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The effect of crystal structure on colour application
properties of organic pigments*

Klaus Hunger

INTRODUCTION
One of the most fascinating features of organic pigment
chemistry involves the manufacturing of a number of
pigments of a single chemical constitution but of varying
colour and other application properties. This is caused by
the formation of different modifications of the crystal
structure. Initially the work was purely experimental.
Then structural investigations were undertaken, aimed at
determining the relationships between substituent type,
particle size and shape, crystal structure, and colour
properties of the pigment.

In this paper studies of the crystal structure of organic
pigments are reviewed to highlight the influence of crystal
structure on the colour application properties.

CRYSTAL STRUCTURE OF ORGANIC
PIGMENTS
Organic pigments are solid particulate materials. Their
industrial use depends primarily on their insolubility in
the media to be coloured, such as printing inks, paints and
plastics. Because dyes have to be dissolved for the color-
ation process, for instance in water or in other application
media, they are ionised and lose their crystal structure.
Their properties are therefore exclusively determined by
chemical constitution.

The synthesis of pigments, however, yields insoluble
crystalline particles and it is thus by physical character-
istics rather than by chemical composition that pigments
are differentiated from dyes. Although the properties of a
pigment are basically governed by its chemical
constitution, they are also largely controlled by their
crystalline composition. Thus a physical treatment of the
pigment crystals is necessary after synthesis. For
application purposes the quality of the pigment crystals
must be improved and the particle size has to be adjusted
to the technical use concerned. This happens mainly by
various dispersion procedures or by heat treatment in
finishing processes [1].

Crystallinity
The chemical constitution of an organic pigment defines
its colour and other application properties, but in contrast
to dyes, the physical characteristics of the insoluble
crystals are crucial to the application of a pigment. All
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pigments have some degree of particle size distribution;
for commercial pigments the average particle size is
typically in the range 0.05–0.3 µm, with the smallest
particles being as much as two orders of magnitude
smaller than the largest ones. For surface energy reasons
there is a tendency for small particles to agglomerate,
which increases with decreasing particle size.

Basically, pigments can occur as single or primary
particles, aggregates and agglomerates. The crude
pigment can consist of either primary particles, e.g. single
crystals with lattice disorders, or combinations of several
lattice structures. Primary particles grown together at their
surfaces are called aggregates. They cannot be broken
down by dispersion processes. Agglomerates, in contrast,
can be separated by a dispersion process. Agglomerates
are formed of groups of single crystals or aggregates
joined at their corners and edges but not grown together
[2].

Primary particles can exist in a variety of different
shapes, such as needles, platelets, prisms, cubes, or as a
combination of different shapes. The quality of a single
crystal is decisive for dependable three-dimensional X-ray
structure analysis.

Polymorphism
Although chemical structure does determine the geo-
metry of a crystalline pigment, different crystal structures
may evolve from one and the same chemical constitution.
Polymorphic forms of organic colorants were at first
described by Susich, using Debye–Scherrer photograms
[3]. The physical properties of a chemically uniform
organic pigment are largely controlled by its crystal lattice
structure. This is true for shape and particle size, colour
and all other application properties. Within a given
chemical constitution all those properties can vary over a
wide range.

Thermodynamic stability characterises each of the
individual crystal structures of a pigment. Nevertheless, a
certain amount of activation energy is required to
transform an unstable modification into a stable one, but
this process offers an ultimate energy advantage. The
energy levels between different modifications of a given
chemical constitution may vary considerably.

Polymorphic pigments may be formed by the
conditions of manufacture, such as the variation of
additives, the order in which the starting materials in azo
pigment synthesis are added, and the kind of a finishing
process adopted, e.g. the use of different solvents or the
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milling procedure. Because of the complexity of numerous
chemical and physical influences involved in the
formation of a crystal lattice, a pigment synthesis aimed at
a particular modification is not yet achievable. Several
pigments are known with more than one crystal phase,
for instance copper phthalocyanine (which can exist in
five modifications), or quinacridone pigments and various
azo pigments (displaying at least three different
modifications) [1].

Structure analysis of organic pigments
Comprehensive spectroscopic studies used for the
elucidation of the chemical constitution of organic
pigments have been published, including IR and UV/VIS
studies as well as investigations with NMR and mass
spectroscopy [4–6]. PPO molecular orbital calculation
methods may also have a role in resolving the chemical
constitution of pigments. Crystal structure determination
is carried out by the measurement of X-ray diffraction
patterns, using either crystal powders or single crystals.

Spectroscopic elucidation
A pigment owes its colour to a combination of the way it
scatters and absorbs incident light. Since pigments are in
the solid state, spectroscopic studies to be of any value
must be performed on crystals. IR, UV/VIS, NMR and
mass spectroscopic studies have all been used to elucidate
the nature of the hydroxyazo and the keto–hydrazone
tautomeric forms of azo pigments.

Using a combination of several of these spectra, Kettrup
and co-workers have interpreted their results in terms of
Scheme 1 [7]. The most important feature was found in
the formation of =N–H– and =O–H… hydrogen bonds,
and the predominance of the keto–hydrazone (1) as
opposed to the hydroxyazo (2) structure.

Extensive spectroscopic studies have also been
performed by Christie and co-workers [8], demonstrating
that (hydroxy)azo pigments exist as keto–hydrazone
tautomers. Since UV/VIS and NMR spectroscopic
measurements are usually performed in solution,
confirmation of the structure proposals of pigments thus
found have to be obtained by comparison with
corresponding determination methods in the solid state.
Of the available methods, those involving transmission

measurement are thought inappropriate, because of the
possible scattering caused by the pigment particles.
Therefore reflection technique seem to be a much better
approach.

A method has been developed by Christie and co-
workers that uses the Kubelka–Munk dilution approach,
with barium sulphate as the diluent, to provide solid-state
absorption spectra as plots of absorption coefficient
against wavelength. The results have allowed a detailed
investigation of the effect of synthesis conditions for a
series of azo pigments on the physical form and the
consequent effect on colour [9,10].

