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ABSTRACT: p-Naphthol reds are a group of widely used
pigments with prominent historical, commercial, and cultural
significance. In industry, and especially within the art and heritage
community, they are known as azo pigments. However, j-
naphthols, very often, are not azo pigments. Because of enol/
keto tautomerization of the 1-arylhydrazone-2-naphthol skeleton,
these pigments oftentimes crystallize as hydrazones (keto).
Therefore, proper characterization is necessary for understanding
their intrinsic physicochemical properties and chemical reactivity
in the solid state, as well as their stability and lightfastness.
Crystallographic studies have indicated that f-naphthol reds tend
to adopt the hydrazone form in the solid state. Here, we continue
these structural investigations, and we focused on two prominent
p-naphthol reds, pigment red 40 (PR40) and pigment red 4 (PR4). Using single-crystal X-ray diffraction, we provide decisive proof
that both of these pigments are keto/hydrazones in the solid state. Therefore, the frequent yet erroneous designation as azo
pigments should be avoided. To confirm the bulk structure, we performed powder diffraction experiments, followed by Rietveld
refinement. We complemented the diffraction experiments with spectroscopic (IR, Raman, UV—vis) and thermal (TGA, DSC)
analyses. Furthermore, we studied the lightfastness of both chromophores in solution and the solid state. While the solid-state
pigments were stable over the course of the experiment, UV irradiation of solutions resulted in degradation, which was studied by
chromatographic and mass-spectrometry techniques. We hope that this research will bring to light the necessity of proper solid-state
characterization of f-naphthol reds, as well as pigments as a whole.
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The color red is deeply ingrained into human culture, society,
and history. The earliest instances of color use are with red in
the form of red ochre dating back 100 000 years ago." While
prehistoric colorants were mostly inorganic, with time, humans
learned to extract and synthesize organic red pigments giving
rise to a broad and vibrant spectrum of the color red.”’ In the
realm of organic pigments, f-naphthol reds have been found to
play a significant role in historical and cultural works that span
centuries and are still relevant in the modern day.*” These
pigments have been identified in the historic textiles of the
indigenous Mapuche civilization.® They have been used to
create iconic modern art such as the Rothko murals at
Harvard.”® Today, these pigments are used to print The New
York Times, The Sun, Bild, El Pais, La Repubblica, Le Monde,
and other newspapers.” Many f3-naphthol reds have also found
their way into our households in cosmetics and everyday
objects.'"™ "

PB-Naphthol reds are usually described as azo pigments in
industry and especially within the art and cultural heritage
communities.”'*”'® This description comes from the use of
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the first “azo” pigments.17 However, more often than not, this
designation is erroneous. f-Naphthol reds are based on a 1-
arylhydrazone-2-naphthol skeleton (Scheme 1) that can
undergo enol/keto tautomerization, providing either azo or
hydrazone isomers, or a mixture of both. The need for proper
characterization of the chemical and molecular structure of the
solid is far more relevant than mere nomenclature nitpicking:
The molecular structure is of fundamental importance for
understanding the photophysical properties that give rise to the
color (its shade, hue, vibrance, etc.). Furthermore, enol versus
keto tautomers can have radically different decomposition
pathways;'®'? knowledge of the degradation mechanism is
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Scheme 1. Schematic Representation of the Enol/Keto
(Azo/Hydrazone) Tautomerization of Pigment Red 4
(PR4) and Naphthylamine Bordeaux (PR40)“
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“The f-naphthol skeleton is highlighted in red.

essential for long-term preservation of the pigment, particularly
for historic artifacts and iconic art.”® While spectroscopic
analyses can be used to tentatively assign the most stable
tautomeric form, more definite information can be obtained by
single-crystal X-ray diffraction (SC-XRD) with the unambig-
uous determination of the position of the hydrogen atom.
However, growing single crystals of pigments is usually
challenged by their low solubility (the underlying difference
between dyes and pigments is in their solubility, the former are
soluble in the host material, and in various solvents, the latter
are not).

