonte, PA) [33-35]. Data processing was
carried out using Xcalibur™ software version 4.6.67.17, and identifi-
cation was performed using the NIST/EPA/NIH 20 Mass spectral library.

2.6. HPLC-PDA-HRMS

Prior to analysis the samples were dissolved in DMSO. Analyses were
carried out using an HPLC 1290 Infinity II system (Agilent) coupled in
series with two detectors: a PDA detector (1290 Infinity II, Agilent with a
180-640 nm flow cell) and an Orbitrap-high resolution mass spec-
trometer Q Exactive™ Focus Hybrid Quadrupole-Orbitrap™ (Thermo
Scientific) with a heated-ESI interface (H-ESI, Thermo Scientific). The
HPLC conditions were: 1 pl injection volume, PHLC Zorbax RRHD
Eclipse Plus C18 column (2.1 x 150 mm, 1.8 pm) and Zorbax Eclipse
Plus C18 HPLC guard column (3.0 x 5mm 1.8 pm) ), both Agilent
Technology Inc., Santa Clara, CA, USA.; 0.2 mL/min flow rate, 40 °C
column temperature. Separation was achieved using a 32 min gradient
of eluent A (95:2.475:2.75:0.05H,0:MeOH:ACN:FA v/v/v/v % with 0.1
mM AF) and eluent B (5:47.457:47.475:0.05H,0:MeOH:ACN:FA v/v/v/
v % with 0.1 mM AF). The linear elution gradient was programmed as
follows, starting at 95A%: 1.00-3.50 min, to 80A%; 5.00-17.50 min, to
40A%; 19.00-24.00 min to 5A%; 26.00-27.00 min, to 95A%,; kept for 5
min until 32.00 [37].

The H-ESI operating conditions for the MS were: sheath gas flow 8;
aux gas flow rate 2; sweep gas flow rate 0; spray voltage 4 kV; capillary
temperature 320 °C; aux gas heater temperature 110 °C. Drying and
sheath gas were Ny, purity >98 %. AGC target 5e5 ions with a maximum
injection time of 50 ms. High resolution mass spectra were acquired in
positive mode in the range 150-2000 m/z, full MS resolution 35.000.

A Thermo Scientific™ Dionex™ Chromeleon™ 7 Chromatography
data system version 7.2.9 was used to process the PDA data, while a Qual
Browser Thermo Xcalibur version 4.1.31.9 was used to process the MS
data. PDA chromatograms were extracted at different wavelengths
depending on the colourants present. The positions of the PDA peaks
were used to identify the locations of the corresponding m/z values in
the MS chromatogram. Calibration curves were not made for the PDA
response, so only tentative assumptions about the relative amounts of
the different colourants present in the samples can be made. Colourant
components below the PDA limit of detection (LOD) were not consid-
ered. It is assumed that the colourant components below the PDA LOD
do not affect the overall colour of the pigment. Due to the large amount
of trace components, not all were identified. Identification was achieved
by a combination of retention times, PDA spectra and m/z values that
were compared to an internal reference database of the RCE and
literature.
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Table 1

Summary of the analytical results of the micro-Raman spectroscopy, HPLC-PDA-HRMS, THM-Py-GC-MS and SEM-EDX analysis of all Fanal® pigments. Cells marked
with an - indicate that no components are present in that category or that the analytical results did not differ significantly from the analytical blank. Components
indicated in brackets are present in low amounts.

Pigment Product # Date Raman HPLC-PDA-HRMS THM-Py-GC-MS Precipitation
line . . SEM-EDX
Main Minor Trace
Gelb G Alt Plv.” 1 1934 PY18/BY1? BY3 - BY3-Me - PTMA, (Al;03)
Supra Plv. 2 1928 PY18/BY1? PY18/BY1 Indolenine PY18/ Aminothiophenol PTMA (Al,03)
BY1-Me Benzoic acid
PY18/
BY1-2Me
Gelbgriin G Alt Plv. 3 1924-1939 PG2 BY3 - BY3-Me - PTA, Al;03
PG1/BG1 PG3/BY2
PG4/BG4
BG1-Eth
Alt Teig 4 1928 PG2 BY3 - BY3-Me Benzamide PTA, Al;03
PG1/BG1 BY2
BG4
BG1-Eth
Supra Plv. 5 1934 PG2 Indolenine - BY3-Me Emulphor FM PTMA
PG1/BG1 BY3 Dimethylaniline
PG4/BG4 1H isoindolien
PG1/BG1- Benzamide
Eth
Griin Neu Konz. 6 1928 PG1 PG1/BG1 - PG1/BG1-Et - PTMA
Plv PG1/BG1-
Me
Supra Plv. 7 1930/31- PG1 PG1/BG1 - PG1/BG1-Et  Trimethyl phosphate PTMA, (Al;03)
1939 Emulphor FM
Benzamide
42040:1 8 1924-1939 PG1 PG1/BG1 PG1/BG1-Me PG1/BG1-Et Trimethyl phosphate PTA, Al,O3
BY3
Blau B Alt Plv. 9 1924-1939 PB1/BB7? PB1/BB7 BB11 PB3/BB5 Dimethylaniline PTMA, Al,O3

PB1/BB7-Et N,N-dimethyl-1-
PB1/BB7-Et  naphthylamine

PB1/ Benzamide
BB7-Me
Neu Plv. 10 1928 PB1/BB7 PB1/BB7 BB11 PB3/BB5 Benzamide BaSO4, PTMA,
PB1/BB7-Et (Al,03)°
2
PB1/
BB7-Me
Supra Plv. 11 1934 PB1/BB7 PB1/BB7 BB11 PV39/BV3 Methylamine PTMA
PB3/BB5 Trimethyl phosphate
PB1/BB7-Et N-methylaniline
2x Dimethylaniline
PB1/ Diethylaniline
BB7-Me Benzamide
1-naphthalenamine, N-ethyl
Blau 3B Supra Plv 12 1934 Close to PB1/ Ceres blue I - PV39/BV3 Methylamine PTMA
BB7? Ceres-Me N-methylaniline
PB9/BB1 N-methyl-o-toluidine

