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Electron diffraction, X-ray powder diffraction and
pair-distribution-function analyses to determine the
crystal structures of Pigment Yellow 213,

C23H21 N509

The crystal structure of the nanocrystalline « phase of Pigment
Yellow 213 (PY. 213) was solved by a combination of single-
crystal electron diffraction and X-ray powder diffraction,
despite the poor crystallinity of the material. The molecules
form an efficient dense packing, which explains the observed
insolubility and weather fastness of the pigment. The pair-
distribution function (PDF) of the « phase is consistent with
the determined crystal structure. The S8 phase of PY. 213
shows even lower crystal quality, so extracting any structural
information directly from the diffraction data is not possible.
PDF analysis indicates the B phase to have a columnar
structure with a similar local structure as the « phase and a
domain size in column direction of approximately 4 nm.

1. Introduction

Some years ago, the automotive industry switched from
solvent-based to water-based coatings. This led to the need for
new, water-dispersible pigments. Greenish-yellow shades
appeared to be one of the most problematic, because all
existing greenish-yellow pigments were either not dispersible
in water (i.e. they showed severe agglomeration and aggre-
gation) or had an insufficient weather fastness, i.e. they faded
out after a few years. Moreover, clear greenish-yellow shades
cannot be achieved by mixing green and yellow pigments,
since this would lead to dull shades.

Under these demands one company (Clariant GmbH)
developed Pigment Yellow 213 (PY. 213, Fig. 1) as a new
compound for water-based coatings (Stengel-Rutkowski &
Metz, 2001). PY. 213 exists in (at least) two polymorphs: the
brown B phase is formed as an intermediate product during
synthesis. Subsequent heating in organic solvents to 423-
473 K results in the greenish-yellow (lemon-yellow) o phase
(Fig. 2). The « phase shows good weather fastness and it does
not agglomerate in water. Currently the « phase is industrially
used for water-based car coatings.
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Figure 1
Pigment Yellow 213 (PY. 213, C,;H,;N5O,).
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During the development of PYY. 213, dozens of similar
compounds with other substitution patterns were tested; all
had either a dull shade or a worse light stability. It was
observed that the colour and properties of these pigments
depend not only on the molecular constitution, but also, and
strongly, on the solid-state structure — as can be seen e.g. by the
colour differences between the yellow « phase and the brown
B phase of PY. 213. It is obvious that the crystal structure of
the o phase of PY. 213 is responsible for its outstanding
properties.

Although PYY. 213 is industrially produced, its crystal
structures are not known. All attempts to grow single crystals
failed, since the pigment is hardly soluble at all in water or
organic solvents, even at temperatures of 473 K. Crystal
growth from the melt or by sublimation is not possible either,
because the pigment melts at 642 K with decomposition and
does not sublime. The crystallinity of the o phase of P.Y. 213 is
never really good, and thus the X-ray powder data are always
of so limited quality that the peaks cannot be reliably indexed.

After considerable effort in synthesis, recrystallization, X-
ray powder diffraction, electron diffraction and lattice-energy
minimization, we were able to determine the crystal structure
of the o phase of PY. 213 by combining electron diffraction
and X-ray powder diffraction methods.

The powder diagram of the 8 phase of PY. 213 shows no
well defined Bragg reflections at all. Nevertheless, the humps
in the X-ray powder diagram still contain some information,
which can be analysed by total scattering methods, especially
the analysis of the atomic pair-distribution function (PDF).

PDF analyses have long been used for liquids, glasses, fibres
and other disordered, amorphous or nanocrystalline inorganic
compounds (Billinge & Kanatziolis, 2004) as well as for
quasicrystals (Brithne et al, 2006). However, molecular
compounds have rarely been investigated by PDF analyses;
examples include Cq, (Juhas et al, 2006) and a few pharma-
ceutical compounds (Bates & Ivanisevic, 2005; Nollenberger et

Figure 2
Pigment Yellow 213: powders of the « phase (greenish-yellow) and the 8
phase (brown).

al., 2009). Here, to our knowledge, the PDF technique is
applied to an organic pigment for the first time.

2. Experimental
2.1. Synthesis and crystallization experiments

PY. 213 was synthesized by azo coupling in water (Herbst &
Hunger, 2004).