In solution, this isomerization has been found to give a
dynamic equilibrium of both forms with varying ratios,
depending on the substitutions on the aromatic cores.'®"”
Crystallization can predominantly stabilize one form, giving
either azo or hydrazone solid pigment. In the last four decades,
there have been overwhelming crystallographic evidence that
p-naphthol reds tend to crystallize as hydrazones.””~*” The
same has also been found for numerous “lake pigments,”
which are f-naphthol reds that feature sulfonate and/or
carboxylate groups,® and “naphthol AS pigments”*’~> that are
various anilides of 3-hydroxy-2-carboxynaphthalene. There is a
limited number of B-naphthol reds that have been shown to
exhibit a temperature-dependent equilibrium of azo and
hydrazone forms in the solid state.”” > Following these
extensive studies, there have been efforts to correctly designate
p-naphthol reds as hydrazones and not “azo pigments.”"

In this work, we continue the efforts to property characterize
this important class of materials. We have succeeded in
growing high-quality single crystals of two S-naphthol reds,
naphthylamine bordeaux, or pigment red 40 (PR40), and
pigment red 4 (PR4), presented in Scheme 1. SC-XRD allowed
for definite characterization as keto/hydrazones, proving the
enol/azo designation erroneous. The single-crystal crystallo-
graphic studies were complemented by a combination of
powder X-ray diffraction (PXRD), infrared (IR), Raman, and
ultraviolet—visible (UV—vis) spectroscopy, thermogravimetric
analyses (TGA), and differential scanning calorimetry (DSC).
Furthermore, we report the lightfastness of both chromophores
and provide information on some of the major decomposition
products, as detected by chromatographic and mass-spectrom-
etry techniques.

B EXPERIMENTAL SECTION

Materials. PR4 and PR40 (diluted with barium sulfate) were
purchased by TCI Chemicals and recrystallized before use. Barium
sulfate was detected as a second phase in both pigments.

Crystallization of PR4. Pigment red 4 was added to CHCl; and
stirred thoroughly until it was completely dissolved and the solution

reached saturation. The solution was then transferred to a
crystallization dish, covered with paper to prevent dust contamination,
and then left to evaporate at room temperature. After 48 h, all the
CHCI, had evaporated, leaving large single crystals (Figure SI in the
Supporting Information). The crystals were carefully scraped off the
crystallization dish and transferred to a vial.

Crystallization of PR40. Pigment red 40 was added to Et,O and
stirred thoroughly until saturation was reached. Within minutes, the
pigment dissolved, and the barium sulfate (BaSO,) remained. The
solution was then passed through a vacuum filter to separate the
undissolved bulk. The filtered solution was added to a crystallization
dish, covered with paper to prevent dust contamination, and left to
evaporate at room temperature. After 24 h, all the Et,0 had
evaporated, and small crystals of PR40 remained (Figure S2 in the
Supporting Information). These crystals were carefully scraped off the
crystallization dish and transferred to a vial.

SC-XRD. Diffraction data for single crystals of PR4 and PR40 were
collected on a Rigaku XtaLAB Synergy-i Kappa diffractometer
equipped with a PhotonJet-i X-ray source operated at SO W (50
kV, 1 mA) to generate Cu Ka radiation (4 = 1.54178 A) and a HyPix-
6000HE HPC detector. Crystals were transferred from their vial and
placed on a glass slide in polyisobutylene. A Zeiss Stemi 305
microscope was used to identify a suitable specimen for X-ray
diffraction from a representative sample of the material. The crystal
and a small amount of the oil were collected on a MiTeGen 50 um
MicroLoop and transferred to the instrument where it was placed
under a cold nitrogen stream (Oxford 700 series) at 100 K. The
sample was optically centered with the aid of a video camera to ensure
that no translations were observed as the crystal was rotated through
all positions. A unit cell collection was then carried out. After it was
determined that the unit cell was not present in the CCDC database,
CrysAlisPro®® was used to calculate a data collection strategy. The
crystal was measured for size, morphology, and color. Further data
collection information is given in Table 1.

Crystal Structure Solution and Refinement. After data
collection, the unit cell was redetermined using the full data
collection. Intensity data were corrected for Lorentz, polarization,
and background effects using CrysAlisPro.”® A numerical absorption
correction was applied based on a Gaussian integration over a
multifaceted crystal and followed by a semiempirical correction for
adsorption applied using the program SCALE3 ABSPACK.”” The
program SHELXT>® was used for the initial structure solution and
series of programs was used for the solution and SHELXL*® was used
for the refinement of the crystal structure. Both of these programs
were used within the OLEX2 software.”” For PR4, hydrogen atoms
bound to carbon and nitrogen atoms were identified in the difference
Fourier map and geometrically constrained using the appropriate
AFIX commands. For PR40, the site occupancies of atoms O1, H1,
and H2 were constrained to 0.5 due to the non-centrosymmetric
molecule being centered over an inversion center. Checks for a
possible non-centrosymmetric space group did not result in a viable
option. (Refinement in the Pn space group still leads to a disordered
structure.) Hydrogen atoms bound to carbon and nitrogen atoms
were identified in the difference Fourier map and geometrically
constrained using the appropriate AFIX commands.

