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Diaryl azo pigments play an important role as yellow pigments for printing inks, with an annual pigment
production of more than 50,000 t. The crystal structures of Pigment Yellow 12 (PY12), Pigment Yellow 13
(PY13), Pigment Yellow 14 (PY14), and Pigment Yellow 83 (PY83) were determined from X-ray powder
data using lattice energy minimizations and subsequent Rietveld refinements. Details of the lattice energy
minimization procedure and of the development of a torsion potential for the biphenyl fragment are given.
The Rietveld refinements were carried out using rigid bodies, or constraints. It was also possible to refine all
atomic positions individually without any constraint or restraint, even for PY12 having 44 independent nonhydrogen atoms per asymmetric unit. For PY14 (23 independent non-hydrogen atoms), additionally all atomic
isotropic temperature factors could be refined individually. PY12 crystallized in a herringbone arrangement
with twisted biaryl fragments. PY13 and PY14 formed a layer structure of planar molecules. PY83 showed
a herringbone structure with planar molecules. According to quantum mechanical calculations, the twisting
of the biaryl fragment results in a lower color strength of the pigments, whereas changes in the substitution
pattern have almost no influence on the color strength of a single molecule. Hence, the experimentally observed
lower color strength of PY12 in comparison with that of PY13 and PY83 can be explained as a pure packing
effect. Further lattice energy calculations explained that the four investigated pigments crystallize in three
different structures because these structures are the energetically most favorable ones for each compound.
For example, for PY13, PY14, or PY83, a PY12-analogous crystal structure would lead to considerably poorer
lattice energies and lower densities. In contrast, lattice energy calculations revealed that PY12 could adopt a
PY13-type structure with only slightly poorer energy. This structure was found experimentally as a metastable
gamma phase of PY12. Calculations on mixed crystals (solid solutions) showed that mixed crystals of PY12
and PY13 should adopt the PY13 structure with planar molecules, resulting in high color strengths; this was
proven experimentally (Pigment Yellow 188). Similarly, the high color strength of mixed crystals consisting
of PY13 and PY14 (Pigment Yellow 174), and PY13/PY83 (Pigment Yellow 176) is explained by the crystal
structures.

1. Introduction
Organic pigments are nowadays most commonly used for
coloring paints and plastics and for most printing applications.1
Diaryl pigments having the formula 1 are the most important
ones used for yellow shades.
Annual production of diaryl pigments worldwide totals about
50 000 t, with a value of about $300 million. Pigment Yellow
(PY) 12 has the highest production volume of any organic
yellow pigment in the world. PY12 and PY13 are used for fourcolor printing; also, the cover for The Journal of Physical
Chemistry B is printed using PY12.2
The industrial synthesis starts with a double diazotation of
3,3′-dichlorobenzidine, followed by coupling on the corresponding acetoacetylated anilines (Scheme 1). Synthesis is carried
out in water, and the pigments precipitate as fine powders with
particle sizes of less than 100 nm.
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chemie.uni-frankfurt.de. Fax: (+49) 69 798 29235.
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Pigments are hardly soluble in the application medium (paint,
printing ink, plastic, etc.). The pigment particles are simply
finely dispersed. Therefore, the properties of the pigments
(shade, tinctorial strength, light fastness, etc.) do not solely
depend on the molecular structure but also on the particle size
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SCHEME 1: Industrial Synthesis of Diaryl Pigments