The disadvantage of NMR spectroscopic methods for
structure elucidation is particularly evident in the case of
new chemical constitutions to which coupling constants
and chemical shifts cannot be assigned. The mass, IR and
NMR spectra of 18 monoazo pigments of Hansa (Hoechst)
yellows with different substituents at various positions of
both phenyl rings were interpreted.

Cross-polarisation magic angle spinning (CP MAS) 13C
NMR solid state spectroscopy has been used to resolve the
electronic structure of organic pigments, where solution
NMR is not applicable and X-ray crystal structure analysis
is not possible. The method has been applied to
microcrystalline pigmentary powders of a series of bisazo
pigments. The chemical shift data led to the conclusion
that these pigments exclusively exist as keto–hydrazone
tautomers in the solid state [11]. The method can also be
applied to pigment powder in order to determine the
number of molecules per unit cell [12].

PPO molecular orbital calculations
The prediction of λmax values of chromophoric systems by
application of the PPO orbital calculation approach, using
a generalised set of parameters refined by parameter
optimisation, has been used successfully for some groups
of yellow azo pigments [13,14]. The calculated λmax values
correlate well with those obtained from UV/VIS
spectroscopy, verifying the keto–hydrazone structure for
the yellow monoazo and disazo acetoanilide pigments.

X-ray diffraction of polycrystalline samples
In 1912 von Laue discovered the diffraction of X-rays by
single crystals of copper sulphate pentahydrate.
Generally, the diffraction is the effect of an elastic
interaction of the corpuscular radiation with matter. It
produces a scatter diagram, which is converted to an
image of the object by Fourier synthesis. X-ray diffraction
may also be obtained from a crystal powder, which is a
mass of minute crystals oriented at random.

In any polycrystalline specimen (a crystal powder) with
an ideal statistical distribution of crystallites, it can be
assumed that every crystallite orientation relative to the
incident X-ray beam is represented in the specimen. The
X-ray diffraction pattern of a pigment powder is a plot of
diffracted X-ray intensities against the diffraction angle
and is produced by rotation about one axis. This gives a
substantial increase in the scattered X-ray intensities.
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Crystal size and quality can be seen from the X-ray
powder diagrams.

The combination of interplanar spacings and associated
peak intensities depends upon the crystal structure of the
substance. This means for pigments that the pattern is
unique for the compound, for polymorphs of the same
compound, for solid solutions and mixed crystals. The
pattern as a fingerprint therefore makes the pigment
powder technique an excellent tool to analyse crystal
modifications and, provided the pattern of single phases is
known, more than one modification can be determined in
a sample by comparison with the single phases [15].

Until recently a crystal structure determination from a
powder diagram could only be done with rather small
molecules (with less than 10–20 non-hydrogen atoms) and
a good quality of the high-resolution powder data. The
elucidation starts from the indexing of a powder diagram,
followed by the determination of the possible space
group. Then the extraction of as many reflection
intensities as possible must be done. The attempt to solve
the crystal structure can be made by direct methods, by
the heavy-atom method or by one of the more recent
methods reviewed by Harris and Tremayne [16].

Recently Schmidt described a new method based on
energy minimisation [17]. The procedure, applicable even
to low-quality powder data and unindexable powder
diagrams, consists of four steps:
(a) Determination of the molecular geometry, from

information on crystal data of other compounds
(b) Calculation of all possible crystal structures by mini-

mising the lattice energy
(c) Selection of the best-fit crystal structure
(d) Fitting of the crystal structure onto the powder

diagram (refinement by Rietveld analysis).

A similar method has been described using a combination
of high-resolution X-ray powder diffraction and molecular
modelling techniques [18,19]. Results were demonstrated
with the X form of metal-free phthalocyanine.

Several new technical approaches using crystal powder
for the determination of crystal structures have been des-
cribed recently [12]. Considerable progress has been made
with crystal structure elucidation of organic pigments by
high-resolution electron microscopy [20]. Compared with
the crystal size of 10–100 µm necessary for the measurement
of X-ray spectra, the diffraction diagrams generated by an
electron beam can be obtained with crystal sizes as small as
0.1 µm. However, the measurement has to be taken rather
quickly (usually within a few seconds) in order to avoid the
destruction of the pigment crystals by the electron beam.

X-ray diffraction of single-crystal samples
Single-crystal X-ray structure analysis is an analytical
method that results in unambiguous information about the
three-dimensional atomic structure of a pigment [21]. In
practice, one of the obstacles to its successful use this
method is the great difficulty in producing single crystals of
a pigment.

There are principally two ways in which suitable crystals
can be grown. The first is to make use of the temperature
dependence of solubility. A trace amount of a finely ground
pigment can be dissolved at high temperature in a large
excess of a solvent (possibly with a similar parent structure).
Very slow cooling, preferably under programmed control,
may yield a few crystals of the appropriate size (at least 0.5
µm) and shape to allow X-ray measurement. The
alternative method is suitable for high-performance
pigments, which are usually not even soluble in aprotic
organic solvents, and which persistently resist forming
suitable single crystals. So, if growing single crystals from a
solution fails, high-vacuum evaporation of the crystal
powder at about 100–200 °C (heated by a high boiling point
solvent) can be tried.

CHEMICAL CONSTITUTION AND COLOUR
It was found that the position and form of the absorption
bands of organic compounds in the visible and UV part of
the absorption spectrum are closely related to the structure
of the molecules [22]. Molecules with chromophoric groups
that have similar electronic structures show similarly
shaped extinction curves, and the positions of maxima and
shapes of the absorption bands are also similar.

A good agreement between theoretical and experimental
data was not achieved until the absorption spectra were
first interpreted in terms of classical vibration theory, and
later on by applying the assumptions of quantum
mechanics. For the purpose of designing future generations
of organic pigments with improved coloristic properties, an
understanding of colour and constitution relationships is of
prime importance.

CRYSTAL STRUCTURE AND COLOUR
APPLICATION PROPERTIES

Particle size/particle shape and colour
The colour and application properties of a pigment, such
as brightness, tinctorial strength, shade, purity and colour
depth, are determined not only by its chemical
constitution but also by its physical form. Thus, physical
phenomena such as light scattering and absorption
depend on the size of the particles. Since the scattering/
absorption system is rather complex, a quantitative
description is possible only if the system satisfies several
specific conditions. These have been elucidated for
pigment coatings by the Kubelka–Munk theory [23,24].