PXRD. Diffraction patterns of PR4 and PR40 were collected on a
high-resolution laboratory Stoe Stadi-P powder diffractometer,
operating in Debye—Scherrer (transmission) geometry. The diffrac-
tometer was equipped with a molybdenum X-ray source, and
monochromatic Mo—Ka, radiation was obtained by a primary
Ge(111) monochromator (centered at 0.7093 A). Scattered X-ray
intensity was simultaneously collected by two highly sensitive, linearly
positioned silicon-strip (Mythen Dectris 1K) detectors. Sample
preparation involved very gentle grinding of the materials with a
mortar and pestle and packing in borosilicate capillaries with a 0.7
mm diameter. During measurements, the capillary was rotated for
improved particle statistics. Diffraction data were collected at room
temperature. Diffraction patterns were collected in the 0—75° 26
range for 24 h Rietveld refinements. The crystal structures were
refined by the Rietveld method,* using the TOPAS-6 software.*' For
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Table 1. Crystal Data and Structure Refinement for PR4 and
PR40

empirical formula  C,¢H,(CIN;0; C,0H4N,O
formula weight 327.72 298.33
temperature/K 99.9(3) 100.0(2)
crystal system monoclinic monoclinic
space group P2,/c P2,/n

a/A 6.94030(10) 10.38690(10)
b/A 12.6111(2) 5.81390(10)
/A 15.7945(2) 11.8198(2)
al/® 90 90

B/° 96.4440(10) 98.1660(10)
y/° 90 90
volume/A3 1373.68(3) 706.542(18)
z 4 2

Pealor g/cm® 1.585 1.402
u/mm™! 2.654 0.696
F(000) 672.0 312.0

crystal size/mm?> 0.172 X 0.137 X 0.123 0.135 X 0.075 X 0.069

radiation Cu Ka (A = 1.54184) Cu Ka (4 = 1.54184)
20 range for data  8.996—155.094 10.618—154.88
collection/®
index ranges -8 <h<s, -12<h<12
-15 <k <15, -7<k<6,
-18<1<19 -14 <1< 14
reflections 19318 12073
collected/
observed
independent 2867 [Ryy = 0.0406, 1442 [R,,, = 0.0283,
reflections Ryjgma = 0.0230] Ryigma = 0.0157]
data/restraints/ 2867/0/208 1442/0/109
parameters
1.028 1.045

goozdness—of-ﬁt on

final R indexes R, = 0.0354, wR, = 0.0939 R, = 0.0393, wR, = 0.1100

[1>26(1)]

final R indexes [all R, = 0.0370, wR, = 0.0951 R, = 0.0419, wR, = 0.1129
data]

largest diff. E)ea.k/ 0.53/—-0.30 0.19/-0.20
hole/e-A™

the refinement, the crystal structures solved by SC-XRD were used as
starting models. Preferred orientation was detected in the PR40
sample, and appropriate correction was included in the refinement.
Additional crystallographic information and figures of merit are given
in Table SI.

IR and Raman Spectroscopy. IR spectra were collected with a
Fourier transform infrared (FTIR) Thermo Fisher Nicolet iS10
spectrometer. Samples were prepared by grinding 0.01 mmol of
pigment with 5.00 mmol of KBr and then pressed into a pellet. Raman
spectra were collected using a Horiba Scientific MacroRAM Raman
spectrometer with a 785 nm laser, and Horiba LabRAM HR
Evolution with 532 and 633 nm lasers. The best quality spectra
were obtained with the 785 nm laser.

TGA. Thermogravimetric analyses were carried out using a Netzsch
TG 209 F3 Tarsus instrument. Each sample was placed into an
alumina crucible and heated from 25 to 600 °C at a heating rate of 10
°C/min under constant nitrogen flow.