distribution and the crystal structure.1 Knowledge of the crystal
structures is essential for an understanding of structure-property
relations, which are used to rationalize and specifically influence
the properties of the pigments (crystal engineering). Therefore,
efforts are being made globally to elucidate the crystal structures
of all industrially produced pigments. All the more astounding
is the fact that crystal structures of most diaryl pigments
remained unknown for many years. Consequently, some properties were not understood either; for example, it was observed
that the maximum achievable tinctorial strength of PY13 is about
50% higher than that for PY12. (i.e., to achieve a coloration of
a desired shade, one needs 50% more pigment when PY12 is
used instead of PY13).3 In contrast, predictions with quantum
mechanical calculations on individual molecules result in nearly
identical tinctorial strengths regardless of the substitution pattern.
Additional methyl groups have practically no influence on the
π system; PPP calculations on PY12, PY13, and PY14 with
planar conformations give f values of 2.74, 2.71, and 2.72,
respectively. Hence, the increased tinctorial strength of PY13
with respect to PY12 seemed to be a solid-state phenomenon
without it being possible to explain the reason.
Diaryl pigments are hardly soluble in all solvents, even at
high temperature; hence, it is very difficult to grow single
crystals for X-ray structure analysis. We therefore determined
the crystal structures of PY12, PY13, PY14, and PY83 (1a-d)
from X-ray powder diffraction data.
Crystal structure determination from powder data is much
more challenging than from single-crystal data because, first,
the information content of a powder diffractogram is markedly
lower and, second, this information is considerably more difficult
to extract because of the systematic and random overlapping
of the diffraction reflections. Consequently, although about
300 000 single-crystal structure analyses of molecular compounds are cited in the literature, there are only a few hundred
structures that have been solved from X-ray powder data without
referring to an isotypic single-crystal structure.4
The general methodology for structure determinations from
powder diffraction data consists of three steps, (1) indexing of
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the powder diagram, that is, determination of lattice parameters
and space groups, (2) structure solution, that is, creation of a
structure model as a starting point for Rietveld refinement, and
(3) Rietveld refinement.5,6
For structure solution, three main alternative approaches are
available: (1) determination of integrated reflection intensities
and application of methods similar to those used for singlecrystal X-ray analysis, for example, direct methods,7-9 Patterson
methods,10,11 or maximum entropy methods. This approach
requires diffraction data with high resolution and precision; (2)
“real-space methods”, that is, fit of calculated versus experimental powder diagrams by moving molecules or fragments
inside the unit cell.12-21 For this approach, the knowledge of
(approximated) lattice parameters is required; (3) prediction
of crystal structures by global optimization of the lattice
energy.22-24 In most cases, several structures are found within
an energy range of a few kilojoules per mole above the global
minimum. To find out which of the predicted crystal structures
corresponds to the actual sample, powder diagrams of all lowenergy structures are to be calculated and compared with
experimental powder data. This approach works for unindexed,
low-quality powder diagrams as well. Recently, the crystal
structure of the violet pigment C22H12Cl2N6O4 was solved from
a nonindexed powder diagram with 12 broad diffraction peaks
only.25 Nevertheless, computing time can be reduced dramatically if the experimental lattice parameters can be used in the
calculations.
We repeatedly used the third approach to successfully
determine crystal structures of organic compounds from X-ray
powder data.26-29 Here, we used this method to determine the
crystal structures of PY12, PY13, PY14, and PY83.
2. Experimental Section
The atomic coordinates of the refined crystal structures of
PY12, PY13, PY14, and PY83 were deposited as supplementary
publication no. CCDC-170802 to 170805 with the Cambridge
Crystallographic Data Centre. Copies of the data can be obtained
free of charge from the following address in the United
Kingdom: CCDC, 12 Union Road, Cambridge CB21EZ. Fax:
(+44)1223-336-033. E-mail: deposit@ccdc.cam.ac.uk. http://
www.ccdc.cam.ac.uk/data_request/cif.
2.1. Sample Preparation and X-ray Diffraction Experiments. X-ray powder data from diaryl pigments directly taken
from industrial production generally show very broad Bragg
reflections caused by small particle sizes (e100 nm) and a high
number of lattice defects (see Figure 1a). Most technical
pigments also contain resins or other additives for reducing the
crystal sizes, controlling the crystal morphologies, and improving the dispersibilities. Solving crystal structures from these lowquality powder diagrams is hardly possible. Hence, we synthesized the pure pigments in the laboratory and recrystallized them
from boiling solvents. For PY12, PY13, and PY14, dichlorobenzene (bp 180 °C) was used; for PY83, we used nitrobenzene (bp 210 °C). In all cases, quite large quantities of solvents
were necessary to dissolve the pigments completely. The
solutions were cooled to room temperature within 2 days. Upon
cooling, the material fell out as microcrystalline powders. We
did not succeed in obtaining single crystals, but the particle size
and crystal quality of the powders were improved substantially.
This is reflected in powder diagrams of considerably better
quality (see Figure 1b). The influence of the syntheses and aftertreatment on the quality of the powder diagrams was also nicely
shown by Christie, Monteith, and Barrow.30
Laboratory X-ray powder diagrams were measured on a
STOE-STADI-P diffractometer in Debye-Scherrer (transmis-
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Figure 1. X-ray powder diagrams of PY14. (a) Top (green), sample from industrial production (laboratory data, λ ) 1.541 Å); second (red),
recrystallized product (laboratory data, λ ) 1.541 Å); third (blue), simulated powder diagram of the calculated crystal structure having the lowest
energy; bottom (black), recrystallized product (synchrotron data, λ ) 1.149 Å, displayed in the scale of λ ) 1.541 Å). (b) Rietveld plot; unconstrained
Rietveld refinement of all nonhydrogen atoms using synchrotron data (λ ) 1.149 Å): circles: experimental data; through line: calculated profile;
bottom: difference curve.

sion) geometry. The diffractometer was equipped with a primary
Ge(111) monochromator (Cu KR1 radiation, λ ) 1.54060 Å)
and a linear position-sensitive detector. Powder diagrams
recorded in the range of 2θ ) 2-34°, with a total measuring
time of 2 h, turned out to be fully sufficient for indexing and
crystal structure solution. For the Rietveld refinements, highresolution powder diffraction data were collected at the SUNY