Since single pigment crystals, in contrast to a solution of
dyes, have anisotropic properties, the arrangement of the
absorbing molecules in the crystal lattice influences the
light absorption and consequently the colour of the
pigment. Conditioning of a pigment to produce the
desired properties can be achieved by different methods
of comminution, such as acid pasting (solubilising the
pigment in concentrated inorganic acids and subsequent
precipitation by water), grinding in the presence of inert
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salts, and treating the pigment with water and/or organic
solvents. By these methods the particle size and shape
may be optimised for given colour (and other) application
properties.

At a particle size of 200–500 nm organic pigments show
their optimum colour properties, above this size the
tinting strength decreases with increasing particle size.
Dependent on the particle size the colour shade changes
(Table 1). Scattering and the absorption of incident light
also influence colour. The position and width of the
absorption band in the visible spectrum determines the
colour and its purity, the magnitude of absorption
determining the tinting strength.

is more advanced in nature and requires better technical
methods and equipment.

CRYSTAL STRUCTURE STUDIES OF SINGLE
PIGMENTS

Monoazo yellow pigments
The first crystal structure analyses on organic pigments
described in the literature applied to monoazo yellow
pigments of the acetoacetarylide (Hansa) type. These early
studies were carried out by means of a heavy-atom
technique.

When diazotised 2-nitro-4-methylbenzene is coupled
onto acetoacetanilide at 55 °C a red crystalline compound
is formed instead of CI Pigment Yellow 1. Elemental
analysis and molecular weight determination show this to
be α-(4-methyl-2-nitrophenylazo)acetanilide (3a). Since
this compound could be analysed neither by chemical
means nor by X-ray techniques, the corresponding
dibromo derivative α,4-dibromo-α-(4-methyl-2-nitro-
phenylazo)-acetanilide (3b) was synthesised and a three-
dimensional X-ray analysis carried out using the bromine
atoms as reference. The results showed that the red
compound features the three-dimensional structure of 3a.
The existence of 3a in the planar hydrazone form rather
than as the azo structure was postulated, which presumes
intramolecular hydrogen bonding in the molecule [25].

Table 1   Influence of particle size on pigment colour

Particle size

Target colour Larger Smaller

Red and green pigments Bluish Yellowish
Blue pigments Greenish Reddish
Yellow pigments Reddish Greenish
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Crystal modifications and colour
The phenomenon of polymorphism occurs when two or
more chemically identical substances exist in more than
one crystal form. With organic pigments different
crystalline forms (or polymorphs) can have different
colours and other physical properties. From a physical
point of view crystallographic polymorphs can be
considered as distinct substances; in general, X-ray
patterns of pigment powders from different polymorphs
bear no relationship to each other.

In contrast, isomorphic pigments are characterised by
different chemical structures but a very similar crystal
structure, e.g. similar cell dimensions. Isomorphic pig-
ments have similar colours and other application
properties, which proves that the crystal structure of a
pigment is the major determinant of these various
properties. If the X-ray powder patterns of two pigments
are very similar then the pigments are very probably
isomorphic. On the other hand, because of this similarity,
the risk of mistakenly identifying components in an
isomorphic mixture can be very high. The only definitive
way to determine whether two pigments are isomorphic
is by a three-dimensional X-ray study.

Subsequently in this paper two distinct types of study
will be discussed. The first is structure determinations on
single organic pigments of which only one modification is
known or has been elucidated. Often these were aimed at
setting up a file of data for a later comparison [15].
Typically attempts were made in these studies to
investigate the possible influence of the crystal structure
on colour and other application properties. The second
type of study involves comparative work on two (or more)
chemically identical or similar pigments. This type of work

The first three-dimensional single-crystal X-ray
structure analysis of a pigment was carried out by Mez in
1968 [26]. Because of the low quality of single crystals of CI
Pigment Yellow 1 (α-(2-nitro-4-methylphenylazo)-aceto-
acetanilide), its molecular structure had first been
determined by means of X-ray diffraction analysis of the
isomorphic 4-chlorophenylazo derivative. The principal
outcome was a confirmation of the planarity of the
molecule (except for the anilide ring at an angle of 18° to
the plane of the molecule) and the proof of the hydrazone
structure for the first time. Subsequent studies were
carried out on yellow monoazo derivatives by ‘indirect’
methods, such as IR, UV, NMR and mass spectroscopy.
They all confirmed the hydrazone structure [7,27,28].



REV. PROG. COLORATION  VOLUME 29  1999   75

Single-crystal and X-ray powder patterns of several
monazo acetoacetanilide pigments have been reported
since by Whitaker: CI Pigment Yellows 3 [29,30], 6 [31], 98
[32], 5 [33], 74 [34], 65 [35] and the monoazo pyrazolone CI
Pigment Yellow 60 [36]. The powder patterns have been
indexed from the cell dimensions given by single-crystal
measurements. The problems of multiple indexing were
reduced by comparing the powder data with the observed
single-crystal intensities.

Pyrazolone pigments
The crystal and molecular structure of 1-phenyl-3-methyl-
4(4′-chlorophenylazo)pyrazolone has been determined by
X-ray diffraction analysis [37]. The pigment exists as a
hydrazone tautomer, the molecules being almost planar;
they are stacked in columns and linked by van der Waals
forces. The molecular plane is inclined to the column axis
by 46.9°.