DSC. DSC measurements were carried out using a Netzsch DSC
214 instrument. Samples were placed into hermetically sealed
aluminum pans. Each sample was heated and cooled at a rate of 5
°C/min under constant nitrogen flow in a range from 30 to 240 °C
and 30 to 245 °C for PR4 and PR40, respectively.

UV-Vis Spectroscopy. UV—vis spectra were collected with a
Shimadzu UV-3600 spectrophotometer using 1 cm quartz cuvettes
and sealed with polytetrafluoroethylene (PTFE) stoppers to prevent
evaporation. For reference spectra, PR4 was dissolved in CHCI;, and
PR40 was dissolved in Et,O at concentrations of 1.0 X 107> and 2.0 X
107 M, respectively.

Photodegradation and Lightfastness Analyses. Photodegra-
dation experiments were carried out using a Newport 300 W UV-
enhanced xenon arc lamp with samples placed approximately 20 cm
away from the light source. A Newport CGA-295 long-pass filter was
placed between the light source and samples to cut off wavelengths
below 295 nm as a simulation of sunlight, with constant irradiation of
900 W/m”.

Solutions for liquid-state photodegradation for PR4 and PR40 were
made using CHCI; and Et,O, respectively, at concentrations of 5.0 X
10™* M. Solutions were contained in 1 cm quartz cuvettes and sealed
with a PTFE stopper to prevent evaporation. Samples of the irradiated
solutions were taken every 2 h for 8 h for PR40 and every day for 4
days for PR4. Samples were analyzed by GC/MS to evaluate
degradation products using an Agilent 6850 Series II GC System and
Agilent 5975B VL MSD. In addition, aliquots of samples were taken
and diluted to 1.0 X 107 and 2.0 X 107° M for PR4 and PR40,
respectively, for UV—vis measurements.

Solid-state photodegradation plates were prepared by mixing finely
powdered pigment with a few drops of mineral oil in a mortar and
pestle. The mixture was uniformly spread onto a quartz microscope
slide and covered with a second quartz slide. A Raman spectrum was
measured using a Horiba Scientific MacroRAM Raman spectrometer
with a 785 nm laser before the plates were placed into the
photodegradation apparatus and after 30 h of irradiation.

Figure 1. (a) Fourier difference map for PR4 showing excess electron density adjacent to the nitrogen atom and an absence of excess electron
density around the oxygen atom. (b) Crystal packing of the structure, viewed along the a-, b-, and c-crystallographic axes.
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Figure 2. (a) Fourier difference map for PR40 showing excess electron density adjacent to the nitrogen atom and an absence of excess electron
density around the oxygen atom. (b) Crystal packing of the structure, viewed along the a-, b-, and c-crystallographic axes. (Note that an inversion
symmetry generates a statistically disordered molecule with site occupancies of the keto oxygen and the hydrazone hydrogen atoms being 0.5.)

B RESULTS AND DISCUSSION

Crystal Structure Description. Single-crystal X-ray
analyses allowed for detailed characterization of both pigments.
PR4 was found to crystallize in the monoclinic P2,/c space
group, with unit cell dimensions of a = 6.94030(10) A, b =
12.6111(2) A, ¢ = 15.7945(2) A, p = 96.4440(10)°, and V =
1373.68(3), with one molecule in the asymmetric unit (Figure
1a). Close inspection of the Fourier difference map allowed for
the determination of the hydrogen atom as covalently bonded
to the nitrogen atom and forming hydrogen bonding with the
oxygen atom of the keto group (H---O bond distance of 1.85
A). This molecular structure unambiguously confirmed that
PR4 crystallizes as the hydrazone and not an azo isomer. The
molecular geometry was found to be planar, and the molecular
packing can be described as being composed of columns made
of head-to-tail stacked molecules (Figure 1b). This crystal
packing is guided by 7 stacking of the electron-rich 2-chloro-4-
nitrophenol and f-naphthol molecular fragments.