X3B1 beamline at the National Synchrotron Light Source,
Brookhaven National Laboratory, with the samples sealed in
glass capillaries of 0.7 mm diameter for PY12, PY13, and PY83
and of 1.0 mm for PY14. X-rays of wavelengths 1.14818(2) Å
for PY12, 1.14946(2) Å for PY13 and PY14, and 0.70002(2)
Å for PY83 were selected by a double Si(111) monochromator.
Wavelengths and the zero point have been determined from eight
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well-defined reflections of the NBS1976 flat plate alumina
standard. The diffracted beam was analyzed with a Ge(111)
crystal and detected with a Na(Tl)I scintillation counter with a
pulse height discriminator in the counting chain. The incoming
beam was monitored by an ion chamber for normalization for
the decay of the primary beam. In this parallel beam configuration, the resolution was determined by the analyzer crystal
instead of by slits. Data were taken with the following
parameters: PY12 (3.0-55.87° 2Θ; 0.005° 2Θ/step, 2.9 s/step);
PY13 (5.0-42.19° 2Θ; 0.005° 2Θ/step, 3.3-5.3 s/step); PY14
(4.0-64.995° 2Θ; 0.005° 2Θ/step, 3.3-6.3 s/step); and PY83
(2.0-37.288° 2Θ; 0.004° 2Θ/step, 3.1-8.1 s/step). Although
Θ scans did not show serious crystallite size effects, the samples
were spun around Θ during measurement for better particle
statistics. Low-angle diffraction peaks showed a strong asymmetry due to axial divergence and had a full-width at halfmaximum (fwhm) of 0.01° 2Θ for PY83 and PY12, 0.022° 2Θ
for PY13, and 0.017° 2Θ for PY14. Whereas the fwhm of the
reflections of PY83 and PY12 was close to the resolution of
the spectrometer, the reflections of PY13 and PY14 did show
some sample-dependent isotropic peak broadening.
2.2. Structure Solution by Lattice Energy Minimization.
2.2.1. Molecular Geometry. For global lattice energy optimizations, the knowledge of an (approximated) molecular geometry
is required as input. Azo pigments can exist as azo or hydrazo
tautomers (Scheme 1). Whereas in solution both tautomers are
populated, in the solid state, all yellow azo pigments exist as
the hydrazo tautomer because the acetoacetyl substituents form
intramolecular hydrogen bonds between the acetyl and the
hydrazo groups. This has been shown by single-crystal analyses
of many mono-azo pigments of the Hansa Yellow type.31,32
(Monoazo pigments are much more soluble than diazo pigments;
therefore, single crystals of sufficient size and quality can be
grown.)
The molecular geometry was derived from crystal structure
data of similar molecules and fragments. A suitable model for
PY12 would be the compound 2a (reaction product of diazotized
2-chloro-aniline and N-acetoacetyl-aniline), which is a quasihalf of a molecule of PY12. Hence, we synthesized and
crystallized the compound 2a and determined the structure by
single-crystal diffraction.33 However, the structure of 2a is
effected by disorder. Therefore, we chose the crystal structure
of 2b (reaction product of diazotized aniline and N-acetoacetyl2-methyl-aniline)34 as a basis for the molecular geometry of
1a-d, and only the geometry in the vicinity of the chlorine
atom was taken from 2a. For the central C-C bond, a length
of 1.487 Å was assumed.35 Additional substituents (methyl,
chlorine, and methoxy) to the terminal phenyl fragments were
added according to standard values35 and data from the
Cambridge Structural Database.36 Furthermore, we assumed that
overall molecular geometry is less influenced by the substituents.
Whereas the values of the bond length and bond angles could
directly be transferred from the mono-azo pigments to PY12,
PY13, PY14, and PY83, torsion angles are less rigid and can
populate several minima. Furthermore, torsion angles for single
bonds can be influenced by crystal packing forces. For example,
unsubstituted biphenyl is known to be twisted by about 42° in
the gas phase, but it is planar in the solid state. Consequently,
we have to define 5 bonds as flexible in our simulations (ϑ1ϑ5)
The values for the corresponding dihedral angles depend not
only on the molecule itself but also on the crystal packing. If
the molecules 1a-d were situated on crystallographic inversion
centers, then the following restraints were defined: ϑ1 ) 180°,
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ϑ2 ) ϑ4, ϑ3) ϑ5; that is, an inversion center requires the
biphenyl fragment to be planar. Since we did not know the
conformation of the central biphenyl fragment, the rotational
angle around the central single bond was refined together with
the packing of the molecules. The same held for the torsion
angles ϑ2-ϑ5. In the case of PY83, additionally, the four
rotations around the Ph-OCH3 bonds were refined.
2.2.2. DeVelopment of Intramolecular Potentials. Intramolecular potentials for the intramolecular degrees of freedom
ϑ1-ϑ5 were derived from ab initio calculations as well as from
statistical analyses of crystal structures from the Crystallographic
Structural Database.
For the biphenyl torsion ϑ1, ab initio calculations on unsubstituted biphenyl were done on the MP2/DZP level using the
program TURBOMOLE.37 The calculated energies were multiplied by the factor 0.91 in order to adjust them to the barrier
derived from a MP4(SDQ)/6-31G* calculation.38 The resulting
data points were fitted by a 6 term cosine series. To scale this
potential with respect to the van der Waals energy, extensive
global lattice energy minimizations on several biphenyl compounds have been performed.39 The resulting potential
is given by
6

