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The nanocrystalline a”-phase of the industrially produced organic pigment quinacridone was studied by 3D electron

diffraction of crystals with a thickness of 10 nm only. The diffraction data showed strong diffuse scattering along one
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direction indicating severe stacking disorder. The average crystal structure was obtained from electron diffraction data

using direct methods. In oc"»quinacridone the molecules are connected by a pair of hydrogen bonds thereby forming

molecular chains, which are stacked, resulting in layers. The layers exhibit a stacking disorder with a mixture of herrings

bone and parallel arrangements, which explains the diffuse scattering. The crystal structure was confirmed by dispersion-

corrected DFT calculations.

Introduction

Quinacridone (Pigment Violet 19, 1, Figure 1) is an industrial
organic pigment with an annual production of several 1000
tons and a sales volume of more than 100 million Euro per
year.

The compound is used for colouration of automobile
coatings, paints, plastics and high-grade printing inks."
Quinacridone is insoluble in water and all solvents. In its
application medium, as coatings, the quinacridone powder is
not dissolved, but finely dispersed, whereby the crystal
structure is maintained.

Quinacridone exists in four polymorphic forms® which
differ in their colours and stabilities. The synthesis results,
depending on the conditions, in the dull dark reddish-violet o'-
phase, or in the carmine-red a"—phase. Treatment of the o'- or
oc”—phase with NaOH in suspension leads to the reddish violet
B-phase. Heating a suspension in organic solvents leads to the
red y-phase. A large series of other phases has been described
(B, v, y', y”, y'”, y'v, 3, A, two different g-phases, and (;),3 but a
close inspection of their X-ray powder patterns revealed that
all of them are either impure B- or y-phases, or phase
mixtures.2 The - and y-phases are more stable than the a
phases and show high photostability, i.e. they are not bleached
by light and weathering.4 Both pB- and fy-phases are
commercially sold as pigments.5

The quinacridone molecule itself is yellow;6 the reddish to
violet shades of the crystal phases are apparently caused by
hydrogen bonding and exciton coupling in the solid state.
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The crystal structures of the B- and y-phases were
determined from single-crystal X-ray analyses.7 In 1994, the
structure of the a'-phase was to our knowledge the first
example of an organic structure solved by combination of
crystal structure prediction and X-ray powder diffraction.2”® In
the o~ and B-phases the molecules are connected by double
hydrogen bonds thereby forming molecular chains. In the y-
phase molecules form a criss-cross pattern (Figure 5).
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Figure 1 Chemical structure of quinacridone, 1.

Table 1 Crystal data for quinacridone polymorphs (room-temperature data’

Crystal o, ? o B2 2
phase
Space P1,1 P2i/c, 2 P2i/c, 2 P24/c, 2
group, Z
a, A 3.802(2) 71 5.692(1) 13.697(9)
b, A 6.612(3) 28.4 3.975(1) 3.881(3)
c, A 14.485(6) 3.9 30.02(4) 13.4020(10)
a,° 100.68(8) 90 90 90

, © 94.40(6) 110 96.76(6) 100.44(1)
7%° 102.11(5) 90 90 90
Vv, A® 346.7(1) 734 674.5(9) 700.6(7)
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The a"—phase is a nanocrystalline powder. Its X-ray powder
pattern consists of a few peaks and humps (Figure 2). All
attempts to improve the crystallinity, by means of
recrystallization or solvent treatment, failed: either the
crystallinity did not change, or the material transformed into
the more stable - or y-phases.

In 1996 Lincke suggested a criss-cross structure for the a'-
phase. He constructed a structural model with two
independent molecules in a triclinic unit cell, and performed a
manual fit to the X-ray powder data.’® However, the fit was
not of satisfactory quality. Later, lattice-energy minimisation
by dispersion-corrected DFT methods revealed that this
structure was not correct.2
spectroscopy that the oc”-phase
possesses a chain structure like the o~ and B-phases, and not a
criss-cross-structure like the y-phase. The pair-distribution
function analysis11 shows that the local structure of the o'-
phase is similar to that of the oc'-phase, which again points to a
chain-like structure.
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Figure 2 X-ray powder diagram and TEM image of Blll-quinacridone crystals. The 020
reflection is marked.

The X-ray powder pattern could not be indexed reliably,
and all attempts to solve the structure from X-ray powder data
were unsuccessful. Use of synchrotron diffraction data did not
help either, because the peak widths are caused by the small
domain size of the crystals, and not by the instrumental
parameters.