The crystallinity of the « phase could be improved by
heating a suspension in N-methylpyrrolidone to 423 K for 3 h
with subsequent recrystallization from large amounts of
boiling DMSO at 462 K; alternatively the pigment could be
treated with a melt of benzoic acid (m.p. 395 K). Different
analytical methods (DSC, DTA/TG, IR, elemental analysis)
proved that the o phase consists of P.Y. 213 molecules only,
without any water or solvent molecules in the crystal lattice.

2.2. X-ray powder diffraction

2.2.1. In-house. Powder diffraction of both the o and B
phases of P.Y. 213 were performed with Cu Ko, radiation (A =
1.5406 A) using a STOE Stadi-P diffractometer in transmis-
sion mode. The samples were placed in glass capillaries 0.7 mm
in diameter and spun, or prepared between two Mylar™ films
and rotated during the measurements. Measurements were
also carried out at lower temperatures (80-250 K).

2.2.2. Synchrotron. Synchrotron X-ray powder diffraction
experiments (SR-XRPD) were performed at the Swiss Light
Source Materials Science beamline (SLS-MS) at Paul Scherrer
Institut and at the ID 31 beamline at the European Synchro-
tron Radiation Facility (ESRF).

At the SLS-MS powder station, with a high resolution and a
high counting rate, diffraction patterns for Rietveld refine-
ment were collected on the « phase at A = 0.92571 (3) A asa
function of temperature (from 100 to 300 K with 50 K steps)
using the silicon microstrip detector MYTHEN I (Gozzo et al.,
2004; Schmitt et al., 2004).

At the ESRF-ID31 high-resolution PD beamline, experi-
ments for the analysis of the PDF on the « and 8 phases were
performed at 30.73 keV photon energy [A = 0.40007 (7) A]
and the powder pattern was collected up to 26 = 120° using the
multicrystal analyser detector. To ensure good counting
statistics at high 26 values, a variable counting-time scheme
(VCT) was adopted (Shankland er al, 2004). The total
acquisition time for each phase was 8 h.

All experiments were performed in Debye-Scherrer
(transmission) geometry using cylindrical borosilicate 0.5 mm
diameter capillaries which were spun for improved powder
averaging.

2.3. Indexing attempts and LeBail fits

For extracting the peak positions and indexing the powder
patterns of the o phase, various programs were used, including
the STOE WinX"°"V suite (STOE & Cie, 2004) with ITO
(Visser, 1969), TREOR (Werner et al., 1985) and DICVOL
(Boultif & Louér, 1991), McMaille (LeBail, 2004), the Crysfire/
Checkcell suite (Shirley, 2006), the DASH suite (David et al.,
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2006) and TOPAS (Coelho, 2006). All resulting unit cells were
transformed to the standard setting (for triclinic: a < b < ¢; «,
B, y all >90° or all <90°).

Subsequent LeBail fits were carried out with GSAS (Larson
& von Dreele, 1994).

2.4. Electron diffraction

Samples of the o and B phases were prepared for trans-
mission electron microscopy (TEM) by suspending the
pigment powders in ethanol in an ultrasonic bath. A drop of
the suspension was placed on a carbon film with underlying
copper grid and dried in air. TEM investigations were
performed on a TECNAI F30 ST transmission electron
microscope with a field-emission gun, scanning unit (STEM),
high angular annular dark-field detector (HAADF) and a
10 um C2 aperture for nano electron diffraction (NED).
STEM images were obtained in p-probe mode, accepting a
lower resolution to allow the sequential recording of NED
patterns. Electron-diffraction data were collected using a
double-tilt rotational holder (GATAN) as well as a tomo-
graphy holder (FISCHIONE) within a tilt range of £ 30° in
two ways, firstly by manual tilt of a crystal around a low-index
crystallographic axis (Kolb & Mateeva, 2003) and secondly by
a recently developed automated diffraction tomography
(ADT) module (Kolb et al., 2007, 2008).

2.5. Prediction of possible crystal structures by lattice-energy
minimizations

For o-PY. 213, calculations were performed with CRYSCA
(Schmidt & Kalkhof, 1997) in P1 with lattice parameters
obtained by electron diffraction; additional calculations were
performed with variable lattice parameters in various space
groups.

