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A B S T R A C T   

Pigment Red 53:2 (P R.53:2), the calcium lake of P.R.53, in its γ-phase is a bright orange pigment suitable for 
printing applications and for the colouration of seeds. The γ-phase forms needle-like, long thin crystals, which are 
often bent, as seen by transmission electron microscopy (TEM). Its crystal structure was determined from syn-
chrotron X-ray powder diffraction data supported by lattice-energy minimisations with dispersion-corrected 
density functional theory (DFT+D). The γ-phase is a dihydrate with the chemical composition Ca 
(C17H12ClN2O4S)2 ⋅ 2H2O. The calcium ion is coordinated by seven oxygen atoms, which come from the sulfonate 
groups of four anions, one carbonyl group and two water molecules. The structure contains columns which are 
built by the Ca2+ ions, the water molecules, and the pigment anions, with their sulfonate and carbonyl groups 
directed inward, and their non-polar phenyl and naphthalene groups pointing outwards. All columns are parallel. 
Neighbouring columns are connected by van der Waals forces only. This explains the observed bent hair-like 
morphology of the crystals.   

1. Introduction 

Pigment Red 53 (P.R.53) is a laked red β-naphthol hydrazone 
pigment [1,2]. The compound itself has been known since 1902 [2]. 
P.R.53 forms a variety of lakes with different counter ions including 
sodium, barium (P.R.53:1), strontium (P.R.53:3) and calcium 
(P.R.53:2), see Scheme 1. 

The barium lake (P.R.53:1) has been used since the 1940s. Currently, 
it is one of the most important red pigments for use in printing inks. It is 
also used in plastics, paints, cleaning agents, colored pencils and water 
colours [1]. The strontium and calcium lakes are commercially less 
important. 

The barium lake exists in two different phases with red and orange 
colours. For the Sr lake at least six different crystal phases are claimed by 
patents [3–6]. 

For the calcium lake (P.R.53:2) so far 15 phases have been described 
(α, γ, δ, ε, ζ, η, θ, ι, κ, λ, ν, ξ, ο, π and ρ) [7–9]. The synthesis of P.R.53:2 
from its Na salt by laking with CaCl2 results in the α-phase. The other 
phases are formed by variation of the solvent treatment. The phases 
were identified by X-ray powder diffraction. The colours of these 15 
phases vary from orange to red and brown. Some of the phases 

additionally contain solvent molecules in their crystal lattice. The 
commercially most promising phase is the γ-phase, which is obtained 
from the α-phase either by treatment with isobutanol, or by heating the 
α-phase in water to 100 ◦C. 

The γ-phase has a bright orange shade. Its light fastness is lower than 
that of P.R.53:1. This γ-P.R.53:2 can be used for various printing ap-
plications. The colour of an offset printing is shown in Fig. 1. In pack-
aging gravure printing γ-P.R.53:2 exhibits almost the same high colour 
strength as Pigment Orange 13 (P.O.13), but is slightly more reddish. 

γ-P.R.53:2 can also be used for the colouration of seeds. (Crop grains 
earmarked to be used as seeds, are treated with fungicides. To prevent 
these grains from being inadvertently used for food applications, the 
seeds must be treated with colourants.) P.R.53:2 has the advantage that 
it is free of heavy metals (in contrast to P.R.53:1), and that is not based 
on carcinogenic amines (unlike, e.g., P.O.13 or P.O.34). 

As visible from the diverse colours of P.R.53 lakes, the crystal struc-
ture has a major impact on the colouristic properties. However, thus far 
only the crystal structures of the ζ- and π-phases of P.R.53:2 are known 
[10,11]. 

Like most pigments, P.R.53:2 is hardly soluble in water or any other 
solvent. Melting results in decomposition. Sublimation is not possible, 
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either. Consequently, it is difficult to grow single crystals. We managed 
to grow single crystals by recrystallisation from large amounts of hot 
DMSO. However, the crystals turned out to contain DMSO in their 
crystal lattice (π-phase) [11], which makes this phase commercially 
useless. 

Similar difficulties have been experienced also for other laked pig-
ments. Consequently, despite the commercial importance of laked red 
pigments, only a very small number of crystal structures of industrial 
laked pigments could be solved by single-crystal X-ray analysis. This 
includes P.R.49 lakes [12,13], the β-phase of Pigment Yellow 183 
(P.Y.183) [14], a non-commercial dichloro-derivative of P.R.57:1 [15], 
and several solvates. 