E(ϑ1) )

∑(an × cos(n × ϑ1))
n)0

(1)

with a0 ) -19.34, a1 ) 6.84, a2 ) 10.01, a3 )1.99, a4 ) 0.36,
a5 ) 0.11, and a6 ) 0.03 kJ/mol.
Statistical analyses of crystal structures of substituted biphenyl
compounds revealed that, in about half of the cases, the torsion
angle ϑ1 is close to 0° (or 180°), whereas in the other cases,
values around 30° (or 150°) are preferred. The occurrence of
the 0° structures can be explained as a packing effect because
planar molecules can generally be packed more densely.
For the rotation around the Ph-NN bond (ϑ2 and ϑ4), it is
known from crystal structures of other azo pigments that the
N-N moiety is almost coplanar with the benzene ring and
always bent away from the chlorine atom, thus allowing a weak
N-H‚‚‚Cl hydrogen bond. For the torsion angles ϑ2 (C5-C4N1-N2) and ϑ4 (C5′-C4′-N1′-N2′), a harmonic potential was
used

E(ϑ2,4) ) k(ϑ2,4)2

(2)

with k ) 0.1 kJ/(mol‚deg2).
For the rotations ϑ3 and ϑ5, a search on the Cambridge
Structural Database showed a broad distribution of torsion angles
with a mean value of 0°; thus, we set up a harmonic potential
(eq 2) with k ) 0.0025 kJ/(mol‚deg2), which resulted in an
energy of 1 kJ/mol at ϑ3 ) 20° and 4 kJ/mol at ϑ3 ) 40°, the
latter value being at the outer limit for typical torsion angles of
the corresponding compounds.
2.2.3. Intermolecular Energy. The intermolecular energy was
calculated by the atom-atom potential method.40 The interatomic potential was set up as a sum of a van der Waals potential
and a Coulomb term
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where rij is the interatomic distance between atoms i and j, Aij,
Bij, and Cij are the empirical van der Waals parameters for the
interaction between atoms i and j,25,41 the q’s are the atomic
charges, and  is the relative dielectric constant,  ) 1.
Atomic charges qi were calculated by the charge iteration
EHT method with the ICON program.42 The resulting charges,
which are comparable to the Gasteiger43 charges, were multiplied with an empirical factor of 1.1 to scale them with respect
to the applied van der Waals potential. These charges have been
proved to work well in combination with our van der Waals
parameters.44
Hydrogen bond terms were not necessary in the description
of the intermolecular energy since the pigments 1a-d did not
form intermolecular hydrogen bonds.
2.2.4. Lattice Energy Minimizations. The energy minimizations were performed with the CRYSCA45,46 program, which
carries out global optimization of the lattice energy. The
minimizations started from a set of several thousand crystal
structures with given lattice parameters and given possible space
groups but random position and spatial orientation of the
molecules. For the intramolecular degrees of freedom ϑ1-ϑ5,
random start values within reasonable limits were similarly
assumed. The energy was optimized by a special steepest
descent method, varying the position and orientation of the
molecules as well as the intramolecular torsion angles ϑ1-ϑ5.
The lattice parameters were kept fixed. The obtained crystal
structures were ranked according to energy and checked for
higher symmetries.
2.3. Rietveld Refinement. The Rietveld refinements were
carried out with the program package GSAS.47 First of all, a
LeBail fit48 without structural model was performed to refine
the lattice parameters and to optimize the peak shape parameters.
The peak profile function was modeled using a multiterm
Simpson’s rule integration of the pseudo-Voigt function.49 The
strong asymmetry in the low angle region was described by a
later implemented function,50 which accounts for the asymmetry
due to axial divergence. The background was manually determined with the program GUFI.51 The resulting polygon was
combined with a refinable 4 term cosine series. All profile and
lattice parameters were fixed at the beginning of the Rietveld
refinements.
By comparing the number of atoms (44-54 non-hydrogen
per molecule) and the number of distinguishable peaks (110225), it seemed quite unfavorable to refine all atomic coordinates
individually. The number of possible degrees of freedom could
therefore be dramatically reduced by the introduction of rigid
bodies.52 The effect was a strong increase of the ratio between
linear independent observations and parameters, leading to a
stabilized process of refinement. Furthermore, since the mo-