2.6. Structure solution of the a-phase from X-ray powder data
by real-space methods

At first a Pawley fit was performed (TOPAS). The resulting,
more accurate lattice parameters were used for structure
solution with TOPAS. The Pawley refinement had indicated
the presence of anisotropic peak broadening.
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Figure 3

Intramolecular degrees of freedom: The torsion angles 7,—7; and 75—,
were treated as variable during the structure solution by real-space
methods. In the lattice-energy minimizations additionally 7, and o were
varied.

The molecular structure was calculated using the Dreiding
force field (Mayo et al., 1990). The molecular geometry was set
up as a rigid body with the exception that five torsion angles of
the molecule were refined independently during the calcula-
tions (Fig. 3). The torsion angles were not constrained to any
ranges. First calculations were undertaken using the space
group P1 (Z =2).

All calculations were performed in real space by a combi-
nation of Monte-Carlo and simulated-annealing methods. The
X-ray powder diffraction patterns were directly used without
prior intensity extraction. Refined parameters during the
minimization were the rotational and positional parameters of
the rigid body, selected torsion angles and the scaling factor
(altogether 12 parameters). Lattice parameters, profile and
background parameters were kept fixed at values from the
Pawley refinement in order to speed up the calculations. The
global optimization procedure was repeated until the mini-
mization routine showed several low minima at comparable
levels after 2000 cycles taking all-in-all 4 h calculation time on
a 3 GHz computer. It has to be pointed out that the aniso-
tropic peak broadening and preferred orientation were not
taken into account during these calculations; however, a fit
that is very good visually to the data had been achieved. The
resulting best model was considered further.

2.7. Rietveld refinement of the a phase

The Rietveld refinement of the o phase was performed with
the program TOPAS. For the room-temperature structure,
synchrotron data with a wavelength of A = 0.40 A were chosen,
because they showed only a small degree of preferred orien-
tation. Data out to 26 = 18.75° were used, which corresponds
to a real-space resolution of 1.23 A. For the temperature-
dependent refinements, synchrotron data with A = 0.92571 A
were used.

Suitable chemical restraints were added for all bond lengths,
valence angles and the planarity of all aromatic systems. In the
last step of the Rietveld refinement, all parameters were
allowed to refine simultaneously.

The laboratory data had shown that the preferred orienta-
tion mainly affects the strong (211) reflection (at ~ 27° for
Cu Ka). Therefore, also for the synchrotron data a respective
preferred orientation correction using the March-Dollase
expression (March, 1932; Dollase, 1986) was included.

2.8. Generation of PDFs

The measured 26,,,, of 120° at A = 0.40 A corresponds to a
maximal scattering-vector length of ~ 30 A~!. The back-
ground was determined from the measurement of an empty
capillary and subtracted. Data corrections, normalization and
generation of PDFs were performed using the software
PDFgetX2 (Qiu et al., 2004).

Since the sample consisted exclusively of weak scatterers,
only data up to Q,,,, =15 A" could be used to generate clean
G(r) functions.

max
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3. Results and discussion
3.1. a phase

3.1.1. Synthesis and crystallization experiments. The crys-
tallinity of a-P.Y. 213 could be improved by recrystallizing PY.
213 from boiling DMSO and suspension treatment in molten
benzoic acid. The resulting powder diagram is shown in Fig. 4.

3.1.2. Indexing attempts and LeBail fits. Indexing was
extensively tried on different laboratory and synchrotron X-
ray powder diagrams from different samples. Various triclinic
and monoclinic unit cells were suggested, but it was not
possible to determine which was the correct one. Even
extensive LeBail fits with GSAS did not help: LeBail fits with
considerably different unit cells gave similar R values, but
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Pigment Yellow 213: X-ray powder diagrams of the « phase (blue, lower
line) and the B phase (red, upper line); Cu Ko, radiation, A = 1.5406 A.
This figure is in colour in the electronic version of this paper.

Figure 5

(a) TEM photograph of a-PY. 213. The platelet morphology is apparent; (b) p-STEM image (inverted) of

B-P.Y. 213 with needle-shaped crystals.

(b)

none of the fits were really convincing. Therefore, we used
electron diffraction to determine the lattice parameters.