β-Naphthol pigments
In 1970 Grainger and McConnell for the first time
described the three-dimensional structure of a red azo
pigment, the β-naphthol pigment CI Pigment Red 1 [38]. A
few years later Whitaker published the corresponding
structures of CI Pigment Reds 6 [39] and 3 [40]. Based on
the structures found, the following common features of
this group of red azo pigments can be stated [41]:
 (a) The substituents at the N–N bond are in a trans

configuration, the –C–N–C– angle being about 120°
(b) The pigments exhibit an o-quinone-hydrazone

structure rather than being in the hydroxyazo form
(c) The pigment molecules are found in a nearly planar

configuration
(d) Intramolecular hydrogen bonds are present, partially

existing as bifurcated bonds to a nitrogen or chlorine
atom in the ortho position of the phenyl group
connected to the azo group

(e) No intermolecular bonds are found between the
molecules in the crystal, the rather long distance
between two adjacent pigment molecules being
attributable to van der Waals forces only

(f) The crystal morphology is needle-shaped and the
needle axis is parallel to the columnar axis of the
molecular stacking.

Naphtol AS pigments
X-ray spectoscopy of single crystals of CI Pigment Red 2
has been carried out [42]. The molecule, probably in the
form of the hydrazone tautomer, is kept nearly planar by
intramolecular hydrogen bonds. The molecules are
stacked in columns parallel to the b axis, and alternate
molecules within the column are antiparallel. No evidence
was found for intermolecular hydrogen bonds (4, unit cell,
b axis projection).

The general features already outlined for naphthol
pigments apply as well for Naphtol AS pigments [41]. The
plane of the arylide group tends to deviate slightly from
the plane of the naphthalene group, although the
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molecule as a whole is planar. Bifurcated hydrogen bonds
between the keto oxygen and a suitable atom in the o-
position of the phenyl group of the arylide residue may
also be formed.

Perinone pigments
The crystal structure of the yellow perinone pigment 2,5-
dihydroxybenzo[de]benzo[4,5]imidazo{2,1-a]isoquinoline-
7-one (5) has been determined from powder data by a
combination of energy minimisation and rigid-body
Rietfeld refinement [12]. The molecules in the crystal are
planar, each molecule being connected to four
neighbouring molecules by hydrogen bonds of types
O–H…OH and O–H…N, thus building a three-
dimensional network. IR spectroscopy suggests that the
carbonyl group is not involved in the hydrogen bridging.
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COMPARATIVE STUDIES OF CRYSTAL
STRUCTURES OF AZO PIGMENTS

Monoazo yellow pigments

Acetoacetanilides
The first comparison of two Hansa yellow type pigments
was described by authors from Hoechst [43]. The
molecular and crystal parameters of N-(2-methylphenyl)-
2-(2-methylphenylhydrazono-3-oxobutyramide and N-(2-
methoxyphenyl)-2-(2-methoxyphenylhydrazono)-3-
oxobutyramide) were investigated in order to study the
relative influences of the two methoxy and the two methyl
groups on the properties of the pigments.

Both compounds feature the hydrazone rather than the
azo form. Although differences in the bond lengths
between the equivalent atoms of both compounds were
found to be almost identical, the conformations of the two
compounds are quite different. Whereas the angle
between the two terminal phenyl groups is 37.4° in the
methoxy compound, the methyl compound is practically
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planar, with the corresponding angle being 1.7°. There are
also differences in other angles of both molecules. Greater
overlapping of the π orbitals in the almost planar methyl
compound may explain the difference in shade, since the
methoxy-substituted pigment exhibits a more greenish-
yellow shade.

Pyrazolones
In a recent study Whitaker has reviewed the crystal
structures of pyrazolone pigments, which were
determined by single-crystal X-ray diffraction techniques
[44]. Again these pigments exist in the hydrazone form.
Further common features are:
 (a) Two intramolecular hydrogen bonds, one of which

could be assigned between the oxygen atom at C(10)
and the carbon atom C(16) of the pyrazolone phenyl
ring; a third hydrogen bond exists if the
phenylhydrazone ring carries a substituent

(b) Intramolecular hydrogen bonds that tend to hold the
pyrazolone molecules in an approximately planar
configuration

(c) Molecules stacked in columns linked by van der Waals
forces.

Acetoacetanilide (6) and pyrazolone (7) pigments show
very similar colour properties [45], which is not surprising
as the configuration of both types of pigment is very
similar.

following the recently developed energy minimisation
method described by Schmidt [17], a crystal structure
determination was carried out for the first time with CI
Pigment Yellows 13 (8a) and 14 (8b) [47]. The principal
question with this type of pigments was the degree of
planarity of the molecules, in particular whether the
central biphenyl moiety is planar or nearly planar in the
crystal. The study showed the molecule to be planar, with
the terminal phenyl rings twisted by 4–10° with respect to
the acetoacetyl fragment. Interestingly enough, the degree
of planarity of CI Pigment Yellow 14 was found to be a
little lower than that of CI Pigment Yellow 13. The better
conjugation might explain the redder shade and the
distinctly higher tinting strength of CI Pigment Yellow 13.
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β-Naphthol pigments
Within a few years of the first elucidation of the crystal
structure of CI Pigment Red 1 [38], two more crystal
modifications of this pigment were found: a β modifica-
tion produced by cooling of a toluene solution of the
pigment [48], and a γ modification from chlorobenzene as
solvent [49]. All three polymorphs differ substantially in
their crystal structure; although generally exhibiting the
hydrazone structure and demonstrating only slight
deviations in their planarity, they show no similarity in
terms of molecular packing in the unit cell nor in
molecular association. Not enough information is
available on difference in colour; only the α modification is
commercially used and has a brownish-red and slightly
dull shade. The crystals of the β phase are described as
deep red needles, while the γ phase is said to exist as deep-
red blade-shaped crystals.

Naphtol AS pigments
In 1968 Pugin in a comprehensive study assigned different
colours of Naphtol AS pigments (and also dioxazine
pigments) to certain crystal lattice structures [50]. He made
certain assumptions about the influence of steric effects of
the substituents on the different crystal forms. Sub-
stituents with different electronic effects but similar steric
effects were classified as isomorphic, in contrast to
substituents with similar electronic effects but different
steric effects.