If no single crystals can be grown, three methods remain to deter-
mine the crystal structures:  

- Structure determination by powder diffraction (SDPD) [16].  
- Single-crystal electron diffraction (ED) [10,17–19].  
- Crystal structure prediction (CSP) [20]. 

The first two methods were applied to P.R.53:2. 
From 2004 to 2006, we tried to determine the crystal structure of the 

commercially promising γ-phase of P.R.53:2 using electron diffraction. 
However, the recorded ED data disagreed with the X-ray powder data of 
the γ-phase. It turned out that during the preparation of the sample for 
ED a polymorph transition took place. Upon suspending the sample in 
ethanol, the γ-phase transformed into the ζ-phase. The crystal structure 
of the ζ-phase was then solved from the ED patterns of a twinned crystal. 
This was one of the first structure determinations of an organic com-
pound solely from ED data [10]. 

However, the crystal structure of the γ-phase remained elusive. 
In the past, a few crystal structures of laked pigments were deter-

mined from X-ray powder data, including P.R.57:1 (3 phases) [21], P. 
Y.183 (α-phase) and P.Y.191 (2 phases) [14]. 

In powder diffraction data, the 3D diffraction pattern has been 
collapsed onto a single dimension, severely reducing the information 
content of the experimental data because of peak overlap. Nevertheless, 
with the advance of specialised software and the ever-increasing speed 
of modern-day computers, crystal structure solution from powder 
diffraction data has become routine even for molecules of moderate 
complexity. Consequently, a large number of crystal structures of 
organic pigments has been determined from powder diffraction data in 
the last 25 years. 

As compared to single-crystal data, the peak overlap in powder 
diffraction data not only hampers the structure-solution process, but 
more importantly, the reliability and the precision of the crystal 
structure are compromised. In recent years, these shortcomings have 
been addressed by combining the experimental powder diffraction data 
with high-level quantum-mechanical calculations, the justification for 
this approach being a large validation study on 225 high-quality single- 

crystal structures that showed that dispersion-corrected density func-
tional theory (DFT+D) is able to reproduce experimental organic 
crystal structures with an average root mean square Cartesian 
displacement (RMSCD) of only 0.084 Å [22]. Furthermore, the quan-
titative information from the DFT+D calculation about the geometry of 
the molecule, including the distortion by the packing forces in the 
crystal, can be incorporated in the final experimental crystal structure 
in the form of restraints in the Rietveld refinement on bond lengths, 
valence angles and planar fragments [23]. 

In the following we describe the structure determination of the 
γ-phase of P.R.53:2 by a combination of XRPD and lattice-energy min-
imisations with DFT+D. The morphology of γ-P.R.53:2 is investigated by 
transmission electron microscopy (TEM) and scanning electron micro-
scopy (SEM). 

2. Materials and methods 
2.1. Synthesis 

For the synthesis of P.R.53:2, 2-amino-5-chloro-4-methyl-
benzenesulfonic acid (8.85 g) was suspended in a mixture of 31% HCl 
(5.2 mL) and water (96 mL). A solution of NaNO2 (5.3 mL, 40% aq.) was 

Scheme 1. Chemical formula of the γ-phase of Pigment Red 53:2. The arrows 
denote the flexible torsion angles discussed in Sect. 3.3. 

Fig. 1. The γ-phase of P.R.53:2. (a) Pigment powder; (b) Offset printing of P. 
R.53:2 (left) in comparison with Pigment Orange 13 (right). 
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added at 20 to 25 ◦C. The mixture was stirred for one hour. The 
remaining excess of nitrite was decomposed with a small amount of 
amidosulfonic acid. β-Naphthol (6.0 g) was dissolved in a mixture of 
33% NaOH (4 mL, 33% aq.) and water (40 mL) within 20 minutes. The 
foregoing β-naphthol solution was slowly added to the diazonium salt 
suspension at 20 to 25 ◦C over 45 minutes. Subsequently the pH was 
adjusted from 3.5 to 8-8.5 by slow addition of 10% NaOH solution. The 
resulting Na+ salt of P.R.53 was not isolated. The suspension was diluted 
with water (280 mL) and anhydrous CaCl2 (24 g) was added. The sus-
pension was heated to 98 ◦C and kept at 95 ◦C for two hours. Thereby, at 
first the red α-phase of P.R.53:2 is formed, which during heating 
transforms into the orange γ-phase. The pigment was isolated by 
filtration at 80 to 90 ◦C, washed with water at 60 ◦C and dried at 60 ◦C at 
ambient pressure. 