Benzamine, N, N-4-trimethyl
Benzeanmine, 2-ethoxy
Trimethyl phosphate
Emulphor FM

Bremerblau Neu Plv. 13 1928 PB3/BB5, PB8? PB3/BB5 - PB3/ PTA, Al,O3
B BB5-2Me
PB3/BB5-Et
PB3/
BB5-Me
Supra Plv. 14 1934 PB3/BB5 PB3/BB5 - PB3/BB5-Et Emulphor FM PTMA
PB3/
BB5-Me
42140:1 15 1924-1939 PB3/BB5 PB3/BB5 - PB3/ - PTMA, Al,03
BB5-2Me
PB3/BB5-Et
PB3/
BB5-Me
Bremerblau Neu Konz. 16 1928 PB8 PB9/BB1 PB9/BB1-Me - Trimethyl phosphate PTMA
G Plv. Methylamine
42040/ 17 1924-1939 PB8 PB9/BB1 PB9/BB1-Me - Trimethyl phosphate PTMA
42140 Methylamine
Violett R Alt Plv. 18  1924-1939 PV3/BV1 PV3/ PV3/BV1 PV3/ Dimethylaniline Al,03, PTA
BV1hexaMP tetraMP BV1triMP Benzamide
PV3/ BV2 MII
BV1pentaMP

(continued on next page)
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Table 1 (continued)

Pigment Product # Date Raman HPLC-PDA-HRMS THM-Py-GC-MS Precipitation

line R . SEM-EDX
Main Minor Trace

BV2 MIII
BV14
Bronce Neu 19 1926-1939 PV3/BV1 PV3/ PV3/ BB11 Dimethylaniline PTA, BaSO.,
Plv. BV1hexaMP BV1tetraMP PV3/ Benzamide (Al;03)
PV3/ BB7 BV1triMP
BVl1pentaMP BV2 MII
BV2 MIIL
BV14
Neu Konz. 20 1928 PV3/BV1 PV3/ PV3/ PV3/ Dimethylaniline PTMA
Plv. BV1hexaMP BV1tetraMP BV1triMP Benzamide
PV3/
BV1pentaMP
Rosa Alt Plv. 21 1928 PR81/BR1 PR81/BR1 - BV10 Methyl benzoate Al,Os3, PTA
PR81/BR1-
Me
PR81/BR1-
Et 2x
BR3
Neu Teig 22 1928 PR81/BR1 PR81/BR1 - BR3 Methyl benzoate Al,03, PTMA
PR81/BR1-
Me
PR81/BR1-
Et 2x
Rosa B Supra 23 1928 PR81/BR1 PR81/BR1 PR81/BR1-Me  PR81/BR1- Trimethyl phosphate PTMA"
PR81/BR1-Et Me Methyl benzoate
PR81/BR1- Dimethyl phthalate lauric
Et acid methyl ester
PV2/ Emulphor FM
BV11-Me
PV2/BV11
Supra Plv. 24 1928 PR81/BR1 PR81/BR1 - BR3 Methyl benzoate PTMA
PR81/BR1- Emulphor FM
Me
PR81/BR1-
Et 2x
PV2/
BV11-Me
PV2/BV11
Rot 3B Alt Plv. 25 1928 PV2, PR81/ PV1/BV10 PR81/BR1-Et PV2/BV11 Methyl benzoate Al,O3, PTA
BR1 PR81/BR1 PR81/BR1-
Me
PV1l/
BV10-Me
PV1/
BV10-Et
Neu Plv. 26 1928 PR81/BR1 PV1/BV10 PR81/BR1-Et PR81/BR1- Trimethyl phosphate Al,03, PTMA
PR81/BR1 Me Methyl benzoate
PV1/
BV10-Me
PV1/
BV10-Et
Bronce 27 1934 PV2, some PV1/BV10 PR81/BR1-Et PV2/BV11 Methyl benzoate PTMA
Neu Konz. PR81/BR1 PR81/BR1 PR81/BR1-
Plv Me
PV1/
BV10-Me
PV1/
BV10-Et
Rot 6B Alt Plv. 28 1934 PV2/BV11, PV2/BV11 PV1/BV10 PR81/BR1 Methyl benzoate Al,03, PTA
some PR81/ PR81/BR1- Benzoic acid
BR1 Me Propanoic acid
PV1l/
BV10-Me
PV2/
BV11-Me
Alt Teig 29  1924-1939 PV2/BV11, PV2/BV11 PV1/BV10 PR81/BR1 Trimethyl phosphate Al,03, PTA
some PR81/ PR81/BR1- Methyl benzoate
BR1 Me Benzoic acid
PV1/ Propanoic acid
BV10-Me
PV2/
BV11-Me

(continued on next page)
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Pigment Product # Date Raman HPLC-PDA-HRMS THM-Py-GC-MS Precipitation
line . . SEM-EDX
Main Minor Trace
Neu Plv. 30 1928 PV2/BV11 PV2/BV11 PV1/BV10 PR81/BR1- Methyl benzoate Al,03, PTMA
PR81/BR1 Me Benzoic acid
PV1l/ Propanoic acid
BV10-Me
PV2/
BV11-Me
Supra 31 1928 PV2/BV11, PV2/BV11 PR81/BR1 PV1/BV10 Trimethyl phosphate PTMA
some PR81/ PR81/BR1- Methyl benzoate
BR1 Me Benzoic acid
PV1l/ Propanoic acid
BV10-Me Emulphor FM
PV2/
BV11-Me

**Trimethyl phosphate was found in all samples as a low peak and is only mentioned here if it was unusually abundant.

2 ‘Ply’ stands for ‘pulver’ meaning powder.
Y PTMA complexation with more molybdenum than tungsten.