As early as 1961 an important contribution to the
phenomenon of polymorphism was made by Ribka. He
was the first to introduce two crystal modifications to a

Disazo yellow pigments
Solid-state IR spectra of CI Pigment Yellows 12, 13, 14, 17
and 63, compared with those of monoacetoacetanilide
pigments have revealed almost identical stretching
frequencies for the single CO absorption at 1660–1670
cm–1, which is consistent with the keto–hydrazone
configuration with extensive intramolecular hydrogen
bonding [46]. The same authors have described the
existence of isomorphism in CI Pigment Yellows 14 and 63,
found by very similar X-ray powder diffraction data.
Consequently the colour data such as λmax, colour strength
(K/S), lightness, chroma and hue were also found to be
nearly identical. Furthermore, CI Pigment Yellow 17
produced two polymorphic forms, α and β, by different
aftertreatments, as demonstrated by different X-ray
powder diffraction patterns. This polymorphism resulted
also in different colour properties, the α-form exhibiting
better colour strength and a more reddish shade.

Until recently no three-dimensional crystal structure for
a disazo yellow pigment had been published. But
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Naphtol AS pigment for commercial use. He determined
the structure of CI Pigment Red 187, a bluish-red pigment
(9). During the investigation he discovered a β phase of
the same chemical structure but with a pink shade and
different application properties [51]. The differences
between the two modifications were elucidated by X-ray
powder spectroscopy.
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A technically even more important finding, also by X-
ray powder spectroscopy, followed with another
polymorphic pigment, CI Pigment Red 170 (10). It exists in
three modifications, two of which (α and γ) are
commercially available: the α phase is a bluish-red [52], the
γ phase is a yellowish-red [53], each with very different
application properties. Notwithstanding the fact that both
pigments could exist in the hydrazone form, the formulae
drawn in the azo form indicate that the exact structure has
not as yet been elucidated.
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The first study to compare the conformation of two
Naphtol AS pigments measured by three-dimensional
crystal structure analysis was published in 1973 [54].
Pigment 11a (a chloro derivative of CI Pigment Red 9) is a
yellowish-red [55], while pigment 11b (a chloro derivative
of CI Pigment Brown 1) is a brown shade [56]. The bond
lengths in 11a and 11b are almost identical (o-quinone-
hydrazone form). The molecule of pigment 11a is almost
completely planar, but in pigment 11b the hydrogen
atoms of the additional o-methoxy group cause a
considerable steric hindrance at the hydrogen on C(23),
distorting groups out of the plane of the molecule by up to
14°. Whereas in solution oscillation of molecules of 11
above and below the plane results in a transmission
spectrum identical with that of 10, in the crystalline state
the conformation is ‘frozen’, thus the conjugation of the
brown pigment is disturbed.

Azo pigment lakes (salt type pigments)
The polymorphism of this group of pigments appears to
be particularly marked. Several azo pigment lakes exist in
different modifications that were usually identified by X-
ray powder spectroscopy. The relationship between
colour and crystal structure is not mentioned in the patent
literature. Various salts of commercial pigments have been
studied, as outlined below.

CI Pigment Red 53
The barium salt in its α modification is the conventional
form, with a β phase that is considerably more yellowish-
red in colour [57]. Four different crystal modifications are
claimed by patents for the strontium salt. Variations in
dispersants added and by the temperatures of treatment
are used to give different preparations [58]. Two of the
modifications are described as red and two are as
yellowish-red pigments.

CI Pigment Red 57
In addition to the conventional α modification of the
barium salt a β modification has been described; both are
yellowish-red pigments [59]. The strontium salt exists also
in two yellowish-red modifications (α and β) [60].

CI Pigment Red 247
The calcium salt has been found in two modifications, in a
bluish-red α phase and a considerably more yellowish-red
β phase [61].

Benzimidazolone pigments
From a chemical point of view red benzimidazolone
pigments can be considered to be the same as Naphtol AS
pigments. Their structure differs only in the urea moiety,
which is annelated to the anilide ring (the benzimidazo-
lone group). But there is a considerable difference in the
application properties, since benzimidazolones show
much improved migration and solvent fastness compared
with Naphtol AS pigments.

A three-dimensional X-ray structure determination of
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the benzimidazolone pigment CI Pigment Red 208 was
carried out [62]. The results can be compared with those
for the crystal structure of CI Pigment Red 9, a Naphtol AS
pigment [55]. Planarity and hydrazone conformation are
common features of both pigments. The intramolecular
hydrogen bonds exert the same action in both pigments:
they reduce the space required for the central atoms, thus
achieving maximum planarity. With CI Pigment Red 208
intermolecular hydrogen bonds were found for the first
time in a red azo pigment. Within the crystals the
molecules are arranged in band-shaped layers, which are
formed by two types of strong intermolecular hydrogen
bonds (12). Only van der Waals forces exist between the
layers and between the bands within a layer. The
intermolecular hydrogen bonds must be responsible for
the excellent migration and solvent fastness properties of
the benzimidazolone pigments.

acceptor and two hydrogen donors, which lead to the
formation of intermolecular hydrogen bonds, in a band-
shaped structure. As in the crystal structure of CI Pigment
Red 208, two molecules, each with identical hydrogen
bonds, are attached to two further pigment molecules.
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COMPARATIVE STUDIES OF CRYSTAL
STRUCTURES OF POLYCYCLIC PIGMENTS

Copper phthalocyanine pigments
The unsubstituted blue copper phthalocyanine CI
Pigment Blue 15 is polymorphic; X-ray diffraction analyses
have disclosed five different crystal modifications: α, β, γ, δ,
ε [66]. Additional polymorphs have been detected
recently. The synthesis of the various modifications is
primarily controlled by the finishing technique of the
crude pigment. Since all modifications differ in their
coloristic and other application properties, interactions
within the crystal lattices are assumed to be responsible for
this behaviour [67].

The first complete crystal structure determination of a
copper phthalocyanine pigment by single-crystal X-ray
spectroscopy was accomplished on the β modification in
1968 [68]. Electronic spectra of the different modifications
revealed a structural relationship between the α and γ
phases on one hand and the δ and ε phases on the other
hand. The β modification is a special case [67]. These
findings were correlated with the relative lattice energies
measured by the same authors. Crystal stability was found
to increase in the order α ≅ γ < δ < ε < β, the β phase being
thermodynamically the most stable.