Similarly, the PR40 pigment was found to crystallize in the
monoclinic P2,/n space group, with unit cell dimensions of a =
10.38690(10) A, b = 5.81390(10) A, ¢ = 11.8198(2) A, 8 =
98.1660(10)°, and V = 706.542(18), with half of the molecule
in the asymmetric unit. The inversion symmetry generates a
statistically disordered molecule with site occupancies of the
keto oxygen and the hydrazone hydrogen atoms set to 0.5. The
molecular structure, as determined by the SC-XRD measure-
ment, is presented in Figure 2a. Close inspection of the Fourier
difference map allowed for determination of the hydrogen
atom as covalently bonded to the nitrogen atom and forming
hydrogen bonding with the oxygen atom of the keto group
(H-+O bond distance of 1.85 A). Similar to PR4, PR40
crystallizes as the hydrazone and not the azo isomer. The
molecular geometry was found to be planar, building 7 stacked
columns (Figure 2b). Neighboring columns are tilted one
relative to another, forming a zigzag overall molecular packing
motif.

Crystallographic Studies of the Bulk. Typically, in the
course of SC-XRD analyses, only the high-quality single
crystals are selected for data collection (which is colloquially
referred to as “crystal picking”). We recognize that there is a
possibility for concurrent crystallization of different poly-
morphs and potentially different tautomers. To avert this risk
of selective crystal picking, we performed PXRD analyses that
probe the entire crystalline bulk. Rietveld refinements
confirmed that the single-crystal structures represent the entire

sample, and unassigned reflections were not detected (Figure
3).
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Figure 3. Rietveld refinement plot for (a) PR4 and (b) PR40. The
experimentally collected data (Mo-radiation) are presented as blue
dots, and the fitted line is presented in red. The simulated pattern or
the pigment is given as blue lines, with Bragg reflections as vertical
blue bars. Barium sulfate (simulated patterns presented as green lines,
Bragg reflections as vertical green bars) was detected with ~11 wt %
for PR4 and 15 wt % for PR40.

Vibrational Spectroscopy. Vibrational spectroscopy is a
common method used in the identification and character-
ization of dyes and pigments.*” The IR and Raman spectra of
PR4 and PR40 are presented in Figure 4. The high-frequency
regions of both pigments are characterized by typical aromatic
C—H stretching vibrations. In the spectrum of PR4, the N—H
stretching vibration is observed as a broad band centered
around 3400 cm™', corroborating the hydrazone molecular
structure of the pigment. Interestingly, in the IR spectrum of
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Figure 4. FTIR and Raman spectra (black-colored spectra were
collected on as-crystallized samples, red colored spectra on a sample
irradiated for 30 h) for (a) PR4 and (b) PR40. The insets in the FTIR
spectra present magnified high-frequency regions.

PR40, this band appears to be shifted to ~3750 cm™". The
large shift of the N—H vibrations within both the pigments
may be accredited to the presence of para-positioned nitro
group on the aryl ring in PR4. The low-frequency region of the
IR and Raman spectra is expectedly complicated, with
numerous overlapped bands in the fingerprint region. The
bands at 1623 and 1616 cm™" can be tentatively assigned to
the keto C=O stretching vibrations in PR4 and PRA40,
respectively. Vibrational spectroscopy may not provide
conclusive information about the enol/keto tautomerism of
the pigments. However, it still remains an excellent method for
chemical identification. Therefore, the fingerprint regions
presented in Figure 4 can be used for the characterization of
PR4 and PR40 S-naphthol reds, particularly in art, artifact, and
heritage research.

Thermoanalytical Investigations. PR4 was found to be
thermally stable up to a temperature of 260 °C, while PR40
was stable up to 250 °C, as shown with the TGA curves
presented in Figure S. Prior to thermal decomposition, PR40
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Figure 5. (a) TGA and (b) DSC curves of PR4 (red) and PR40
(magenta).

undergoes melting at 210 °C and recrystallizes at 195 °C (to
the same crystal structure, Figure S3) upon cooling, as shown
with the DSC curves. PR4 does not undergo melting before
thermal decomposition.

UV—vis Spectroscopy. Color is the most important
physical characteristic of any dye or pigment. Visual
representations of the color of the pigments as single crystals
are presented in Figure S1. While the crystals of PR40 did
possess a dark red color similar to the commercial reagent,
some crystals had a metallic luster, giving them a false green-
yellow appearance. Crystals of PR4 had a deep red color. The
powdered samples of both pigments have a deep red color.
Figure 6 presents the UV—vis spectra of PR4 and PR40,
recorded in CHCI; and Et,O solutions, respectively. PR4 is
characterized by a broad band centered at 490 nm (&,
35300 M~':cm™"), whereas the adsorption band for PR40 is
slightly red-shifted to 494 (&, = 19150 M™"-cm™).