3.1.3. Determination of lattice parameters by electron
diffraction. The crystallites of a-PY. 213 are platelets with a
lateral size of 0.5-2 pm (Fig. 5). The material was fairly stable
under electron radiation: the crystals could tolerate an elec-
tron dose rate of 10-15¢ A5,

Electron-diffraction patterns were collected around several
low-index axes by manual tilt. Fig. 6 shows two selected
patterns of the main crystallographic zones [001] and [010],
from which the reciprocal lattice parameters a*, b*, c*, * and
y* could be measured directly. Using least-squares refinement
(CRISP; Hovmdller, 1992) to minimize the statistical error in
the angle determination, the values for * and y* could be
determined with an error of less than 0.5°. Due to the platelet
morphology, the crystallites have a strong preferred orienta-
tion, therefore the [100] crystallographic zone was not acces-
sible, and the angle «* could not be measured directly. Its
value was determined from Vainstein plots (Vainstein, 1964;
Kolb & Gorelik, 2005) built from three-dimensional diffrac-
tion data. The corresponding lattice parameters in direct space
are listed in Table 1.

Alternatively, the lattice parameters were accessed through
a tilt (tilting interval of =+ 30°, step size of 1°) of the crystal
around an arbitrary axis, whereby diffraction patterns were
collected automatically using an automated diffraction tomo-
graphy (ADT) module. Fig. 6(c) shows an integrated diffrac-
tion volume viewed along the [001] direction: periodic rows of
reflections are clearly seen. After the data were carefully
examined for consistency, unit-cell parameters were deter-
mined using the previously reported procedure (Kolb et al.,
2008). The parameters found from ADT data are included in
Table 1. The determined parameters are comparable with
those obtained by manual tilting. Apparently, the « angle is
still difficult to determine precisely.

3.1.4. Prediction of possible crystal structures by lattice-
energy minimizations. In our attempts to solve the crystal

structure of «-PY. 213, we
predicted structures using global
lattice-energy minimization. This
procedure has repeatedly been
used to solve organic crystal
structures from unindexed X-ray

1 powder data (Hofmann & Kule-

shova, 2005; Schmidt et al., 2005,
2006a,b; Paulus et al., 2007).

For PY. 213, one of the
resulting low-energy structures
looked promising in terms of
molecular packing and inter-
molecular hydrogen bonds, and
A had a simulated powder diagram
similar to the experimental
diagram of the o phase. The
subsequent Rietveld refinement
with GSAS converged with a
nearly acceptable fit. However, a

>4
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Electron-diffraction patterns of «-P.Y. 213: (a) [010] zone; (b) [001] zone; (c) three-dimensional fully integrated automated diffraction tomography

(ADT) data projected along the ¢* direction.

Table 1
Lattice parameters of @-PY. 213 at 293 K.

Electron diffraction,
automated diffraction Final values from
tomography (ADT) Rietveld refinement

Electron diffraction,
manual tilting

a(Ad) 683 70 (3) 6.9006 (3)
b(A) 1186 11.6 (6) 11.8347 (6)
c(A) 14.31 13.8 (2) 14.0592 (7)
o () call 81.5 81.811 (4)
B () 79.7 787 81.032 (9)
y () 86.1 86.3 87.542 (1)
V(A% 1114 1045 112232 (1)
Space  Plor P1 P1or P1 P1

group
z 2 2 2

Errors in lattice parameters from ADT were calculated by the standard deviation of the
cluster centre and refined vector position.

Rietveld refinement is not always definite proof for the
correctness of a crystal structure, especially if the powder data
are of limited quality (Buchsbaum & Schmidt, 2007). For o-
PY. 213 a comparison of simulated and experimental electron-
diffraction intensities revealed that the calculated structure
was not the correct one.

After the structure had been solved by TOPAS (see §3.1.5),
it turned out that the lattice-energy minimizations failed
because the molecule shows an unusual conformation which
was not included in the minimizations. This results in a
different molecular shape, which considerably changes the
crystal structure and the lattice energies.

3.1.5. Structure solution from X-ray powder data by real-
space methods. The crystal structure of the o phase could
finally be solved by real-space methods using recent devel-
opments of the program TOPAS. The quality of the labora-
tory data turned out to be fully sufficient. From the various
indexing suggestions, one was chosen which had lattice para-
meters similar to the values obtained by electron-diffraction
data (it was the indexing from DASH/DICVOL and TOPAS

on laboratory data). Although the LeBail fit with GSAS was
not convincing, the Pawley fit with TOPAS converged with
good agreement factors (x> = 0.020, Ry, = 0.072, R, = 0.073;
the prime indicates background-subtracted values). The
structure solution trials converged with x> = 5.4, Ry, = 0227,
R, = 0219 (background-subtracted values). The resulting
molecular conformation was not the expected one: the
COOCH; group neighbouring the NH group rotated by 180°.
In order to test the obtained structure, individual torsion
angles of the molecule were rotated by 180° off their orien-
tation and the minimization was repeated; for ; (COOCH,
group) refinements were even carried out in steps of 30°. In no
case was a lower minimum obtained, thus proving the overall
conformation to be the correct one.