lecular fragments were forced to shift as a whole, meaningless
changes could not occur.
In GSAS, a rigid body can be set up in various ways. The
position of each atom within the rigid body is described as a
combination of vectors given in Cartesian coordinates. The
lengths of the vectors can be refined through a multiplier. For
small molecules, the rigid body can be set up in a way that
these vectors correspond to interatomic bonds, and thus, the
position of an atom is the sum of several refinable interatomic
vectors. For complex molecules like the diaryl pigments, this
quickly becomes difficult to handle. A more comfortable way
is to use the Cartesian coordinates of all atoms directly. Instead
of refining individual bond lengths, an overall scale factor for
the size of the molecule can be refined. The width and the height
of the molecule can be refined individually by applying different
multipliers to the three base vectors of the Cartesian coordinate
system.
For the Rietveld refinements, the molecules of PY12-PY14
were divided in 3-6 rigid groups, which were held together by
soft constraints, allowing constrained translations but individual
rotations of the different groups. The number of refined
parameters was increased step by step.
Because of the high quality of the powder pattern of PY83,
the rigid bodies were replaced by soft constraints (44 for bond
lengths, 55 for bond angles, and 7 for planarity), leading to an
improved refinement.
As a final test for the correctness of the molecular geometry,
all atomic positions were refined independently for three
structures, after excluding the hydrogen atoms from the refinement. Although, the presumably flat molecular moieties like
C6 rings were slightly buckled, the positions of all non-hydrogen
atoms remained close to their rigid-body positions, conforming
the correctness of the molecular and structural model. Subsequent difference Fourier analysis revealed no considerable
additional or missing electron density.
Drawings of the crystal structures were made with
SCHAKAL.53
3. Results
3.1. X-ray Diffraction and Energy Minimization. The
comparison of the X-ray powder diagrams of 1a-d showed
that only PY13 (1b) and PY14 (1c) are isotypic, whereas PY12
(1a) and PY83 (1d) have different crystal structures.
After recrystallizing the pigments, the laboratory powder
diagrams of all pigments were indexed by TREOR54 without
ambiguity. The resulting lattice parameters are compiled in Table
1. The number of molecules per unit cell (Z) was determined
by the rule “18 Å3 per non-hydrogen atom”.55 Since pigments
are known to pack more densely than general organic compounds, we used a value of 16 Å3 instead of 18 Å3. The resulting
values for Z are included in Table 1.

TABLE 1: Lattice Parameters and Possible Crystal Symmetries from Indexing
compound

PY12 (1a)

PY13 (1b)

PY14 (1c)

PY83 (1d)