The comparison of the crystal structure of the β and the
α modifications was achieved using the structure of a 4-
monochloro derivative of copper phthalocyanine, an

An acetoacetanilide pigment has been compared with a
yellow benzimidazolone pigment to investigate the
structural relationship between the two types. In
particular, does the yellow benzimidazolone pigment 13
exhibit a similar crystal structure to that of Hansa type
pigment 14 [63]? Comprehensive data on the measure-
ment of single crystals of both pigments by X-ray
diffraction spectroscopy have been reported [64,65].
Besides being generally planar, both pigment molecules
represent different construction principles. In pigment 14
all the hydrogen bonds are intramolecular whereas 13
represents the first case known of an ‘acetoacetanilide’
pigment with additional intermolecular hydrogen bonds.
Consequently, in the crystal arrangement the molecules of
14 remain ‘quasi-single’, only weak van der Waals forces
existing between the molecules. Pigment 13, however,
through the benzimidazolone group, has an additional
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isomorph of the α modification. A common feature of all
copper phthalocyanine modifications is the linear
arrangement of the planar molecules, like stacks of coins.
The modifications vary only in terms of how these stacks
are oriented relative to each other. The angle between
staple axis and molecular plane is 26.5° for the α phase,
while the stacks in the β modification deviate by as much
as 45.8°.

Very recently crystal structure studies on copper
phthalocyanine revealed as many as nine different
polymorphs. Basically existing in the same arrangement
(stack of coins), the three-dimensional structures of three
of these (α, γ and ε) were resolved. The angle between
staple axis and molecule plane was found to be 25.1° for
the α modification (differing by only 1.4° from the earlier
measurement), 24.7° for the γ phase and 48.9° for the ε
phase [69].

imparting largely nonpolar properties to the phthalo-
cyanine pigments, irrespective of the crystal modification.
This explains the very low hydrophilicity of the
compounds. Within the range of shades of the unsub-
stituted copper phthalocyanine modifications, the ε phase
demonstrates the most reddish-blue colour, whereas the β
modification of copper phthalocyanine presents a blue
with the most greenish hue.

The relationship between the colour and the crystal
structure of the modifications was studied by dichroic
spectra. Electronic interaction within the stacks always
results in a characteristic splitting of the spectra both
parallel and perpendicular to the plane of polarisation
relative to the b axis (the length axis) of the pigment
particle [66]. For the β modification colour was found to be
related to the form of the particle as well [71,72].

Metal-free phthalocyanine pigments
The X form of metal-free phthalocyanine has been
determined by a combination of high-resolution X-ray
powder diffraction and molecular modelling techniques
[22,73]. It crystallises in the fish-bone molecular packing
motif. The most apparent structural difference between
the X form and the more stable β phase is in the angle
between the planes of the molecules, 50° and 89°
respectively. This defines the fish-bone packing
arrangements for both pigments.

Quinacridone pigments
The fact that quinacridone pigments furnish only weakly
orange shades in solution proves that their colour is
controlled by the crystal lattice. The three-dimensional
crystal structures of seven quinacridone pigments have
been elucidated by X-ray single-crystal diffraction analysis
[74]:
– Unsubstituted β-quinacridone
– Unsubstituted γ-quinacridone
– 2,9-Dimethylquinacridone
– 2,9-Dichloroquinacridone
– 4,11-Dimethylquinacridone
– 14-Desoxyquinacridone
– Quinacridonequinone.

To date, models have indicated a planar arrangement of
the molecules within the crystal lattice [75]. All the X-ray
analysis have found a practically planar arrangement of
pigment molecules stacked at a distance of about 34 nm
between planes. Hydrogen bonds form infinitely
extended two-dimensional molecular layers.

X-ray analysis has proved that quinacridone pigments
exist basically in two different crystal structures: a layer
structure and a ‘hunter’s fence’ structure [76].

γ-Quinacridone and 2,9-dimethylquinacridone exhibit
equal arrangement of the stacks, adjacent molecules being
each shifted toward both coordinates of the plane by a
distance of half a benzene ring. 4,11-Dichloroquinacridone
shows a shift parallel to the length axis of the plane equal
to five half benzene rings, and in the perpendicular
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N

N

3.4 Å

26.5o

45.8o

3.34 Å

b = 3.8 Å

b = 4.79 Å

a = 23.9 Å

a = 19.407 Å

α-CuPc

β-CuPc

Figure 1   Arrangement of the CuPc molecules in the α- and β-
modifications [57]

The arrangement of the stacks relative to each other
varies between the α modification on one hand and the β
and γ modifications on the other (Figure 1). In the case of
the α phase the molecules in the stacks are equally
oriented, whereas the two other phases are arranged in an
edge-on-edge fishbone configuration. For the ε phase the
molecules in adjacent stacks exist in a corner-on-edge fish-
bone arrangement [70]. Sandwiched on top of each other,
the platelet-like single molecules form acicular crystals,
carrying very few substituents on their surface, thus
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direction equal to half a benzene ring. This structure
prohibits an overlapping of the relatively bulky oxygen
and chlorine atoms. 2,9-Dichloroquinacridone was found
to occur in a completely different structure. Within the
stacks the molecules are not shifted parallel to the
molecular axis, but perpendicular to it by two-thirds of the
size of a benzene ring.

Considerable differences exist also in the structure of the
molecular layers formed by the arrangements of the stacks.
For γ-quinacridone the angle of the molecular planes
between adjacent stacks is 12.5°; for 4,11-dichloroquin-
acridone it is 59.1°. Each molecule is bridged by hydrogen
bonds to four neighbouring molecules. This leads to a
hunter’s fence structure, as demonstrated in Figure 2.

intermolecular hydrogen bonds between the CO and the
NH groups, combined with the electronic interaction of
the π orbitals and the van der Waals forces, lead to a very
stable structure in the crystal lattices.

Correlating the colour of the commercially most
important β and γ modifications of unsubstituted
quinacridones with their crystal structures, a number of
conclusions can be drawn. The β modification with the
layer structure reveals the most compact packing of the
crystal layers and shows the largest bathochromic shift to
a reddish-violet hue with the most intense tinctorial
strength. The γ modification forming the hunter’s fence
structure has a red shade with lower tinctorial strength.
Thus the influence of the crystal structure on the colour
and colour strength can be clearly demonstrated.