3. Results

In the following sections the colourant analysis carried out with
micro-Raman spectroscopy and HPLC-PDA-HRMS will be discussed and
compared with archival information for each pigment and product line.
The Fanal pigments are grouped according to their colour. The different
samples of each pigment will be discussed chronologically, starting with
the product line that was developed first, the ‘alt’ line, and concluding
with the final product line brought on the market, the ‘supra’ line. The
Fanal pigments for which the product line is unknown will be considered
last. Following the colourant analysis, the emulsifiers and other com-
pounds found with THM-Py-GC-MS, the PTMA/PTA/PMA salt formation
and pigment morphology as studied using SEM-EDX/SEM-BSE analysis
will be reported.

A summary of the analytical results is given in Table 1. An overview
of the archival information found per sample is given in S1. The detailed
results of the micro-Raman spectroscopy, HPLC-PDA-HRMS, THM-Py-
GC-MS, SEM-EDX, SEM-BSE and optical microscopy are reported in S2-
5.

An overview of the C.I. names and numbers, colourant class, and
chemical structure of all the dyes and pigments referenced in this paper
is given in Table 2. The samples will be referred to by their original
German names. For the nomenclature of the dyes and pigments, the
generic C.I. names from the 3" edition of the Colour Index will be used,
e.g., Basic blue 5 is abbreviated to BB5 [39]. When precipitated, the C.I.
name changes: BB5 precipitated with PTMA becomes Pigment blue 3
(PB3). Each time a pigment is introduced, the corresponding dye will
also be reported, and thereafter they will be mentioned together, e.g.
PB3/BB5, to increase the readability. The pigment will be mentioned
first, followed by the dye. When the C.I. does not specify a generic dye or
pigment name, the common name will be used. Analogues of colourants
that are missing one or multiple methyl groups (Me) or ethyl groups (Et)
compared to their parent-dye molecule are denoted with the C.I
abbreviation of the parent dye together with -Me, -2Me, -Et, -2Et, e.g.,
PB3/BB5-Me. When archival information is mentioned the original
trivial names in German will be used together with the associated C.I.
abbreviation.

3.1. Analysis of the organic colourants with micro-Raman spectroscopy
and HPLC-PDA-HRMS

3.1.1. Yellow — Fanalgelb G

Fanalgelb G sample 1 could not be conclusively identified using
micro-Raman spectroscopy, although the spectrum showed similarities
to that of the thiazole pigment PY18/BY1. Analysis with HPLC-PDA-
HRMS identified the diarylmethane dye BY3 (Auramine G) as the main
colourant with BY3-Me as a minor component. Fanalgelb G sample 2

was tentatively identified as PY18/BY1 with micro-Raman spectros-
copy, which was confirmed with HPLC-PDA-HRMS. PY18/BY1-Me was
found as a minor component. In this sample a second minor colourant
component was detected: Indolenine yellow (C.I. 48010). This rare basic
methine dye has once before been described in a dark green paint from
Royal Talens [25]. For both samples the analytical results are in accor-
dance with the archival information that document the use of Auramin G
(BY3) for Fanalgelb G alt (sample 1) and Thioflavin TNC (PY18/BY1) for
Fanalgelb G supra (sample 2). Indolenine yellow is mentioned in a 1934
technical manual from 1.G. Farben as a yellow colourant specific for
Fanal pigments, but was not found in the archival sources related to
pigment production for yellow pigments.

3.1.2. Yellowish green - Fanalgelbgriin

Fanalgelbgriin samples 3 and 4 were both identified as PG2 using
micro-Raman spectroscopy based on an in-house reference. PG2 is listed
in the 2™ edition of the Colour Index as a co-precipitant of PG1/BG1 and
DY7, but disappeared from the 3™ edition [9,38]. A modern source
describes PG2 as a co-precipitation of PG1/BG1 and PY18/BY1 [12].
The spectra of samples 3 and 4 exhibited similarities to that of PG1/BG1,
while the Raman peaks associated with PY18/BY1 were absent, see
Fig. 2a. HPLC-PDA-HRMS analysis confirmed the presence of PG1/BG1,
with BY3 as the main yellow colourant in both samples,® with BY3
slightly dominating, according to the PDA data, as shown in Fig. 2b. BY2
(Auramine O, isomer of BY3), BY3-Me and PG1/BG1-Et were detected as
minor components and trace levels of PG4/BG4 were also present.

Sample 5 of Fanalgelbgriin was also identified as PG2 with micro-
Raman spectroscopy, similarly to samples 3 and 4 (Fig. 2a). Using
HPLC-PDA-HRMS PG1/BG1 and PG1/BG1-Et were found as well, but,
instead of BY3, Indolenine yellow was identified as the primary yellow
colourant. PG1/BG1 and Indolenine yellow are present in approximately
equal amounts according to the relative PDA ratios (Fig. 2b) Consis-
tently, a shift from BY3 to Indolenine yellow as the yellow colourant was
observed, as already evidenced in Fanalgelb G sample 2: both samples
belong to the ‘surpa’ product line. Contrary to literature, none of the
samples identified by micro-Raman spectroscopy as PG2 contained
PY18/BY1 or DY7 as the yellow component.

For all three samples, the archives mention the same green compo-
nent, Diamantgriin GX (PG1/BG1), consistent with the analytical results.
For sample 3 Auramine G (BY3) is reported as the yellow colourant,
which is in agreement with the analytical results. For sample 4 a “gelb
fiir Fanalfarben” (yellow for Fanal pigments) without specific details is
mentioned. In the case of sample 5 the use of Basisches gelb EFCM, "gelb

3 Optical microscopy indicates a co-precipitation for all PG2 samples,
Table S7.
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Table 2
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Overview of the synthetic organic dyes and and synthetic organic pigments discussed in this paper, in order of their occurrence in the Results section. *Only the
common names used in this paper are mentioned.

Information obtained from CI and literature

C.I. Name

Basic yellow 1
Pigment yellow 18

Basic yellow 3

Basic dye

Basic green 1
Pigment green 1

Direct yellow 7

Basic yellow 2
Pigment green 3
component

Basic green 4
Pigment green 4

Basic yellow 21

Basic blue 7
Pigment blue 1

Basic blue 11

Basic blue 5
Pigment blue 3

abbr.