In recent years, the employment of electron diffraction for
crystal structure analysis has experienced a revival with the
development of automated techniques for data collection and
processinglz. Since the interaction of electrons with matter is
much stronger than that of X-rays, and due to the flexibility in
focussing of the electron beam, sensible single-crystal electron
diffraction data can be collected from crystals of down to 50
nm in size. An electron diffraction experiment is typically done
within a Transmission Electron Microscope (TEM). The crystal
is tilted around a goniometer axis and electron diffraction
patterns are collected sequentially, thereby mimicking a single
crystal X-ray experiment. From a set of collected 2D diffraction
patterns a 3D reciprocal volume can be reconstructed, giving
information on the lattice parameters, crystal symmetry, and

2| J. Name., 2012, 00, 1-3

reflection intensities for structure determination. Despite
problems associated with dynamical and multiple scattering in
electron diffraction, a series of inorganic crystal structures has
been determined by electron diffraction within the last
years.®

The study of organic compounds represents a particular
challenge to electron crystallography, due to the fast
deterioration of soft matter under the electron beam. Electron
diffraction is usually used in a combination with other methods
(powder X-ray diffraction, NMR, simulations) as additional
information to support the structure analysis.14 Nevertheless,
reports on successful structure analyses of molecular crystals
from electron diffraction data alone have recently started to
appear.””

Therefore,

. . . 1] . .
structure determination of nanocrystalline a -quinacridone.

here we used electron diffraction for the

Experimental

Materials. A sample of a"—quinacridone was obtained from
Clariant (Frankfurt am Main), and used as received.

TEM sample preparation. A small quantity of a"—quinacridone
was suspended in hexane using an ultrasonic bath. A drop of
the suspension was then placed onto holey-carbon coated
copper grid and dried in air.

Electron diffraction experiments were done in a TECNAI F30
transmission electron microscope operating at 300 kV
equipped with an STEM unit. Electron diffraction data were
collected at room temperature in nanodiffraction mode using
the dedicated automated diffraction tomography (ADT)
module in STEM mode. The beam diameter for nanodiffraction
collection was 100 nm. The data were recorded onto a 1k
GATAN 794 MSC CCD camera and a US4000 GATAN CCD
camera. Seven diffraction tilt series were collected in total,
each of them within the 120° total tilt range with a tilt step of
1°. Since the crystals were larger than the spot size used (100
nm), we could minimize the sample beam damage by
repeatedly shifting the electron beam along the crystal during
the measurements, thereby always recording data from a
"fresh" part of the crystal. Electron diffraction data processing
was done using the ADT3D software (NANOMEGAS, Belgium)
reinforced by in-house written MatLab scripts.

Structure solution was done using direct methods implemented
in the SIR software. 1031 independent input reflections within
the resolution limit of 0.8 A were used. For the space group
P2,/c, the R;,(F) of the dataset was 28.79%, completeness
68%, B(iso) / u(iso) = 3.501 / 0.0443. The final residual of the
structure solution R(F) was 35.01%.

Structure refinement on the basis of electron diffraction data
was attempted in SHELX using distances and planarity
restraints / constraints on the molecular geometry. In total 37
parameters were refined using 1031 reflections. Two thermal
factors became negative (the oxygen atom a carbon atom of
the middle phenyl ring), others were in a reasonable range.
The final structure had an R(l) factor of 64%. In this case the

This journal is © The Royal Society of Chemistry 20xx
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refinement could not serve as a proof of the structure
correctness. The high figures of merit for electron diffraction
compared to X-ray diffraction are due to significant intensity
perturbations caused by the diffuse scattering, multiple
scattering and other uncertainties associated with electron
diffraction data.

X-ray powder data were recorded at room temperature in
transmission geometry on a STOE-STADI-P diffractometer
equipped with a curved Ge (111) primary monochromator and
a linear position-sensitive detector, using Cu-K,, radiation (A=
1.5406 A).

DFT calculations were performed with CASTEP'® with the PBE
functional’” combined with the semi-empirical dispersion
correction by Grimme.™ The convergence criteria for energies,
forces, cell stress and Cartesian displacements were 0.001
kJ/mol/atom, 3 kl/mol/A, 0.5 kbar and 0.001 A.

Results and discussion

The investigated sample of oc”-quinacridone consisted of long
lath-habit crystals with a length up to a few microns, a width of
less than 100 nm and a thickness of 5 to 10 nm only (Figure 2).

2k0 4kO

Figure 3 3D reciprocal volume of an a"—quinacridone crystal: a) projection of the
volume along the b* direction showing resolved periodicity along the a* and c* axes; b)
projection of the volume along the a* direction (the b* axis comprising diffuse
scattering lines is vertical); c) central cut of the reciprocal volume including a* and b*
(vertical) axes, the periodicity along the vertical lines is not evident; d) /=1 layer cut
through the reciprocal space, reflections rows showing discrete periodic spots are
marked.