formula
a (Å)
b (Å)
c (Å)
R (deg)
β (deg)
γ (deg)
V (Å3)
possible space groups
Z

C32H26Cl2N6O4
17.867
7.369
24.060
90
110.51
90
2967.1
P21/n, ‚‚‚
4

C36H34Cl2N6O4
8.369
8.804
12.478
71.29
76.14
74.29
826.4
P1, P1h
1

C34H30Cl2N6O4
8.209
9.328
11.773
112.59
98.23
105.07
773.3
P1, P1h
1

C36H32Cl4N6O8
5.190
20.593
16.982
90
98.20
90
1796.5
P21/c, Pc, ‚‚‚
2
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For PY13 and PY14, the space group could either be P1 or
P1h. If it was P1h, the molecule was situated on an inversion
center. Since we did not know in advance if the molecule was
planar and adopted inversion symmetry in the crystal, the energy
minimizations had to be carried out without the inversion
symmetry, that is, in space group P1. During the energy
minimizations, in the lowest-energy packings and also many
other packings, the molecules adopted conformations with
inversion centers, that is, the resulting crystal structures could
be described in space group P1h.
For PY12, the systematic extinctions led to the extinction
symbol “P - 21/n -”, corresponding to the space group
P21/n.56 The determination of systematic extinctions from
powder diffraction data is, because of peak overlap, generally
less reliable than that from single data. Thus, other space groups,
(P21, Pn, P21/m, P2/n, P2, Pm, or P2/m) could not be excluded.
All of these space groups are statistically less frequent than
P21/n, especially for Z ) 4;57 therefore, the lattice energy
minimization were started in P21/n, Z ) 4, with one molecule
per asymmetric unit, the molecule being located on a general
position. The resulting low-energy packings did not show
additional symmetries.
The systematic extinctions of PY83 led to the probable space
groups P21/c or Pc (and some other, less frequently observed
symmetries like P2/c). Lattice energy calculations were performed in P21/c, Z ) 2, with molecules on inversion centers,
and in Pc, Z ) 2, with molecules on general positions. The
low-energy structures of both calculations were identical, all
exhibiting P21/c symmetry with the molecule situated on a
crystallographic inversion center.
For all predicted low-energy structures, X-ray powder
diagrams were simulated. In all cases, packings with the best
(lowest) energy gave simulated powder diagrams that were
almost identical to the experimental powder diffractograms (see
Figure 1c). Powder diagrams are very sensitive to small
deviations in the crystal structures. The high similarity between
calculated and experimental powder diagrams shows that the
differences between the calculated and the actual crystal
structures are on the order of 0.1 Å only.
We also investigated whether the crystal structures could also
have been solved if the powder diagrams were not indexable.
Therefore, calculations were carried out in the statistically most
frequent space groups, with some thousand starting structures
having random lattice parameters; the unit cells were optimized
together with the position and orientation of the molecules and
the intramolecular degrees of freedom. The calculation times
were considerably higher than those for calculations with given
unit cells. Nevertheless, for all four compounds, a minimum
with good energy can be found, showing a simulated powder
diagram similar to the experimental one. This minimum
corresponds, in all cases, to the actual crystal structure. The
accuracy of the crystal structures calculated without specification
of the unit cell was, by far, sufficient for the Rietveld refinement.
Hence, the crystal structures could also have been solved from
nonindexable X-ray powder diagrams.
3.2. Rietveld Refinements. The calculated crystal structures
were refined by the Rietveld method. Since we were interested
in structural details such as torsion angles, high-resolution
synchrotron powder diffractograms of all four compounds were
recorded. The refined crystal structures were almost identical
to the crystal structures calculated by energy minimization.
In order to prove that the molecules of PY13, PY14, and
PY83 (1b-d) are planar, additional Rietveld refinements were
carried out without the inversion centers, that is, in the
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corresponding subgroups. The refinements resulted in structures
again showing inversion symmetries. Thus, the crystal symmetries found by lattice energy minimizations (P21/n, P1h, and
P21/c) were confirmed by the Rietveld refinements.
The quality of the synchrotron powder data was so high that
for PY12, PY13, and PY14 we tried for to refine all nonhydrogen atom positions individually without any constraints
or restraints. To our astonishment, the refinements converged,
even in the case of PY12 having 44 independent non-hydrogen
atoms per asymmetric unit. This is, to our knowledge, one of
the largest number of atoms in an unconstrained refinement
hitherto. The atomic positions changed only slightly during
refinement. In the case of PY14, it was even possible to refine
all atomic isotropic temperature factors individually to reasonable values (Figure 1b, Table 2)!
A comparison of the molecular structures of PY12 obtained
by rigid-body refinement and unconstrained refinement is given
in Figure 2. The crystal structure of PY12 is shown in Figure
3.
After we had finished the structure determination of PY12,58
Barrow et al.59 reported that they succeeded in growing single
crystals and determined the structure by single-crystal analysis.
The single-crystal structure is very similar to our structure
determined from X-ray powder data by rigid-body Rietveld
refinement (see Figure 2). The average difference of the
positions of non-hydrogen atoms is less than 0.1 Å. This shows
the high accuracy of today’s synchrotron powder diagrams. Also,
the structures of PY13, PY14, and PY8358,60-62 were wellconfirmed by single-crystal structure determinations.63,64
3.3. Characteristics of Crystal Structures and StructureProperty Relationships. PY13 and PY14 are isostructural and
form layer structures consisting of nearly planar molecules
(Figures 4 and 5). In PY83, the molecules are planar as well
but form a herringbone arrangement (Figure 6). PY12 crystallizes in a more complicated herringbone structure (Figure 3).
In contrast to the other compounds, the molecules of PY12 are
twisted around the central C-C bond by 21.7°. The two
symmetrically independent halves of the molecule have different
conformations; one is approximately planar, whereas in the other
half, the terminal phenyl group is rotated by 28.7° (Figure 2).
This twisting, especially of the biphenyl fragment, hinders the
conjugation of the chromophoric π systems and results in lower
tinctorial strength, as also shown by PPP calculations.65
Consequently, the smaller color strength of PY12 compared to
that of PY13 is an effect of the molecular conformation caused
by the crystal packing (Table 3).
3.4. Why are the Structures Different? Why do PY12,
PY13, PY14, and PY83 crystallize with two different molecular
conformations and in three different crystal structures, although
the molecules differ only in the substitution pattern at the
terminal phenyl rings? To answer this question, we calculated
the lattice energies (including the intramolecular energies) by
CRYSCA. Each compound was calculated in its own conformation and crystal structures, as well as in the (hypothetical)
packings of the other pigments. In lattice energy minimizations,
unit cell parameters were optimized simultaneously with the
position and orientation of the molecules and the intramolecular
degrees of freedom. This is necessary to be able to compare
the energies of a molecules in different packing arrangements.
In the gas phase or in solution, all four compounds should
adopt a twisted conformation of the biphenyl moiety since this
is energetically more favorable than a planar conformation. In
the crystal structures, this is realized for PY12 only. The
planarity of PY13, PY14, and PY83 in the crystalline state is a
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Figure 2. Comparison of different refinements for Pigment Yellow 12 (44 independent non-H atoms). (a) Synchrotron powder data; rigid-body
Rietveld refinement. (b) Synchrotron powder data; unconstrained (!) Rietveld refinement of all non-hydrogen atoms. (c) Single-crystal data (Barrow
et al., 2000), hydrogens omitted.