BY1
PY18

BY3

BG1
PG1

DY7

BY2
PG3

BG4
PG4

BY21

BB7
PB1

BB11

BB5
PB3

C.L
number

49005
49005:1

41005

48010

42040
42040:1

49010

41000
41000:2

42000
42000:1

48060

42595
42595:2

44040

42140
42140:1

Precipitation
-indicates no
precipitation

PTMA

PTMA

PTMA

PTMA

PTMA

PTMA

Dye class

Thiazole

Diphenylmethane

Methine

Triarylmethane

Thiazole

Diphenylmethane

Triarylmethane

Methine

Triarylmethane

Triarylmethane

Triarylmethane

Common name*

Thiovlavin TNC

Auramine G

Indolenine yellow

Diamond green G/GX

Auramine O

Diamond green G3?

Basische gelb 52115

Victoria pure Blue BO

Victoria blue R

Rhoduline blue 5B

Molecular structure

N

(continued on next page)
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Information obtained from CI and literature

Basic violet 3 BV3 42555
Pigment violet 39 PV39  42555:2

Basic violet 1 BV1 42535
Pigment violet 3 PV3 42535:2

Sovent dye - 44065

44070

Basic blue 1 BB1 42025
Pigment blue 9 PB9 42025:1

Basic violet 14 BV14

Basic violet 2 BV2

Basic red 1 BR1 45160
Pigment red 81 PR81 45160:1

Basic red 3 BR3 45210

Basic violet 10 BV10 45170
Pigment violet 1 PV1 45170:2

- Triarylmethane
PMA

- Triarylmethane
PTMA

- Triarylmethane
PTMA

- Triarylmethan
PTMA

_ Xanthene
PTMA

- Xanthene

- Xanthene
PTMA

Crystalviolet, hexamethyl

pararosaniline
Methylviolet

Hexa-, penta-, tetra-, trimethyl

pararosaniline
Methylviolett N blau

Ceres blue I
Fanal bue 3B supra

Rhodoline blue 6G

Fuchsine

Magenta II and III

Rhodamine 6G (extra)
Rhodamine 4GDN

Rhodamine 3G

Rhodamine B (extra)

§ v
R/N'\\
\
RN

BV3 Hexamethyl pararosaniline:
Ri—Ro—R3—R4 = Me

Pentamethyl pararosaniline: R;=—H,
Ro—R3—R4 = Me

Tetramethyl pararosaniline: Ry—R,—H,
Rs3—R4 = Me

Trimethylpararosaniline: R;—R,—R3;—H,
R4 = Me

\ \
Aeven

(continued on next page)
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Information obtained from CI and literature

Basic violet 11 BV11
Pigment violet 2 PV2

45175 -
45175:1 PTMA

Xanthene

Rhodamine 3B \

Rhodamine 2B (extra) ~ N O © /“V
Z

o
S 0" N

=

von Leverkusen" Basisches gelb 52115 or Basisches Gelb EFCN (C.I. 48060,
BY21) is indicated. This methine dye is similar to Indolenine yellow; it is
penta-methylated instead of tetra-methylated. For BY21 it is mentioned
in the C.I. that it was used for the production of Fanalgelbgriin G supra,
which was, however, not the case for sample 5 [38].

3.1.3. Green - Fanalgriin

The Fanalgriin samples 6 and 7 were identified as PG1/BG1 using
micro-Raman spectroscopy. With HPLC-PDA-HRMS, the presence of
PG1/BG1 and analogous compounds related to PG1/BG1 (as found in
samples 3, 4, and 5 also containing PG1/BG1) was ascertained. Sample
8, while identified as PG1/BGl with micro-Raman spectroscopy,
showed to contain a mixture of BY3 and PG1/BG1 with HPLC-PDA-
HRMS. The PDA data suggest similar ratios of both colourants, indi-
cating a yellowish green PG2 composition, resembling samples 3 and 4.
Therefore, it might be concluded that sample 8 was mislabelled as
Fanalgriin, as the analytical results align more closely to sample 4,
Fanalgelbgriin G Teig. No archival information was found for sample 6 or
8. For sample 7, the archive mentions Diamantgriin GX (PG1/BGl),
which is in line with the analytical results.

3.1.4. Blue — Fanalblau B and Fanalblau 3B

Analysis of Fanalblau B sample 9 using micro-Raman spectroscopy
proved difficult due to extensive scattering and fluorescence, but a
tentative match with PB1/BB7 could be made. Conversely, for Fanalblau
B samples 10 and 11 good micro-Raman spectra were obtained and
could be confidently assigned to PB1/BB7. For all three samples, the
identification of PB1/BB7 as the main colourant was successfully
accomplished through HPLC-PDA-HRMS analysis. BB11 was identified
in the three samples as a minor component, all with a similar relative
PDA ratio of PB1/BB7: BB11 of around 3:1 (Fig. 3a). BB11 is N-meth-
ylated and PB1/BB7 is N-ethylated (Fig. 3b). The synthesis route of PB1/
BB7 excludes BB11 as a synthesis byproduct [39]. Low concentrations of
PB3/BB5 and several analogues of PB1/BB7 related to its synthesis were
identified. For sample 11 PV29/BV3 (Crystal violet) was also found; it is
absent in the other Fanalblau B samples. Archival research supports the
use of Viktoriareinblau BO konz. (PB1/BB7) for samples 9 and 11; no
archival information is available for sample 10.

Fanalblau 3B sample 12 posed a challenge for micro-Raman spec-
troscopy, as the sample was heat damaged during analysis and only a
bad quality spectrum could be recorded. The recorded peaks mostly
resemble the spectrum of PB1/BB1. Through analysis with HPLC-PDA-
HRMS the main colourant could be identified as Ceres blue I. This is a
rare blue dye related to PB1/BB7, BB11 and PB2/BB26 (Victoria blue B).
Ceres blue I differs from BB11 by a differently substituted naphthyl-
amine, either an N-benzyl ethyl ether or an N-phenethyl alcohol
(Fig. 3b). Ceres blue I-Me was identified as a trace component together
with PV29/BV3. The use of Ceres Blau I for Fanalblau 3B supra is
confirmed by archival research.