2.2. Transmission electron microscopy, electron diffraction and scanning 
electron microscopy 

The powder of γ-P.R.53:2 was suspended in n-hexane in an ultrasonic 
bath. A drop of the suspension was placed on a carbon-coated copper 
TEM grid and dried on air. TEM investigations were performed with a 
TECNAI F30 transmission electron microscope equipped with a field 
emission gun operating at 300 kV (University of Mainz). Electron 
diffraction data were collected in the nano-diffraction mode with the C2 
condenser aperture of 10 μm with the beam size on the sample of 50 nm 
in diameter. The electron dose rate was kept as low as 3e/Å2s. The data 
were recorded on a 1k GATAN CCD camera. 

The crystals were fast decaying under the electron beam. The char-
acteristic electron dose, defined as the point at which the intensities of 
electron diffraction peaks are reduced to 1/e of its initial value [24] was 
measured at 300 kV and the electron dose rate of 3-e/Å2s to be 20-e/Å2. 
This means that practically about five diffraction patterns of an inter-
pretable quality could be collected from a crystal. This short life time is 
not sufficient to record a tilt sequence of the crystal to calculate the 
unit-cell parameters [25]. The continuous shift along the crystal during 
the data collection (“helical” data collection mode [26]) did not help 
either, as the crystals showed severe bending, so no reliable angular 
relationship between the diffraction patterns could be established. 
Finally, a set of individual diffraction patterns could be collected from 
different crystals. 

From these patterns we could conclude that the unit cell contains one 
short and two long crystallographic axes. Some of the ED patterns 
showed systematic reflection extinctions and 2mm symmetry, implying 
that the crystals must have at least monoclinic symmetry, but a full 
determination of the space group was not possible. So, no conclusive 
information about the unit-cell parameters could be obtained from ED 
data. 

Scanning electron microscopy (SEM) imaging was done using a 
ZEISS NVISION-40 FIB-SEM (University of Ulm). The imaging was done 
with 1 kV electrons, recorded using the SE2 detector. In order to mini-
mise surface charging during the imaging, a low number of crystals was 
placed onto an aluminium sample holder from an n-heptane suspension. 

Energy Dispersive X-ray (EDX) spectra were collected using an EDAX 
EDAM III system attached to the TECNAI F30 (University of Mainz). 

2.3. X-ray powder diffraction 

Laboratory X-ray powder data were collected in transmission mode 
on a STOE Stadi-P diffractometer using Cu-Kα1 radiation and a position- 
sensitive detector at room temperature. 

The powder diffraction pattern used for the structure determination 
was measured in transmission mode (capillary) at the Materials Science 
beamline powder diffraction station at the Swiss Light Source at the Paul 
Scherrer Institute in Villigen, using a crystal analyzer detector. The data 
were collected at 250 K at a wavelength of 0.92571 Å from 1.750◦ till 
32.437◦ 2θ with a step size of 0.003777◦. 

2.4. Structure determination from powder diffraction data 

Indexing and structure solution were performed with the program 
DASH [27]. 

The powder pattern was indexed by fitting 22 manually selected 
peaks accurately with an asymmetry-corrected full Voigt peak shape 
followed by indexing with DICVOL [28]; an orthorhombic cell with a 
plausible unit-cell volume of 3525 Å3 yielded good figures of merit M 
(22) = 35.6 and F(22) = 170.6. The space group was determined from 
the systematic extinctions by a method based on Bayesian statistics [29]. 

The structure was solved by real-space methods with DASH. The 
large number of degrees of freedom meant that the structure solution 
required several iterations, as elaborated in the Discussion. 

The Rietveld refinements were performed using TOPAS-Academic 4.1 
[30]. All carbon, nitrogen and oxygen atoms were refined with a shared 
Uiso value; the Uiso value of the hydrogen atoms was fixed at 1.2 times 
the shared Uiso value. Sulfur, chlorine and calcium were given individual 
Uiso parameters. Some minor preferred orientation in the (001) direction 
was modelled with a March-Dollase correction [31]. 