Seven electron diffraction data sets from different crystals
were collected. For each data set, individual diffraction
patterns were combined to obtain 3D reciprocal volumes. The
3D volumes of all studied crystals were similar and consisted
mostly of parallel diffuse streaks (Figure 3b). The streaks were

This journal is © The Royal Society of Chemistry 20xx

arranged in a regular pattern (Figure 3a). Most of the diffuse
streaks were continuous and did not show any pronounced
intensity maxima that could have been interpreted as Bragg
reflections (Figure 3c). Only the central column consisted of
sharp reflections without any diffuse scattering (Figure 3d).
This type of diffraction pattern is typical for a sheet structure
with severe stacking disorder.*®

bb)

>0

a)

Figure 4 Structure of o'-quinacridone solved from electron diffraction data by direct
methods. Scattering potential maps obtained as a structure solution by SIR viewed
along a (a) and c (b) directions; corresponding structural model viewed along a (c) and ¢
(d) directions.

Due to the absence of sharp reflections in most parts of the
reciprocal volume, the determination of the unit cell
parameters was challenging and had to be done manually in
several steps.

e The direction of the diffuse streaks was assigned to the

b* axis.

e a* c* and B* could be obtained from the projection
shown in Figure 3a.

e The values of b*, a* and y* were difficult to determine,
due to the strong diffuse scattering. Furthermore, most
crystals were oriented with their b* axes parallel to the
electron beam, so that the OkO reflections could not be
observed directly. Accidentally a crystal with a different
orientation was found, which allowed to record an
electron diffraction pattern including the b* axis.
revealing a systematic extinctions of 0kO reflections
with the reflection rule k = 2n. Since triclinic space
groups do not have systematic extinctions, the crystal
system must be at least monoclinic. As the angle f* is
oblique, b must be the unique axis, subsequently, o =y
=90°.

J. Name., 2013, 00, 1-3 | 3
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e The monoclinic crystal system is confirmed by the
overall distribution of the intensities of the 3-
dimensional diffractions patterns, which follows 2/m
symmetry (Laue class 2/m = C,,), corresponding to a
monoclinic crystal system.

e The accurate length of b axis was finally determined
from the (020) reflection clearly resolved in the X-ray
powder diagram (Fig 1).

The resulting unit-cell parameters were 7.1 A, 28.4 A, 3.9 A,
B=110°, o =y = 90°, see Table 1. The unit-cell volume of 734 A®
corresponds to two molecules per unit cell. The systematic
extinctions of the OkO reflections show the presence of a 2;
screw axis.

The quinacridone molecule itself possesses C,, symmetry.
In crystal structures, molecules with C,, symmetry are located
on crystallographic inversion centres with a frequency of
95%.%° Correspondingly, the space group was likely to be
P21/c.21 For ordered crystals without diffuse scattering, the
three settings of the space group - P2,/c, P2,/a and P2,/n -
could easily be distinguished through the systematic
extinctions of the h0l reflections (/ = 2n, or h = 2n, or h+l = 2n).
However, in a”-quinacridone the diffuse streaks running
through all hOl reflections made it impossible to detect any
systematic extinction. Hence, the structure solution was
performed in parallel in all three space groups.

Journal Name
Diffuse lines were cut at the calculated reflections
positions, and the intensities of the reflections were extracted.
This very rough treatment of the diffuse scattering gave,
however, good results. The structure was solved by direct
methods as implemented in SIR.Z The resulting electron
density maps in P2;/c are shown in Figure 4a, b. The position
and orientation of the molecules can be clearly seen (Figure
4a). Although the individual atomic positions within the
molecules were not well resolved (Figure 4b), the maps
allowed building a structure model which was chemically
sensible and described the overall electron density (Figure
4c,d).

The validation of solved from electron
diffraction data stays a debatable issue. Structure refinement
against electron diffraction data (SHELX) can hardly serve as a
proof of the correctness of a structure. The refinement
routines are not adopted to electron diffraction with its
intrinsic multiple scattering. In the case of a"-quinacridone,
diffuse scattering passing though the reflections brought
additional uncertainty in the intensities. As a result, the values
of the refinement residuals were exceptionally high.

Recently, an alternative approach to structure validation
was proposed14b — structure minimization using the dispersion-
corrected density-functional-theory (DFT-D).23 A test on 241
single-crystal structures, showed that, upon a full optimization

with DFT-D, including the optimization

. of the lattice parameters, all
% structures, which changed by less than
0.25 A (cartesian root mean square
deviation of all atoms except
hydrogen) should be regarded as
reliable.* For the P2,/c structure of o'
quinacridone, the deviation was 0.11 A
only.