3.1.5. Blue — Fanalbremerblau B and G

All three samples of Fanalbremerblau B (13, 14, and 15) were iden-
tified as PB3/BB5 using micro-Raman spectroscopy. HPLC-PDA-HRMS
confirmed PB3/BB5, with varying amounts of PB3/BB5-Me, PB3/
BB5-Et, and PB3/BB5-2Me. Archival information for sample 14 con-
firms the use of Rhodulinblau 5B hochkonz. (PB3/BB5), while no such
data were available for the other samples.

Micro-Raman spectroscopy identified the Fanalbremerblau G sam-
ples 16 and 17 as PB8, based on a reference from the SOPRANO data-
base [36]. According to the second edition of the C.I., PB8 is a PTMA
pigment containing a mixture of PG1/BG1 and PB3/BB5. PB8 does not
occur in later editions of the C.I. Analysis with HPLC-PDA-HRMS
identified the main colourant component for both samples as
PB9/BB1, with PB9/BB1-Me as a minor component. No archival infor-
mation was found for sample 16, while sample 17 was labelled as
PG1/BG1 & PB3/BB5, which does not correspond with the analytical
results.

3.1.6. Violet - Fanalviolett R

Micro-Raman spectroscopy identified the three Fanalviolett R sam-
ples 18, 19 and 20, as PV3/BV1 (Methyl violet). HPLC-PDA-HRMS
analysis confirmed the presence of a mixture of tri-, tetra-, penta-, and
hexa-methyl pararosaniline which corresponds to PV3/BV1. Samples 18
and 19 also contain mono-, di- and trimethylated pararosaniline and one
additional violet colourant, BV14 (Fuchsine) and BV2 (Magenta II and
Magenta III), respectively. In sample 19, PB1/BB7 and BB11 were pre-
sent as minor components in a similar ratio to the Fanalblau B samples 9,
10 and 11 (Fig. 3a). Archival research confirmed the use of Methylviolett
N blau (PV3/BV1) for sample 18, while no recipes were found for the
other two Fanalviolett R samples.

3.1.7. Pink - Fanalrosa and Fanalrosa B

The two samples of Fanalrosa (21 and 22) and the two samples of
Fanalrosa B (23 and 24) were identified using micro-Raman spectros-
copy as PR81/BR1 (Rhodamine 6G). The identification of PR81/BR1 was
also accomplished for all four samples through HPLC-PDA-HRMS anal-
ysis. Some differences were observed in the relative amounts of minor
and trace components, and BR3 was identified as a trace component in
all samples. Archival information for sample 21 indicated the use of
Rhodamin 6G extra (BR1/PR81), while for samples 23 and 24 a different
version of BR1/PR81, Rhodamin 4GDN, was reported. The analytical
results of the Raman spectroscopy and HPLC-PDA-MS analysis did not
reveal any differences between Rhodamin 6G extra and Rhodamin 4GDN,
nor between Fanalrosa and Fanalrosa B.

3.1.8. Red - Fanalrot 3B and Fanalrot 6B

Micro-Raman spectroscopy identified a combination of PV2/BV11
(Rhodamine 3B) with some PR81/BR1 for Fanalrot 3B samples 25 and
27. In Fanalrot 3B sample 26, only PR81/BR1 was detected (Fig. 4a).
The distinction between PV2/BV11 and PR81/BR1 lies in the N-ethyl-
ation and methylation pattern: PV2/BV11 bears two ethyl groups on
each nitrogen atom, while PR81/BR1 has one ethyl group on each ni-
trogen and two methyl groups on its central benzene rings (Fig. 4b).
However, with the use of HPLC-PDA-HRMS analysis, PR81/BR1 was
identified in combination with PV1/BV10 (Rhodamine B) for all three
samples (Fig. 4c). PV1/BV10, fully N-ethylated, differs by the presence
of a carboxylic acid group on one central benzene ring instead of an
ethoxycarbonyl group, as seen in PR81/BR1 and PV2/BV11 (Fig. 4b).
Although their peaks in the chromatogram are not fully resolved, their
distinct absorption maxima (PR81/BR1 abs. max 525 nm, PV1/BV10
abs. max 555 nm) in the PDA spectra allowed identification as two
separate components in an approximate ratio of 1:1. PR81/BR1-Me,
PR81/BR1-Et, PV1/BV10-Me and PV1/BV10-Et were found as trace
components, exhibiting similar differences in absorption maxima as
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Fig. 2. a) Micro-Raman spectra of sample 3 Fanalgelbgriin G alt, sample 5 Fanalgelbgrun G supra and references PG2, PG1 and PY18. b) HPLC-PDA chromatogram at
430 nm (solid line) and 600 nm (dotted line) of Fanalgelbgriin G samples 3 and 5.
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Fig. 3. a) HPLC-PDA chromatogram at 600 nm of Fanalblau B sample 11, Fanalblau 3b sample 12 and Fanalbremerblau B sample 14. b) Structure of Ceres blue I
(R1—=R2—R3—R4—CHj3; R5—0C,Hs), BB7 (R1—=R2—R3—R4—R5=C5H5), and BB11 (R1—=R2—R3—R4—CH3; R5—C,Hs).

their parent colourants. Small amounts of PV2/BV11 were identified in
samples 25 and 27, in agreement with the micro-Raman result. Archival
research revealed that sample 25 was produced using Rhodamine 6G
extra (PR81/BR1) or Rhodamin B extra (PV1/BV10), while for sample 26
only Rhodamin B extra (PV1/BV10) is reported. For sample 27 the use of
Rhodamin extra 3B (PV2/BV11) was indicated, which is not in line with
the analytical results.

For Fanalrot 6B sample 30 micro-Raman spectroscopy identified
PV2/BV11. For Fanalrot 6B samples 28, 29, and 31, small amounts of
PR81/BR1 were identified in addition to PV2/BV11. HPLC-PDA-HRMS
analysis confirmed PV2/BV11 as the main colourant for all four sam-
ples, with a mixture of PR81/BR1 and PV1/BV10 as minor components.