Apart from influencing colour, these structural features
are the reason for the high thermal stability, migration
stability and solvent fastness of this group of pigments.
Substitutions or the formation of mixed crystal phases
(solid solutions) are other means of changing the colour of
quinacridone pigments.

Isoindoline pigments
With isoindoline pigments (15) a wide variety of shades in
the yellow to brown sector can be obtained [77]; these
colours depend only on the identity of the substituents on
the phenyl groups. The influence of the R1 and R2

substituents must be explicable in terms of crystal
structure rather than variation in chemical constitution,
because all pigments of this type dissolved in dimethyl
formamide exhibit absorption maxima at wavelengths of
495–498 nm, with molar extinction coefficients of between
26 000 and 29 500. Thus a three-dimensional X–ray crystal
structure analysis of the scarlet symmetric isoindoline
pigment, with R1 and R2 being a p-chlorophenyl group,
was performed [78]. The molecule is not completely
planar as one p-chloroanilide group is twisted out of the
molecular plane by an angle of 28°. Two molecules form
hydrogen bridges with each other between the CN group
of one molecule and the carbonamide nitrogen of the
neighbour molecule. Although the hydrogen bonds are
rather weak, resulting in a two-dimensional bond
structure, they are certainly responsible for the good
migration fastness and solvent fastness of the pigment.

No comparison with another symmetric isoindoline
pigment has yet been done, presumably because of the
general difficulties of growing good and single crystals

x
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y

0

Figure 2   Arrangement of γ-quinacridone molecules in the crystal:
‘hunter’s fence’ structure [69]
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Figure 3   Arrangement of β-quinacridone molecules in the crystal:
layer structure [69]

β-Quinacridone, 2,9-dimethylquinacridone and 2,9-
dichloroquinacridone exhibit a parallel orientation of the
molecular planes of adjacent stacks by 8.8 and 3.4 nm
respectively, perpendicularly shifted to the molecular
plane. This layer structure, whereby a quinacridone
molecule forms two hydrogen bonds each connected to
two atoms of neighbouring molecules, results in the
arrangement of the layers in stacks (Figure 3). In both the
layer structure and the hunter’s fence structure van der
Waals forces form the only connection between the
molecules in the third spacial coordinate. The strong
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that are large enough. Again, the crystal modification can
have a strong influence on the colour of the pigment. For
example, pigment 16 exists in a yellow α modification and
a scarlet β modification; the β modification has much the
better fastness properties.

Perylene pigments
In a study of a series of perylen-3,4:9,10-bis(dicarboximide)
pigments an attempt was made to show that the extreme
differences in shades are attributable to differences in
crystal structure; the pigments investigated are shown in
Table 2 [79]. It is certainly unexpected that a slight change
in chemical formula should cause an unusual change of
the shade from red to black (17a/17b, 17c/17d, 17e/17f).
Hence the idea that the plane perylimide moiety
determines the red shade of all the pigments that differ
only in their substituent cannot be sustained any longer.

NH
H
N

O
N

N
H

O
N

16

Br

Br

Table 2   Different shades associated with variants on
structure 17

Variant R Shade

17a CH2 CH2 CH2 O CH3 Black

17b CH2 CH2 CH2 CH2 CH3 Red

17c CH2 CH2 C6H5 Black

17d
CH2 CH C6H5

CH3
Red

17e CH2 CH2 CH3 Black

17f
CH2 CH CH2

CH3

CH3
Red

N N

O

R

O

O

O

R

17

degree of overlapping of the π electron system of the
perylimide moiety is influenced by this spacial
consideration. It was found that the degree of overlapping
of the perylimide system determines the shade: for the
black pigments more than 50% overlap was calculated,
compared with less than 46% for the red pigments. The
authors stated that the crystal packing cannot be inferred
from the structure of the molecule, and therefore it is not
possbile to predict the colour of a pigment on the basis of
the structure of a single molecule alone.

Dioxazine pigments
Steric effects of substituents of dioxazine pigments existing
in different crystal forms were studied in 1968 [50]. These
steric effects can give rise to quite substantial differences in
colour, which again proves the predominance of crystal
structure over electronic effects in determining pigment
colours.

The molecular structure of CI Pigment Violet 23, a high-
performance pigment characterised by a bluish-violet
shade of exceptional cleanness and high tinctorial strength
was until recently described as being linear in form (18)
[1]. Three-dimesional X-ray diffraction analysis, however,
revealed a S-shaped structure for this commercially
important pigment (19) [82,83]. In the crystal the S-shaped
molecules are stacked with a very high degree of overlap
between π orbitals, especially in the dioxazine part of the
molecule. Neighbouring molecular planes are arranged
practically perpendicular to each other staple, occupying
the cavity formed by the S-shape of the molecules in a
very efficient manner (Figure 4). The very stable arrange-
ment of the crystal lattices is achieved by the interaction of
π orbitals and van der Waals forces only. This is a large
molecule and interaction between the many atoms
present contributes to the high stability of the pigment.

When prepared in a linear molecular conformation CI
Pigment Violet 23 exists in a blue shade with very poor
application properties rendering it unsuitable for use as a
commercial pigment, in contrast to the commercial form,
which exhibits excellent application properties. The
molecules in the crystal are also arranged in staples with
broad overlapping π orbitals and with adjacent staples
perpendicularly oriented (Figure 5).
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Three-dimensional X-ray crystal analysis revealed that
all the pigments have structural similarities [80,81]. The
annelated ring systems of the single molecules are
arranged in parallel layers at distances between 334 and
348 pm. Because the side chains R are quite bulky, this
affects the positioning of neighbouring molecules. The
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Figure 4   Arrangement of four dioxazine molecules (19) in the crystal,
two per staple [69]
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Figure 6   Projection of diphenyl crystal on the ac plane [71]
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c

Figure 7   Projection of diphenyl crystal on the bc plane indicating
intermolecular hydrogen bonding [71]

Table 3  Different shades associated with variants on
structure 20

λmax (nm)

∆λ
R Shade Solution Solid state (nm)

H Yellowish-red 504 538 34
m-CF3 Reddish-yellow 509 518   9
m-Cl Orange 512 528 16
p-Br Bluish-red 515 533 18

Figure 5   Arrangement of dioxazine molecules (18) in the crystal
Diketopyrrolopyrrole pigments
Diketopyrrolopyrrole (DPP) pigments were developed in
the 1980s and represent a major new type of organic
pigments (20) [84]. A broad spectrum of shades can be
obtained, depending on the substituent R, either in the m-
or the p-position. Most of these pigments have excellent
weather fastness and migration fastness properties.