Prior to the Rietveld refinement, a Pawley refinement was carried 
out with TOPAS to obtain initial peak-shape parameters and unit-cell 
parameters. The final χ2 value of the Pawley refinement, which should 
be close to 1.0, was 70.0 in spite of a close to featureless difference 
curve, clearly indicating that the estimated standard deviations (ESDs) 
of the measured intensities are underestimated. Because of the under-
estimated ESDs, the final χ2 value of the Rietveld refinement was 90.6. If 
the χ2 value of the Rietveld refinement is divided by the χ2 value of the 
Pawley fit, i.e. if the ESDs are renormalised assuming that the Pawley fit 
is the best attainable fit with an ideal χ2 value of 1.0, the χ2 value of the 
Rietveld refinement is 1.29. The atomic displacement parameters 
refined to Uiso values around 0.03 Å2, in agreement with the low tem-
perature at which the powder pattern was measured. 

2.5. DFT+D calculations 

The crystal structure was energy-minimised by density-functional 
theory calculations with dispersion correction (DFT+D) with CASTEP 
[32] using the Perdew-Burke-Ernzerhof functional [33] with the 
dispersion correction by Grimme [34]; this combination of functional 
and dispersion correction is known as PBE-D2. The approximate k-point 
spacing was 0.07 Å− 1, the cut-off energy was 520 eV. The space-group 
symmetry was imposed, while the unit-cell parameters were optimised 
as part of the energy-minimisation. 

3. Results and discussion 

3.1. Synthesis 

For the synthesis of the γ-phase of P.R.53:2, about 150 laboratory 
experiments were made, and more than 50 X-ray powder diffraction 
patterns were recorded. All powder patterns were similar, revealing that 
the γ-phase is a pure phase, which can reproducibly be synthesised. 

Single crystals were found in none of the experiments, not even in 
recrystallisation attempts using solvents at temperatures up to 320 ◦C. 
Therefore, the crystal structure had to be determined from X-ray powder 
diffraction data and DFT+D. 

3.2. Chemical composition 

Laked pigments frequently contain water in their crystal lattice, i.e. 
they are hydrates [1]. The ζ-phase of P.R.53:2 is an anhydrate, although 
it is formed in water-containing ethanol. For the γ-phase of P.R.53:2, the 
stoichiometry of the water content was determined by Karl Fischer 
titration to be two water molecules per calcium ion. However, our 
experience shows that Karl Fischer titration of laked pigments bears 
uncertainties, and the results should be regarded with caution. 
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Differential thermal analysis (DTA) reveals that the γ-phase is stable 
up to about 200 ◦C, where it transforms to the α-phase, which melts 
under decomposition at 319–360 ◦C. 

Elemental analysis by EDX revealed that the γ-phase of P.R.53:2 is a 
pure Ca2+ salt, with no remains of Na+ ions from the synthesis. Since 
Ca2+ is a divalent cation, the structure must contain two P.R.53 anions 
per calcium ion. Hence the chemical composition of γ-P.R.53:2 was 
assumed to be Ca2+(C17H12ClN2O4S− )2 ⋅ 2H2O. This composition was 
later confirmed by Rietveld refinement and DFT+D. 

3.3. Structure solution from X-ray powder diffraction data 

Indexing of the X-ray powder pattern led to an orthorhombic unit cell 
with a volume of 3525 Å3. For assessing the number of molecules per 
unit cell, the molecular volume was estimated using Hofmann’s average 
atomic volumes [35]. For the combination of two P.R.53 anions, a Ca2+

cation and two water molecules, a solid-state volume of 922 Å3 is ex-
pected. Correspondingly, the unit cell contains 4 formula units. 

The systematic reflection extinctions revealed that the space group is 
P212121. In this space group, no special positions (inversion centres, 
mirror planes or rotation axes) are present, thus the asymmetric unit 
contains two symmetrically independent P.R.53 anions, one Ca2+ cation 
and two water molecules. 

The crystal structure was solved with a direct-space method, which 
uses the molecular geometry as input, and performs a fit to the powder 
pattern by translating and rotating the molecules inside the unit cell, 
until the simulated powder pattern fits the experimental one [13]. 