11

The approximate ratios of PV2/BV11 to PR81/BR1 and PV1/BV10 were
2:1 (Fig. 4c¢), although the relative amounts of PR81/BR1 and PV1/BV10
varied among the samples. Some traces of -Me and -Et analogues of all
three Rhodamine dyes are also present. Archival information indicated
the use of Rhodamin 3B extra (PV2/BV11) for samples 28 and 31; in
sample 31 in combination with Rhodamin 4 GN (PR81/BR1). For sample
29, Rhodamin B extra (PV1/BV10) was specified, and for sample 30
Rhodamin 6G extra (PR81/BR1).

3.2. Emulsifiers and other compounds

Information about the emulsifiers and possible synthesis precursor
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Fig. 4. a) Micro-Raman spectra of three different samples containing rhodamine pigments: sample 23 Fanalrosa supra, sample 25 Fanalrot 3B alt plv and sample 29

Fanalrot 6B plv. b) Structure of the three different rhodamine dyes:

PR81/BR1 (R= R6=Hj;; R2=R5=R7=C,Hs; R3=R4=H), PV1/BV10 (R1=R7=H;

R2=R3=R4=R5=C,Hs), and PV2/BV11 (R1=R2=R3=R4=R5=R7=C,Hs). ¢) HPLC-PDA chromatogram at 525 nm (dotted line) and 555 nm (solid line) of Fanalrosa

supra sample 23, Fanalrot 3B alt plv sample 25 and Fanalrot 6B plv sample 29.

compounds present in the Fanal samples was obtained with THM-Py-GC-
MS. These analyses revealed the presence of oleic acid and methylamine
in all samples from the ’supra’ product line (2, 5, 7, 11, 14, 23, 24 and
31). This is attributed to the presence of ‘Emulphor FM’, as mentioned in
the production recipes of this product line. Emulphor® is a trade name
from L.G. Farben under which BASF, to this day, produces different
emulsifiers [40]. There is little literature available on the historical and
current composition of *Emulphor FM’, but it is described by Khristov
et al. as a mono ether of oleic acid and triethanolamine, which is
accordance with the identified pyrolysis products [41].

Other pyrolysis products present in the THM-Py-GC-MS chromato-
grams can be partly identified as lower molecular weight pyrolysis
products related to the colourant molecules. These pyrolysis products
are reported in Table S4. In the second part of the chromatogram higher
molecular weight pyrolysis products are present. These were not eluci-
dated because the organic colourants were fully identified using HPLC-
PDA-HRMS. Moreover, due to the complexity of pyrolysis mechanisms,
identification of the colourants based on these pyrolysis products is often
limited to the dye class, especially when mixtures of closely related
colourants are present, as in the case of the Fanal pigments [42-44].
There are several factors that influence the presence and abundance of
pyrolysis products, such as the sample size and overall composition of
the sample, including inorganic compounds. However, for some Fanal
pigments of which HPLC-PDA-HRMS indicates a highly similar colour-
ant composition and a similar inorganic composition was determined
with SEM-EDX, significant differences in the presence and abundance of
certain low molecular weight pyrolysis products were found. This could
indicate that these compounds are not solely formed by pyrolysis of the
colourant molecules, but might be ascribed to variations in the pro-
duction process. This is for instance the case for Fanalblau B and
Fanalrosa B of which the Py-GC-MS chromatograms are given in S4
(Figures S4.1-S4.4). Likewise, in sample 2 some pyrolysis products that
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could be precursors for benzothiazoles, such as aminothiophenol and
benzoic acid, were identified [12,13]. Benzamide is present in multiple
samples (4, 5, 7, 9, 10, 11, 18 19, 20), along with various other com-
pounds that can also be considered triarylmethane precursors [12,13].

3.3. PTMA/PTA/PMA and inorganic fillers

SEM-EDX analysis established the presence of both tungsten and
molybdenum in the majority of the samples, with tungsten as the main
component and molybdenum as a trace component, indicating that the
dyes were precipitated with both PTA and PMA resulting in mixed PTMA
pigments. For two samples (10 and 23), primarily molybdenum was
detected, with a minor tungsten component. None of the samples were
found to contain solely molybdenum and phosphorus without any
tungsten. However, there are four samples (1, 3, 4 and 18) in which no
molybdenum was found suggesting that those pigments were precipi-
tated purely with PTA. A significant amount of aluminium was detected
in fourteen samples (3, 4, 8, 9, 13, 15, 18, 21, 22, 25, 26, 28, 29, 30).
Based on the archival information this was attributed to the presence of
aluminium oxide ’clay’ paste (Al;O3) mentioned in the recipes as
‘tonerde’, an inorganic filler. *Tonerde’ is often mentioned together with
blanc fixe (barium sulphate, BaSO4). Ba was detected by SEM-EDX in
only two samples (10 and 19), along with a small amount of aluminium
oxide. Phosphoric acid was identified with THM-Py-GC-MS analysis in
all samples as trimethyl phosphate. Samples 7, 12, 16, 17, 23 and 26
exhibited a more pronounced phosphate peak. There is only one
pigment for which two samples from the same production line were
available: Fanalrosa B ‘supra’. These samples (23 and 24) are both dated
to 1928. Although they are both PTMA salts, the relative concentrations
of PMA and PTA wused for their precipitation differ considerably.
Notably, sample 23 is one of the two samples in this study that has a
higher molybdenum content than tungsten.
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3.4. Pigment morphology

SEM-BSE images revealed a range of pigment morphologies and
particle sizes in the Fanal pigments. The majority of samples exhibited
irregularly shaped or spherical with soft edges pigment particles. A wide
distribution of particle sizes was found for each pigment sample, ranging
from 200 pm to less than 1 pm. At a magnification of 1500x it could,
however, be seen that all particles are in fact aggregates and agglom-
erates of nanometer particles. For each pigment the particle morphology
varies greatly across the production lines (Fig. 5). The differently col-
oured pigments from the same production line also do not show similar
morphologies. Notably, the "teig’ samples do not show a distinct particle
shape, but instead are shaped as bigger agglomerates of particles,
formed when drying, because they where sold as a paste with some
binder already incorporated.