Figure 3. Crystal structure of PY12, (1a); view direction [1 0 0]

packing effect; the layer arrangement does not allow a substantial out-of-plane twisting of the molecules, and a PY12analogous crystal structure would lead to markedly less favor-

able packings with lower densities and considerably poorer
lattice energies owing to the steric requirements of the additional
substituents. For PY12, PY13, and PY14, a PY83-type her-
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Figure 4. Crystal structure of PY13 (1b); view direction [1 0 0]. (PY14 (1c) is isostructural.)

Figure 5. Crystal structure of PY13 (1b); view perpendicular to the molecular plane.

ringbone arrangement of planar molecules is unfavorable, both
from the intramolecular and from the intermolecular energy
aspect. Correspondingly, PY12- or PY83-type crystal structures
have not yet been found for the other pigments experimentally
(which does rule out the possibility that, one day, these
metastable polymorphs may be found).

3.5. Crystal Engineering. Knowledge of the crystal structures
can be used to improve physical properties of the pigments
(crystal engineering). Our lattice energy calculations show that
for PY12 the experimental herringbone arrangement has approximately the same intermolecular energy as a PY13-type
layer arrangement of the molecules, that is, PY12 crystallizes
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Figure 6. Crystal structure of PY83 (1d); view direction [1 0 1h].

in the herringbone arrangement because the molecule can
assume the more favorable twisted conformation; a layer
structure of planar molecules would be possible but would have
worse total energy. This statement can be confirmed experimentally. There is a metastable polymorph66 of PY12 which is
isotypic to PY13 and PY14 (see Table 3). This γ-polymorph
can be synthesized only with considerable amounts of special
additives like dodecyldipropylenetriamine. (According to a
patent,67 there exists also a metastable β phase of PY12, which
is formed during some milling processes. We reproduced the
described procedures, but we could not detect any trace of the
β phase. The powder diagram shown in the patent is of low
quality and not suitable for solving the crystal structure; thus,
the structure of β-PY12 remains unknown.)
Our crystal structure calculations show that molecules of
different sizes can crystallize in the layer structure of PY13 and
PY14 because the molecular layers can slide against each other
relatively easily when the size of the molecules varies.
Consequently, PY13 and PY14 form a continuous series of
mixed crystals (solid solutions, single crystalline phase). This
was proven in experiments.68 As expected, the color strength
of these mixed crystals is as high as that in PY13, regardless of
the content of PY14. This mixed crystal is registered as PY174.
Similarly, PY13 forms mixed crystals with Pigment Yellow 17
(R2 ) O-CH3, R4 ) H), which are isostructural to PY13; these
mixed crystals are registered as Pigment Yellow 127.
The synthesis of mixed crystals of diaryl pigments is quite
easy since the mixed crystals are automatically formed if the

synthesis is carried out with the mixture of the corresponding
acetoacetylated anilines. Depending on the actual production
process, the unsymmetrical compound is also formed (e.g., R4
) H on the left phenyl ring, but R4 ) CH3 on the right ring).
This unsymmetrical compound even facilitates the formation
of solid solutions.
As predicted, mixtures of PY13 and PY83 also crystallize as
solid solutions, forming the same layer structure as PY13 and
PY14. This can be seen from the X-ray powder diagrams. As
expected, these mixed crystals also show a high tinctorial
strength (PY176; see Table 3).
According to the lattice energy calculations, also mixed
crystals of PY14 and PY83, or PY14 and PY12, are predicted
to crystallize in a PY13-like layer structure and exhibit high
color strengths. For unknown reasons, these mixed crystals are
not used industrially yet.
Most interesting are the mixtures of PY12 and PY13 that
crystallize in the layer structure of PY13 too. In this crystal
structure, PY12 has the planar conformation which has higher
energy than the conformation in the herringbone arrangement
of PY12. Nevertheless, these solid solutions are formed up to
a content of 70% PY12. The solid solutions do not adopt a
PY12-like structure since this would be energetically unfavorable because the additional methyl groups in PY13 do not fit
into the herringbone packing of PY12. These mixed crystals
have, in fact, been known and even produced industrially under
the name PY188, and it was realized that they have high
tinctorial strengths (like PY13), though the reason was not
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TABLE 2: Final Crystal Structures from Rietveld Refinement
PY12 (1a)