Solving crystal structures from powder diffraction data with direct- 
space methods is a global optimisation problem; in DASH, simulated 
annealing is used to find the global minimum. The likelihood of success 
for global-optimisation methods depends on the number of degrees of 
freedom, which for a flexible molecule is equal to three degrees of 
freedom for translation, three degrees of freedom for rotation, and one 
degree of freedom for each flexible torsion angle. The P.R.53 anion has 

four flexible torsions, see Scheme 1. For the chemical composition 
Ca2+(C17H12ClN2O4S− )2 ⋅ 2H2O that sums up to a total of 35 degrees of 
freedom. 

It is known that structure solution from powder data becomes 

Fig. 2. Rietveld refinement fit for the γ-phase of P.R.53:2: red crosses, measured data points; blue line, calculated profile; black line, difference curve; blue tickmarks, 
calculated reflection positions. 

Table 1 
Main crystallographic data for γ-P.R.53:2.  

Formula Ca2+(C17H12ClN2O4S− )2 ⋅ 2H2O 

Formula weight (g/mol) 827.72 
Colour Bright orange powder 
Crystal system Orthorhombic 
Space group P212121 

Z, Z′ 4, 1 
Temperature, K 250 
a, Å 39.9313(4) 
b, Å 16.51809(19) 
c, Å 5.34524(5) 
α, ◦ 90 
β, ◦ 90 
γ, ◦ 90 
V, Å3 3525.66(6) 
F(000) 1704.0 
ρ (g/cm3) 1.559 
λ, Å 0.92571 
μ, Å− 1 0.513 
2θ (min, max, step), ◦ 1.7500, 32.4370, 0.003777 
Number of unique reflections 557 
Number of parameters 290 
Number of restraints 216 
Rp 0.00863 
Rwp 0.01295 
χ2 90.6a  

a Note: The essentially flat difference curve in Fig. 2 shows that there are no 
problems with the refinement. The high χ2 values of the Rietveld refinement 
(90.6) and of the Pawley refinement (70.0) indicate that the estimated standard 
deviations of the experimental powder diffraction pattern are underestimated, 
leading to unrealistically large χ2 values for what are otherwise impeccable fits. 
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challenging, if the number of degrees of freedom exceeds 20 [36–38]. 
To reduce the number of degrees of freedom and simplify the search 
space, several approximations can be made. Hydrogen atoms are poor 
X-ray scatterers and therefore all hydrogen atoms were ignored in the 
structure solution step. With this approximation, the flexible torsion 
angle of the methyl group can be ignored, and the two water molecules 
can be modelled as oxygen atoms, reducing the number of degrees of 

freedom from six to three per water molecule. The P.R.53 anions can be 
assumed to be close to planar because of the conjugated π systems. In 
the crystal structures of other naphthol red pigments, the 
Ph–NH–N=naphthalene system is bent by up to 18◦ (mean value: 6.6◦) 
as revealed by a search in the Cambridge Structural Database [39]. This 
planarity assumption further reduced the number of flexible torsions in 
these two fragments from three to one. Furthermore, a rotation of the 
SO3

− group hardly affects the electron density, and this rotatable torsion 
angle can also be fixed in the structure solution step. This left a total 
number of degrees of freedom of only 21. Nevertheless, structure so-
lution proved non-trivial. Initial solution attempts that included the 
correct unit-cell contents gave disappointing results. After 100 inde-
pendent simulated annealing runs, the solution with the lowest figure 
of merit had only been found once: a clear sign that the simulated 
annealing search was not yet complete and that the global minimum 
had not been found yet. Indeed, the calcium coordination present in the 
best solution did not seem chemically reasonable. 

Omitting the two water molecules from the search reduced the 
number of degrees of freedom to 15. In 200 simulated annealing runs, the 
best solution was obtained five times, and was chemically sensible except 
for the missing water molecules. A void in the coordination sphere of the 
calcium atom was easily identified as an obvious trial location for the first 
water molecule. The subsequent Rietveld refinement confirmed the 
choice of the location and made it trivial to identify the trial location for 
the second water molecule. Further refinement confirmed the positions of 
both water molecules. Locating missing atoms in the refinement stage is 
common usage in determinations from single-crystal data, but also used 
in structure determination from powder data, see e.g., Refs. [23,40]. 
Subsequently, hydrogen atoms were added in calculated positions. For 
the water molecules, the hydrogen atoms were set to those positions 
which allow for reasonable hydrogen bonds. 

Fig. 3. Overlay of the experimental (in red) and the energy-minimised (in blue) 
crystal structures. 