4. Discussion
4.1. Colourants

Micro-Raman spectroscopy proved to be a powerful technique for
identifying the main colourants in most of the Fanal pigment samples.
Nevertheless, identification depended greatly on the availability of
reference spectra, which are usually obtained from historical reference
samples. Especially in the case of some of the rare organic colourants
used in these Fanal pigments - such as the pigment made from Ceres blue
I - reference samples and spectra are not always available. Two samples
of Fanalbremerblau G (16 and 17) were thought to contain PB8, although
with HPLC-PDA-HRMS analysis the presence of PG9/BB1 was revealed.
Notably, the SOPRANO and RCE Raman spectral libraries lack a refer-
ence sample for PB9, and both PG9/BB1 and PB8 are not mentioned in
current literature. Unfortunately, there are no historical references for
either PB8 or PB9 available for further analysis. Inquiry after the origin
of the PB8 reference in the SOPRANO spectral library indicated that
sample 16 or 17 from the Technische Universitat Dresden was used to
record the reference spectrum.” Furthermore, micro-Raman spectros-
copy was not able to differentiate between the various rhodamines that
were found in the red and pink Fanal pigments. Additionally, where a
co-precipitation of yellow and green dyes was present, the yellow
component could not be correctly identified.

In some cases (samples 8, 9, 18, 19, 20, 23 and 30) identification
with micro-Raman spectroscopy was hindered by high fluorescence, low
signal to noise ratios and/or heat degradation of the pigment during
analysis, even at low laser intensities. The quality of the micro-Raman
spectra obtained for the same pigment differed across the product
lines. A possible explanation for this variation is the improvement in the
degree of complexation of the dyes with PTMA/PTA through advance-
ments in the production process as indicated in the patents. Raman
spectroscopy also proved insensitive to the different complexes; no
characteristics in the spectra could be found that differentiated PTMA
from PTA, nor could the presence of aluminium oxide or blanc fixe be
ascertained. However, due to the complexity of the Raman spectra and
the high fluorescence, it might be possible that the peaks indicating
these subtle differences are missed or covered by scattering.

HPLC-PDA-HRMS confirmed some of the findings of the micro-
Raman spectroscopy and added a considerable amount of information
on the dyes of the Fanal pigments. The main colourants were further
identified and differentiated, and a large amount of minor and trace
colourant components was detected. The Fanal pigment samples did not
require an extraction step to remove the dyes from their substrate, as is
the case for most precipitated SOPs. Indeed, the PTMA/PTA salts readily
dissolved in DMSO, raising the question how sensitive these pigments
are to interaction with solvents that might occur during conservation

4 Personal communications of Sanne Berbers with KIK-IRPA.
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treatments.

In most samples the -Me or -Et analogues of the main colourant were
detected as minor and trace components. Research on historical refer-
ence dyes has indicated that degradation is minimal when dyes are
stored as powders in glass bottles in the dark, and therefore these
compounds are more likely associated with the starting materials and/or
synthesis procedure [32,45]. The analogues always show a slight shift
towards a lower absorption maximum than their fully methylated or
ethylated parent colourants. For some pigments the relative concentra-
tions of these analogues differ considerably between the production
lines, as is the case for Fanalrosa B. In sample 23 BR1-Me and BR1-Et are
present in much higher amounts than in all other samples containing
BR1/PR81, including Fanalrosa B, Fanalrot 3B and Fanalrot 6B, which all
contain BR1/PR81. Fanalrosa B supra is the only pigment where two
samples from the same product line were available, samples 23 and 24.
However, they do not contain the same ratio of analogue colourant
molecules, indicating that the variation is likely due to production line
batches.

Next to these coloured analogues of the main colourant, several
samples contained multiple other colourants present as minor and/or
trace components. None of these components were detected using
micro-Raman spectroscopy, with the exception of PR81/BR1. It remains
unclear if these are deliberate additions, as they are never mentioned in
the archival sources. It is likely that the trace components originate from
factory production line contamination instead of being deliberate ad-
ditions to the colourant mixture.

4.2. Emulsifiers and other compounds

Characteristic for the ‘supra’ line is the addition of the emulsifier
‘Emulphor FM’, which was indicated through archival research and
detected with THM-Py-GC-MS. It is likely that this was added to increase
the usability of the pigments for oil paints. The ‘supra’ line is the first line
intended for artists oil paints, although the ‘neu’ line was considered
suitable for other types of oil paint. Nevertheless, in the ‘neu’ pigment
samples no additives such as emulsifiers were found. Although ‘Emul-
phor FM’ appears to be indicative of the Fanal ’supra’ pigments, it is
advisable to exercise caution when employing it as a marker for this
production line. THM-Py-GC-MS analysis of a recently acquired Indan-
throne blue pigment (PB60, C.I. 69800) from Kremer Pigmente also
revealed the presence of ‘Emulphor FM’ (S7), indicating that it might still
be used by BASF in their pigment production.

The wide range of non-colourant components, such as precursors,
possibly related to the synthesis of the colourant itself, poses interesting
questions on the production process. Since the presence of these com-
pounds was not consistent across different product lines, perhaps
different synthesis procedures were used at different times for the same
colourant.

There are three samples of paste like ‘teig’ pigments (4, 22, 29)
which, after almost 100 years, have dried completely. Archival infor-
mation indicates that the pastes were made by adding dispersing agents,
such as glue, gum Arabic, and Turkey red oil. No such components were
found in the analysis, questioning what was used for making them into a
paste.