Lightfastness. Lightfastness represents the degree and
duration to which pigments and dyes resist fading due to
constant light exposure. To study the long-term effects of UV-
light on the pigments, we performed “accelerated light aging”
and photodegradation with strong UV irradiation. For this
purpose, we used wavelengths above ~295 nm as a simulation
of sunlight, with a constant intensity of 900 W/m?. Intense UV
radiation of the pigments for 30 h in the solid state did not
result in degradation, as evidenced by a visual observation of
color perseverance. To detect any possible degradation
products, we collected micro-Raman spectra from the light-
exposed surfaces of the samples. Figure 4 presents the Raman
spectra before and after irradiation, without any visual changes
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Figure 6. (a) UV—vis spectra of PR4 dissolved in CHCI; and irradiated at set time intervals, (b) UV—vis spectra of PR40 dissolved in Et,O and
irradiated at set time intervals, (c) plot of the change in absorbance at 4,,,, as a function of time.

in the scattering signature. To accelerate the photodegradation
even further, we performed irradiation of dissolved pigments.
Figure 6 presents the UV—vis spectra of solutions of PR4 and
PR40 that were irradiated for various time intervals, showing a
gradual change of the absorbance at 1., as a function of time.
Over the course of the experiment, both pigments fully
degraded, with a significant difference in the kinetics. Figure Sc
presents the relative rate at which both pigments became
discolored. PR40 was shown to be relatively more prone to
discoloration, as evidenced by complete degradation within 6
h. Under identical condition, the degradation and discoloration
of PR4 took 4 days. The likely reason for this difference is the
presence of the para-positioned nitro group on the aryl ring in
PR4. The nitro group, as a strong electron-withdrawing group,
contributes to a less pronounced reactivity of the aryl ring and
the enol/keto bridge."’

Photodegradation Products. Identification and charac-
terization of the photodegradation products are important for
forensic studies of pigments, for deriving conservation and
preservation strategies, for assessing toxicity, and for regulatory
issues. In an effort to identify some of the degradation
products, we performed analysis of GC/MS data (Figures S4—
S7). Tables S2 and S3 list several compounds for which GC/
MS signatures match the observed peaks in our measurements.
For example, 1-chloro-3-nitrobenzene and phthalamic acid
were proposed as degradation products of PR4, and
naphthalene and 2-amino-1-acenaphthenone as degradation
products of PR40. These compounds can be direct products of
the photodegradation reactions of the starting pigments, or
they can be produced by a multistep photodegradation
cascade.

B CONCLUSIONS

In summary, we present a comprehensive structural,
spectroscopic, and thermal characterization of two prominent
P-naphthol red pigments, PR4 and PR40. The SC-XRD
analyses provided detailed descriptions of the solid-state,
crystal structures. Both pigments crystallized in monoclinic
space groups, P2,/c and P2,/n for PR4 and PR40, respectively.
After a careful inspection of the crystal structure, we conclude
that, in the solid state, both pigments are comprised of the
hydrazone isomer. Therefore, their description as “azo”
pigments is erroneous, and it should be avoided. Our
crystallographic studies further contribute to the wealth of
structural knowledge that shows that f-naphthol red pigments
frequently adopt a keto tautomer in the solid state. PXRD
studies confirmed that the bulk of the sample is composed of a
single crystalline phase. IR and Raman spectroscopy provided
information on the spectral “fingerprint” region that can serve

for nondestructive identification and characterization. The
thermal properties of both pigments were assessed with TGA
and DSC measurements, showing stability up to 270 and 250
°C for PR4 and PR40, respectively, with melting of PR4
detected at 210 °C. The lightfastness of both pigments was
studied under an “accelerated light-aging” condition, mimick-
ing strong sunlight. We conclude that PR40 discolors and
decomposes at a much higher rate, as compared to PR4. The
para-positioned nitro group on the aryl ring in PR4 and the
chlorine substituent were identified as most likely reasons for
stabilization of the pigment. Some of the decomposition
products were tentatively identified based on GC/MS analyses.
Overall, this study emphasizes the importance of crystallo-
graphic analyses for detailed characterization of pigments, and
organic molecules in general. The presented results support
proper chemical description and nomenclature of the pig-
ments, assess their stability, and help with the identification
and characterization of degradation products. As such, they
contribute to ongoing pigments conservation research and
motivate further involvement of crystallography in art and
heritage science.
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