Fig. 4. Electron microscopy images of crystals of the γ-phase of P.R.53:2: SEM (a, b), TEM (c), STEM (d).  
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3.4. Structure refinement by determination by a combination of XRPD 
and DFT+D 

After the first Rietveld refinements, the crystal structure was energy- 
minimised by DFT+D. The bond lengths and the valence angles from the 
DFT+D calculation were used as restraint values for the final Rietveld 
refinement. In the Rietveld refinements, planarity restraints were added 
for the phenyl rings and the naphthalene systems, including the adjacent 
atoms. The Rietveld refinement converged with good R-values and a flat 
difference curve. 

Because hydrogen atoms have a low X-ray scattering power, indi-
vidual hydrogen atoms are largely invisible in XRPD data and their 
positions are ill-determined. For the final structure, the positions of the 
hydrogen atoms were energy-minimised using DFT+D, with the non- 
hydrogen atoms and unit-cell parameters kept fixed. The coordinates 
of the hydrogen atoms in the accompanying cif file therefore reflect 
nuclear positions rather than maxima in the electron density measured 
by X-ray diffraction. 

Fig. 2 shows the excellent fit to the experimental powder pattern in 
the final Rietveld refinement. The main crystallographic data are given 
in Table 1. The full data have been deposited with the Cambridge 
Structural Database (CSD deposition number 2046693). 

The correctness of the final crystal structure was checked in two 
ways:  

(1) The molecular geometry was checked using Mogul [41] to 
compare all bond lengths and valence angles against distribu-
tions from single-crystal data from the Cambridge Structural 
Database. For the comparison, the relevant measure is the ab-
solute value of the z-score, which measures by how many stan-
dard deviations each value in the crystal structure differs from 
the mean of the distribution from the single-crystal data. Nor-
mally, all values should be smaller than about 3. For γ-P.R.53:2 
the maximum Mogul z-scores were 2.1 for the bond lengths and 
2.7 for the valence angles, indicating a molecular geometry that 
is close to single-crystal quality.  

(2) The final crystal structure was energy-minimised by DFT+D 
including the optimisation of the lattice parameters. Upon mini-
misation, the structure hardly changes (Fig. 3). The excellent 
agreement of the DFT+D calculation with the experimental 

Fig. 5. Electron diffraction patterns of γ-P.R:53:2, showing the [100] crystallographic zone axis: (a) experimental pattern; (b) simulated pattern from the final crystal 
structure after Rietveld refinement. The c* direction (horizontally) corresponds to the long direction of the needle-like crystals. 

Fig. 6. Coordination of the Ca2+ ion in the γ-phase of P.R.53:2, as determined 
from powder diffraction data. The intramolecular hydrogen bonds are shown by 
dashed red lines. Colour code: Ca violet, C black, H white, N blue, O red, S 
yellow, Cl green. All crystal structure figures were generated by SCHAKAL [43]. 

Fig. 7. Channel built by Ca2+ ions, water molecules, sulfonate, carbonyl and 
NH groups, surrounded by a tube of non-polar moieties in the γ-phase of 
P.R.53:2. Hydrogen bonds are represented as dashed red lines. View along the c 
axis. The networks of infinite hydrogen bonds run perpendicular to the plane of 
the paper. 
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structure provides an independent check of the correctness of the 
crystal structure. The relevant quantity is the root mean square 
Cartesian displacement (RMSCD) upon energy-minimisation with 
the unit cell free, where hydrogen atoms are excluded from the 
comparison. For the validation set of 225 molecular single crystal 
structures [19], the average RMSCD was 0.084 Å. For correct 
crystal structures, RMSCDs of up to 0.25 Å were found whereas 
incorrect crystal structures gave values over 0.30 Å. A similar 
validation was performed on a set of 215 molecular crystal 
structures determined from X-ray powder data. Here, the upper 
RMSCD limit for a correct structure is 0.35 Å, and the grey area 
must be extended to 0.40 Å [42]. For the γ-P.R.53:2 crystal 
structure, a value of 0.16 Å was found, which proves beyond 
reasonable doubt that the crystal structure is correct. 

Temperature-dependent X-ray powder data were measured from 
100 K to 300 K. In this temperature range the crystal structure of 
P.R.53:2 exhibits no major changes (see Fig. S1 in the electronic 
supporting information). 