4.3. PTMA/PTA/PMA and inorganic fillers

SEM-EDX indicated PTMA was used to complex almost ninety
percent of the samples in this study, all containing considerably more
tungsten than molybdenum. Samples 10 and 23 are the only two samples
that contain more molybdenum than tungsten. This is in agreement with
previous archival research highlighting that before 1935 PTMA pig-
ments mainly contained tungsten and a small percentage of molybde-
num, likely due to scarcity of molybdenum [13]. This could explain the
absence of pure PMA pigments. All four PTA complexes are part of the
‘alt’ line, suggesting that a PTA complex is distinctive for the earlier lines
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Fig. 5. SEM-BEI images at 1000x magnification of three Fanalblau B samples. a) sample 9 ‘alt’. b) sample 10 ‘neu’ . c) sample 11 ‘supra’.

of Fanal pigments. All of the ‘alt’ and ‘neu’ lines are characterised by the
presence of AlyOs3 ‘tonerde’ and in two samples BaSO4 ,blanc-fixe, was
found. Patents and archival information indeed indicate that both the
PTA precipitation and ‘tonerde/blanc-fix’ are specific for the ‘alt’ and
‘neu’ lines. The presence of Al,O3 or BaSO4 and PTA can thus be
considered characteristic for the Fanal ‘alt’ and ‘neu’ lines.

4.4. Pigments

For all Fanal pigments the primary colourants that were identified
aligned with the archival information, except for sample 5 where Indo-
lenine yellow was found instead of the specified basic dye (C.I. 48060). In
some instances, additional components which were not documented in
archival research are present, such as in the red pigments and Fanalblau
B.

The choice of the colourant remained consistent across the different
product lines, except for the yellow hues in Fanalgelb G and Fanalgelbgriin
G. In the oldest lines, BY3 (Auramine G) was used, transitioning to PY18/
BY1 and Indolenine yellow in the ’supra’ line. While the archival infor-
mation records the shift from BY3 to PY18/BY1, there is no mention of
the introduction of Indolenine yellow, and no explanation for this change
is provided in historical sources.

Fanalrosa and Fanalrosa B pigments share the same colourant: PR81/
BR1. However, archival information indicates that the two Fanalrosa
samples (21 and 22) were produced with Rhodamin 6G extra and the two
Fanalrosa B samples (23 and 24) with Rhodamin 4GDN. The difference
between these two rhodamine dyes is not apparent from the analytical
results. Visual observation revealed a tonal difference between samples
22 and 23 and samples 24 and 25, with the former two appearing lighter
(S6). The lighter Fanalrosa samples belong to the ‘alt’ and ‘neu’ product
lines and both contain ‘tonerde’, which is a neutral-coloured substrate
that would lower the tinctorial strength.

From the archival recipes and patents, some information is available
on how the precipitation process changed with the development of the
different Fanal product lines. These modifications include varying the
acid used to dissociate the PTMA/PMA/PTA before precipitation,
adjusting the pressure and temperature during the precipitation process,
and using additives. The differences in particle morphologies is likely to
be an effect of the precipitation process. However, as the morphology is
not consistent within product lines, the effect of the precipitation con-
ditions on this - and other pigment characteristics - remains unclear.

Complexes with PTMA/PTA/PMA are often thought of as for use
with triarylmethane dyes. However, some dyes utilised in Fanal pig-
ments deviate from the triarylmethane category, belonging to closely
related classes such as diarylmethane and xanthene dyes. Notably,
PY18/BY1 (a thiazole dye) and Indolenine yellow (a methine dye) found
in this study stand out as the sole representatives from distinct dye
classes. Despite this structural diversity, all the employed dyes share a
commonality: they are basic dyes featuring characteristic groups like
-NHj,, -NHCH3, —-N(CHj3)2, or —-N(CyHs)s, crucial for PTMA/PTM/PMA
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complex formation. Platt and Williams offer a comprehensive list of
basic dyes commonly used with PTMA, reported in S8 [13,18]. Most of
the dyes used for the Fanal pigments are included in this list. There are,
however, some exceptions. BB11 (Victoria blue R) is not on the list, but
closely resembles PB1/BB7 (Victoria blue BO), a dye explicitly mentioned
and used in Fanal pigments. A similar situation is observed for the
rhodamine dyes. Indolenine yellow and Ceres blue I are not mentioned by
Platt and Williams.

5. Conclusions

To investigate the composition of Fanal pigments, a multi-analytical
approach was applied to a diverse and comprehensive set of 31 historical
samples dating from 1924 to 1934. Each analytical method yielded
unique and complementary sets of information, highlighting the
importance of combining different spectroscopic, chromatographic, and
microscopic techniques. Together they shaped some global insights into
the development of different production lines of Fanal pigments, and
provide the basis for identifying Fanal pigments in works of art. Micro-
Raman spectroscopy proved capable of identifying the majority of pri-
mary colourants noninvasively, while HPLC-PDA-HRMS provided
intricate details, encompassing primary, minor, trace-level colourant
components, and analogues of the principal colourant components.
THM-Py-GC-MS uncovered intriguing compounds, such as the presence
of ’Emulphor FM’ emulsifier in all samples of the Fanal ’supra’ line. SEM-
EDX discriminated between various PTMA and PTA complexes, unveil-
ing the presence of additional compounds like aluminium oxide and/or
blanc fixe. Notably, these compounds and PTA complexes are exclu-
sively associated with ’alt’ and 'neu’ samples.

The main colourant used was consistent across the Fanal production
lines and in accordance with the archival information from production
recipes and patents, except for Fanal yellow. The abundance of de-
methylated and de-ethylated analogues in each sample hints at a large
synthesis batch dependence. THM-Py-GC-MS further detected smaller
molecules related to SOPs, more likely to be unreacted compounds from
the synthesis, which should prompt extra consideration when inter-
preting their occurrence in studies of degradation phenomena. Further
exploration could shed more light on synthesis procedures used for
different colourants in the past.

Despite the extensive analytical methods applied, distinguishing
differences among Fanal pigments from different production lines
proved challenging. The results presented in this study indicated mini-
mal variations, prompting consideration of potential characteristics
overlooked by the employed methodologies, such as working properties
and the detailed chemistry of PTMA salt formation. SEM-BSE analysis
offered some insights, revealing notable differences in particle
morphology among samples of the same pigment across different
product lines. This discovery opens avenues for further exploration into
other aspects contributing to the subtle variation among Fanal produc-
tion lines, ultimately influencing their lightfastness properties.
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Additional research on Fanal pigments incorporated into paint medium
could also provide deeper insights into their mechanical properties.
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