From the electron diffraction data,
the structure could also be solved in
P2,/a and P2,/n. The resulting
structures showed identical hydrogen-

structures

Figure 5 Colours and crystal structures of quinacridone polymorphs.

4| J. Name., 2012, 00, 1-3

bond patterns and differed from the
P2,/c structure only by a mutual shift
of neighbouring molecules in the b-
direction by (1/2,0,1/2) and (1/2,0,0),
respectively. However, the DFT-
calculations revealed that the energy
of the P2,/c structure is 5.0 kJ/mol
lower than that of the P2;/n structure
and 6.8 kJ/mol lower than that of the
P2,/a structure. Hence it is safe to
assume that the P2,/c structure
represents the correct packing of the
molecules.

Additionally, the lattice energies of
the o'-, B- and y- phases were minimized. The final values for
both o phases were slightly higher than those of B and v, in
agreement with the experimentally observed stability of 3 and
vy polymorphs.

This journal is © The Royal Society of Chemistry 20xx
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In the oc“—phase of quinacridone the molecules are linked
through a pair of hydrogen bonds into almost planar chains
(Figure 5). The chains are packed into a layer. A similar
arrangement of molecules is also observed in the o' and P-
phases. However, these three polymorphs differ in their
mutual arrangements of the layers: in the a'—phase all
molecules are parallel, in the oc”—phase the molecules form a
herringbone pattern, and in the B-phase neighbouring layers
are mutually rotated by 69.4°, see Figure 5. A herringbone
packing of planar chains, as now found for the a"—phase, has
not been observed in any quinacridone derivative before, but
is known to exist in other pigment classes, e.g. in
diketopyrrolopyrrole (Pigment Red 254)25 and thiazine-indigo
(Pigment Orange 80).26

VA
WS
M
il
AN

Figure 6 Structural model of o-quinacridone including disorder: random layer stacking;

-

at the dotted line there is a parallel stacking (as in the o'-phase) instead of the
herringbone pattern (as in the idealized ot"—structure); a) simulated electron diffraction
pattern from the model; b) experimental electron diffraction pattern of a'-
quinacridone.

A closer inspection of the crystal structures of the o' and
a"—phases of quinacridone reveals that not only the chains, but
also the mutual arrangement of the chains within the layers is
almost identical in both phases. The main difference between
the polymorphs is the stacking of the layers: either parallel (o)
or herringbone (a"). Both motifs can be randomly combined,
resulting in a disordered structure with a random mixed
sequence, see Figure 6. The simulated electron diffraction
pattern of this structural model (Figure 6a) reproduces the
experimental diffraction intensity distribution quite well Figure
6b), explaining the observed diffuse scattering. It is therefore
likely that the real structure of the a”—phase consists of a
herringbone arrangement with a considerable number of
stacking faults exhibiting a parallel arrangement of
neighbouring layers.

This journal is © The Royal Society of Chemistry 20xx

This stacking disorder is also supported by the lattice-
energy minimizations with DFT-D calculations: the lattice-
energy of a mixed-stacked structure consisting of 2/3
herringbone and 1/3 parallel arrangements is only 0.1 kJ/mol
higher than the energy of pure herringbone (ideal o) and 1.0
kJ/mol lower than the energy of the pure parallel packing ().
The B- and y-phases are energetically much more favourable
(B: -4.3 kJ/mol, y: -5.5 kJ/mol), which reflects the experimental
stability ordery > 3 >> o, a".

The complexity of the real structure of a"—quinacridone
explains the problems with the structure analysis from powder
X-ray diffraction data. The low crystallinity reduces the quality
of the data in general, and the diffuse scattering leads to
intensity at positions not matching the Bragg positions.

Different samples of oc”-quinacridone showed slightly
different X-ray powder diffraction patterns depending on the
synthetic conditions, indicating different fractions of parallel
and herringbone stacking. Apparently, the ordered structures
of the o' and a" phases are end members of a continuous
series of disordered structures consisting of different amounts
of each packing type.

Finally, we would like to emphasise the role of electron
diffraction in structure analysis of nanocrystalline materials. In
the structural investigation of a" quinacridone all traditional
methods — X-ray single crystal and powder diffraction — failed
and only the employment of electron diffraction ultimately
allowed us to determine the crystal structure.

Conclusions

Electron diffraction data of a"—quinacridone showed severe
diffuse scattering. The average crystal structure solved by
direct methods showed a herrings bone molecular packing not
observed previously for any of quinacridone derivatives. The
crystal structure was confirmed by DFT-d energy minimization.
The diffuse scattering observed in the data could be described
by a model with mixed domains of two different polymorphs -
o' and o". The correctness of the model was proved by DFT-d
energy minimizations.
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