3.5. Crystal morphology 
The TEM and SEM images showed that the γ-phase of P.R.53:2 had a 

very unusual crystal morphology: the crystals had a needle-like shape 
with a length of several microns and a width of about 100 nm, and were 
often very strongly bent (Fig. 4). The thinnest dimension of the hair-like, 
wavy crystals was below 40 nm. 

In the course of TEM investigations of P.R.53:2 many polymorphs 
and different solvates were studied. Most phases showed a different 
morphology. For example, the crystals of the ζ-phase form long straight 

lath-shape particles, and the crystals of the α-phase are thin platelets. 
None of all other studied polymorphs of P.R.53:2 revealed the wavy 
hair-like crystal shape observed for the γ-phase. 

Electron diffraction patterns contained very sharp well-resolved 
Bragg reflections without any diffuse scattering (Fig. 5a). The patterns 
vanished as the electron-beam induced damage was accumulated. The 
knowledge on the lattice cell parameters allowed the indexing of the 
available electron diffraction patterns and the determination of their 
orientation within a crystal. All crystals had the short c axis oriented 
along the needle axis. On the TEM grid most of the crystals were oriented 
with directions close to [100], i.e. the longest axis was in most cases 

Fig. 8. Crystal structure of the γ-phase of P.R.53:2, showing 7 “tubes”. View along the c-axis; a-axis horizontal, b-axis vertical.  

Fig. 9. Crystal structure of the ζ-phase of P.R.53:2 [10]. View along the 
channels. (View along the a-axis.) 
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oriented along the incident electron beam. 
The electron diffraction patterns are in agreement with the structure 

determined by powder diffraction and DFT+D (Fig. 5). 

3.6. The crystal structure 

The γ-phase of P.R.53:2 is a dihydrate, as indicated by Karl-Fischer 
titration and confirmed by Rietveld refinement and DFT+D calculations. 

Like all other industrial hydrazone pigments (formerly called “azo” 
pigments), γ-P.R.53:2 adopts the hydrazone-tautomeric form, as 
confirmed by the DFT+D calculations. 

The asymmetric unit contains one Ca2+ ion, two symmetrically in-
dependent P.R.53 anions and two symmetrically independent water 
molecules. The two P.R.53 anions are close to planar. The phenyl rings 
form an angle of 8.5 and 8.7◦ with the naphthalene moieties. Only the 
oxygen atoms of the sulfonate groups, and the hydrogen atoms of the 
methyl groups stick out of the plane. 

The Ca2+ cation is coordinated by seven oxygen atoms: four from 
sulfonate groups of four different anions, one from the carbonyl group, 
and two from water molecules, see Fig. 6. 

The Ca⋅⋅⋅O distances range from 2.262(7) to 2.511(7) Å. Similar 
values have also been found in other Ca-laked pigments. (ζ-P.R.53:2 
2.23(1) - 2.27(1) Å [10], P.R.48:2 2.140(4) - 2.567(4) Å [12], α-P.R.57:1 
2.27(1) - 2.621(8) Å, β-P.R.57:1 2.30(1) - 2.64(1) Å, γ-P.R.57:1 2.22(1) - 
2.64(1) Å [21], α-P.Y.183 2.29(1)-2.35(1) Å, β-P.Y.183 2.385(5) - 2.460 
(6) Å, α-P.Y.191 2.28(1)-2.44(1) Å, β-P.Y.191 2.32(1)-2.49(1) Å [14]). 

Each N–H hydrogen atom forms two intramolecular hydrogen bonds, 
to the oxygen atom of the carbonyl group and to an oxygen of the sul-
fonate group, see Fig. 6. All hydrogen atoms of the two water molecules 
are involved in hydrogen bonds, too: three hydrogen atoms connect to 
sulfonate groups, the fourth hydrogen atom to the other water molecule, 
see Fig. 7. 

Each SO3
− group coordinates to two Ca2+ cations and accepts one or 

two hydrogen bonds from water molecules. 
The combination of the calcium coordination and the hydrogen 

bonds results in a complex but elegant network that propagates in the c- 
direction. The calcium ions are connected via sulfonate groups into 
chains. Two neighbouring chains are connected by hydrogen bonds into 

a double-chain forming a channel (Fig. 7). These channels are quite 
broad and contain all polar groups: two Ca2+ ions, four water molecules, 
four sulfonate, four carbonyl and four hydrazone groups per repeating 
unit. The channels are fully surrounded by a non-polar tube built from 
the naphthalene moieties and the phenyl rings including the chloro and 
methyl substituents. 