PY13 (1b)

PY14 (1c)

PY83 (1d)

mol. formula
space group (no.)
Z
mol. site symmetry
a/Å
b/Å
c/Å
R/°
β/°
γ/°
V/Å3
λ/Å
2θ range/°
no. of data points
no. of reflection positions
no. of distinguishable peaks

C32H26Cl2N6O4
P21/c (No. 14)
4
1
17.878(4)
7.365(2)
24.365(5)
90
112.8(2)
90
2957(4)
1.148
3-56
10574
1764
186

C36H34Cl2N6O4
P1h (No. 2)
1
1h
8.3691(1)
8.7650(2)
12.8167(3)
112.054(1)
92.920(2)
105.691(1)
826.57(2)
1.149
5-42
7400
457
110

C34H30Cl2N6O4
P1h (No. 2)
1
1h
8.21420(6)
9.33011(5)
11.78471(8)
112.6805(3)
98.1609(4)
105.4338(4)
772.31(1)
1.149
4-65
12200
1379
214

C36H32Cl4N6O8
P21/n (No. 14)
2
1h
5.18907(9)
20.6106(4)
16.9954(4)
90
98.186(1)
90
1799.13(6)
0.700
2-37.3
8881
1471
225

refinement method
Rp, Rwp/%
RF2/%
χ2
no. of variables

Constraint Rietveld Refinements
4 rigid bodies
3 rigid bodies
9.12, 12.69
7.06, 10.02
14.62
17.83
3.8
3.1
21
11

3 rigid bodies
8.53, 12.87
17.60
3.3
15

132 constraintsa
7.38, 11.6
16.04
2.63
139

Rp, Rwp/%
RF2/%
χ2
no. of variables

Unconstraint Rietveld Refinements
7.94, 10.63
6.25, 8.68
9.91
13.27
2.68
2.36
134
74

7.71, 11.09
16.96
6.2
99

aConstraints:

44 bond lengths, 55 bond angles, 33 planar constraints.

TABLE 3: Structure-Property Relationships in Diaryl
Pigments
compound
PY12
PY12, γ phase
PY13
PY14
PY83
PY188
(PY12 + PY13 +
mixed compd.)
PY174
(PY13 + PY14 +
mixed compd.)
PY176
(PY13 + PY83 +
mixed compd.)

achieved relative
color strengtha

molecular
conformation

packing

100%
n. n.b
141%
(106%)c
138%

twisted
planar
planar
planar
planar

herring bone
layer
layer
layer
herring bone

Solid Solutions
150%69
planar

layer

151%

planar

layer

157%

planar

layer

a The relative color strengths were calculated from the minimal
amounts of pigments, which are necessary to achieve a coloration of
1/1 standard depth, according to the technical information on industrial
pigments for printing inks.3 The relative color strength of PY12 was
set to 100%. b The γ phase can be synthesized only with large amounts
of special additives. c The technical product is not fully optimized. The
maximum achievable color strength is estimated to be around 140%.69

known. Now, we can understand the high color strengths on
the basis of the crystal structure of these solid solutions.
From the industrial point of view, mixed crystals of PY12
and PY13 have the advantage that they have similar physical
properties as PY13 (i.e., high color strengths), but the production
costs are lower because the starting materials of PY12 are
cheaper than those for PY13 (because aniline is cheaper than
2,4-dimethylaniline. The production process itself is similar as
that for pure PY13). This is a nice example of where crystal
engineering helps to save millions of dollars per year.

4. Conclusions
Crystal structures of the diaryl pigments PY12, PY13, PY14,
and PY83 were determined from X-ray powder diagrams by
means of lattice energy minimizations and subsequent Rietveld
refinements. The energy calculations also showed the reasons
for the existence of three different crystal structures differing
not only in their packing but also in molecular conformation.
By combination of quantum mechanical calculations (for the
individual molecules) and force-field calculations (for the lattice
energy), we could explain the packings and their influence on
the different coloristic properties of the pigments. Subsequently,
crystal engineering was applied for the formation of mixed
crystals having high color strengths.
The diaryl pigments are, at present, among the largest crystal
structures solved by means of X-ray powder diffraction.
However, neither energy minimization nor Rietveld refinement
is restricted to molecules with 70-90 atoms. There are many
compounds with 50-200 atoms (including active pharmaceutical ingredients), whose crystal structures arouse great interest
but which cannot be solved by single-crystal X-ray structure
analysis because single crystals cannot been grown. We are
convinced that most of these crystal structures can be solved in
the next few years from X-ray powder diagrams. As shown,
the knowledge of the crystal structures can subsequently be used
for crystal engineering, that is, for the targeted synthesis of
compounds having improved solid-state properties.
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