X-ray crystal structure analysis of the unsubstituted
diphenyl derivative revealed the following features [85]:
(a) The molecule is practically planar, the phenyl rings

being twisted out of the plane by merely 7°
(b) In terms of crystal packing, the molecules are

arranged in a planar configuration parallel to each
other (ac plane) (Figure 6)

(c) Intermolecular hydrogen bonds exist between
neighbouring lactam NH groups and carbonyl oxygen
atoms (bc plane) (Figure 7)

(d) Crystal packing along the a axis is determined by π–π
interactions between the layers by molecular orbital
overlapping (with shortest interlayer distances of 33.6
nm)

(e) Intermolecular van der Waals forces between the
terminal phenyl groups determine the packing along
the c axis
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(f) Resonance interaction between the DPP chromo-
phore unit and the phenyl rings.

The influence of crystal structure on colour is indicated by
the absorption maxima of the different DPP derivatives in
dimethyl sulphoxide solution and in the solid state (Table 3).
It can be concluded that the electronic, atomic and
molecular interactions in DPP pigments lead to a rearrange-
ment of molecular energy levels, with consequent batho-
chromic wavelength shifts in λmax in the solid state. These
strong intermolecular forces are responsible for the high
migration fastness and thermal stability of DPP pigments.

Miscellaneous pigments

Indigo
Indigo exists in two crystal modifications (A and B), and
has been studied by comparing the crystal structures of
the two phases, which had been determined by X-ray
diffraction data [86,87]. Both types of molecule are
considered to be planar. With indigo B, for instance, the
maximum deviation from the plane being less than
0.4 nm. The intramolecular atomic distances and angles
are similar for both modifications.

The two crystal structures, however, are significantly
different in their intermolecular stacking in space. This is
caused mainly through different orientations of the
molecules relative to the 21 screw axis (the space group is
P21/c for both forms) in the cells of indigo A and indigo B.

Metal-complex pigments
Two three-dimensional X-ray structure analyses have been
carried out on two modifications of nickel-α,β-
dioximinobutyric anisidide (21) [88]. The yellow α
modification and the red β modification were found to
have the same molecular conformation, and therefore
only molecular interactions can be responsible for
differences in colour.
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being the stacking of the layers. In the α form the oxygen
atoms of the dioximino groups of neighbouring layers lie
below and above the central nickel atom (by 34 nm). In the
β form packing is denser by some 5%, and the layers are
1.4 nm closer together than in the α form. The closer
packing of the layers is achieved by staggering of the
atoms of neighbouring layers. The nickel atoms are
located above and below the benzene rings. The authors
have assumed that the different environment of the nickel
atoms in the two modifications is responsible for the
difference in colour.

Pyrazoloquinazolone pigments
Three-dimensional crystal structure analysis of three
pyrazoloquinazolone pigments has been performed [89].
Structure 22 shows one example of this type of monoazo
pigments. The bond lengths and the hydrogen atom
attached to the nitrogen at the 5-position clearly indicate
that the orange pigment exists as the hydrazone structure.
The strong bifurcated hydrogen bond keeps the molecule
in an almose planar configuration. Although there is no
evidence of intermolecular hydrogen bonding, the
molecules are in a very stable arrangement in the crystal
lattice.
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The bond lengths of and angles between the individual
molecules of both forms are broadly the same; both
molecules are nearly planar. Only the phenyl and
methoxy groups deviate from the molecular plane, by 3°
and 7° in the α form and by 9° and 15° in the β form. The
molecules are arranged in layers in the crystal lattice, with
the greatest difference between the α and β modifications

CONCLUSION
The crystal structures of the various types of organic
pigment have several features in common. Whereas the
principal colour of a pigment is mostly defined by its basic
chemical structure (the chromophore), there are instances
in which it is almost impossible to predict a pigment’s
colour from a knowledge of the chemical structure alone
(e.g. quinacridone or DPP pigments). The bathochromic
shift of the peaks in the UV/VIS spectrum of a pigment (in
the solid state) as compared with the spectrum of the same
pigment dissolved in polar media clearly indicates the
influence of the crystal structure on the colour and other
application properties. The combination of atomic,
molecular and electronic interactions must be made
responsible for the arrangement of the atoms and
molecules in the crystal.

Common characteristics for organic pigments in
crystals are:
(a) The pigment molecules in the crystal are nearly planar
(b) The spacial arrangement of the molecules is

determined by a maximum density of packing, thus
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providing optimum conditions for π orbital
overlapping

(c) Intramolecular hydrogen bonds hold the pigment
molecules in a plane configuration

(d) Intermolecular hydrogen bonds and van der Waals
forces help to achieve compact packing of the
molecules

(e) Slight differences in the lattice energy may lead to
different crystal modifications.

As well as crystal structure, other physical characteristics,
such as crystal size and form, influence the colour and
application properties of organic pigments. There are
many ways that the colour of a pigment is influenced by
its solid-state properties. Therefore theoretical calculation
models developed for dyes in solution can only contribute
to a very limited extent to elucidating the dependence of
colour on crystal structure.

Taking all features into account, the arrangement of
pigment molecules in a crystal cannot as yet be determined
theoretically from a knowledge if its chemical composition,
nor can the exact shade of an organic pigment be inferred
from the chemical structure. The challenge of developing a
a full insight into the secrets of solid-state physics and
colour of organic pigments remains immense.
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