Each tube is surrounded by six other tubes, see Fig. 8. Neighbouring 
tubes are held together only by van der Waals interactions. 

This structure is unique among laked pigments. The ζ-phase of 
P.R.53:2 also forms channels, but the channels are much smaller and 
contain only one Ca2+ ion, two anions and no water molecules per 
repeating unit, see Fig. 9. All other commercial laked pigments (as far as 
known) form double-layer structures, where the polar layer contains the 
metal ion, sulfonate and carbonyl groups and the water and solvent 
molecules (if present). The non-polar layers contain the aromatic moi-
eties. As an example, the crystal structures of the commercial mono-
hydrate phase of P.R.57:1 is shown in Fig. 10. 

3.7. Explanation of the morphology based on the crystal structure 
In the γ-phase of P.R.53:2 the main intermolecular interactions are 

within the channel: electrostatic interactions and hydrogen bonds 
together form a strong binding in the c direction. In the lateral di-
rections, the tubes are only connected by (weak) van der Waals forces. 
Correspondingly, along the c-direction the crystal will grow the fastest, 
which results in long needles parallel to the c-direction. 

Electron diffraction on the needles confirms that the needle direction 
is parallel to c. 

Unsurprisingly, this is also the direction of the preferred orientation 
of the needles in the X-ray powder measurements. (By using capillaries, 
the preferred orientation could almost completely be eliminated.) 

The observed crystal morphology suggests that the tubular micelles 
in the crystal structure are not very stiff, and that the interaction be-
tween the single tubes is relatively weak, which results in the softness of 
the crystals. 

4. Conclusion 
The γ-phase of P.R.53:2 is a cheap, bright orange pigment with a high 

colour strength, which lends its use for low-cost printing applications 

Fig. 10. Crystal structure of the β-phase of P.R.57:1, exhibiting a double layer structure consisting of alternating polar and non-polar layers [21]. View along 
the b-axis. 
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and for the colouration of seeds. The γ-phase is a dihydrate. 
Since single-crystals could not be grown, the crystal structure was 

solved from X-ray powder diffraction data, and refined by a combina-
tion of Rietveld refinement and lattice-energy minimisations with 
dispersion-corrected DFT. The use of DFT+D minimisations ensured 
that the structure is both reliable and precise. The structure is also in 
agreement with electron-diffraction data. 

The electron-microscopic images revealed that the compound forms 
bent, thin, hair-like crystals. This morphology is explained by the crystal 
structure: The main feature of the structure are channels with a strong 
network of ionic bonds and hydrogen bonds, which is parallel to the c- 
axis. In lateral direction, these columns are connected only by van der 
Waals interactions. Since the interactions in the c-direction are much 
stronger than perpendicular to it, the phase forms the hair-like needles. 
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Schmidt MU, Blaschka P, Höffken HW, Erk P. Structure determination of seven 
phases and solvates of Pigment Yellow 183 and Pigment Yellow 191 from X-ray 
powder and single-crystal data. Acta Crystallogr 2009;B65:212–22. 

[15] Kennedy AR, McNair C, Smith WE, Chisholm G, Teat SJ. The first red azo lake 
pigment whose structure is characterized by single crystal diffraction. Angew Chem 
Int Ed 2000;39:638–40. DOI 10.1002/(SICI)1521-3773(20000204)39:3<638::AID- 
ANIE638>3.0.CO;2-K. 

[16] Structure determination from powder diffraction data. In: David WIF, Shankland K, 
McCusker LB, Baerlocher C, editors. International Union of Crystallograhy 
Monographs on Crystallography, vol. 13. Oxford Science Publications; 2006. 
p. 2006. 

[17] Kolb U, Matveeva GN. Electron crystallography on polymorphic organics. 
Z Kristallogr 2003;218:259–68. 

[18] Kolb U. Electron microscopy on pigments. In: Li ZR, editor. Industrial applications 
on electron microscopy. New York: Marcel Dekker Inc.; 2002. 2002. 

[19] Gemmi M, Mugnaioli E, Gorelik TE, Kolb U, Palatinus L, Boullay P, Hovmöller S, 
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