3.1.6. Rietveld refinement. For the Rietveld refinement,
synchrotron data were used. The refinement converged with a
smooth difference curve with x* = 1.34, R,,=0.0312 and R, =
0.0238 (without background subtraction), R, = 0.1746 and
R}, =0.2610 (after background subtraction). The Rietveld plot
is shown in Fig. 7. Crystallographic data are given in Table 2.
Atomic coordinates are given in the supplementary material."

Ultra-high-resolution powder diffraction patterns measured
at ESRF-ID31 with A = 1.53494 (4) A showed strong aniso-
tropic peak broadening; this points to anisotropic domain
sizes, as it is frequently observed in organic pigments and
other solids with large, almost planar molecules.

The temperature-dependent high-resolution synchrotron
data of the a phase collected at SLS showed no phase tran-
sition between 100 and 300 K, which confirms the results
obtained from the in-house data. Rietveld refinements were
made on all datasets (Table 3). The molecular arrangement
changed very slightly with decreasing temperature; however,
the overall packing arrangement remained the same and the

! Supplementary data for this paper are available from the TUCr electronic
archives (Reference: OG5034). Services for accessing these data are described
at the back of the journal.
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Table 2
Experimental data for a-PY. 213 (Rietveld refinement at 293 K).

Crystal data

Chemical formula C,3H,1N5Oy

M, 511.45 ~

Crystal system, space group Triclinic, P1

Temperature (K) 293

a, b, c(A) 6.9006 (3), 11.8347 (6), 14.0592 (7)
a, B,y (%) 81.811 (4), 81.032 (9), 87.541 (10)
V (A%) 1122.31 (10)

V4 2

Radiation type . Synchrotron
Wavelength of incident radiation (A) 0.40007

w (mm™") 0.03

Specimen shape, size (mm) Cylinder, 10 x 0.5

Data collection
Diffractometer
Specimen mounting

High resolution (ID31, ESRF)
Borosilicate capillary

Scan method Continuous

Data-collection mode Transmission

26 values (°) 20min = 1.300, 20may = 18.750, 20, =
0.005

Refinement

Ry, Ryps Rexpr X 0.261, 0.175, 0.130, 1.80

Excluded region(s) None

No. of data points 5356

No. of parameters 1375

No. of restraints 159

variations observed are just due to the volume contraction of
~ 2.5% between 300 and 100 K.

3.1.7. Crystal structure of the a phase. The « polymorph of
PY. 213 crystallizes in P1, Z = 2. The molecule is almost
planar. There are two intermolecular hydrogen bonds, both
involving the NH groups of the two cis-amide fragments of the
quinoxalinedione fragment: one of the NH groups forms an
intermolecular hydrogen bond with a C=O group of a

24 000 '
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20000
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16 000 |
14 000
12 000
10 000 -
8000
6000 2 IJ
4000 4
2000
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Table 3
Temperature dependence of the lattice parameters of «o-PY. 213
determined by Rietveld refinement.

100K 200K 300 K
a (A) 6.7716 (1) 6.8326 (1) 6.9034 (2)
b (A) 117653 (3) 11.7988 (3) 11.8358 (3)
c(A) 14.0269 (4) 14.0483 (3) 14.0628 (3)
a (%) 82209 (2) 81.997 (2) 81.796 (2)
B () 81.394 (4) 81.155 (4) 81.016 (3)
y () 88.394 (4) 87.968 (5) 87.526 (5)
V (A% 1094.72 (5) 1108.04 (4) 1123.06 (5)

neighbouring molecule, resulting in an eight-membered ring
across an inversion centre, as is frequently found for cis-amide
systems, e.g. in benzimidazolones (van de Streek et al., 2009).
The other NH group of the quinoxalinedione moiety forms a
second intermolecular hydrogen bond to a C—=1O0 of the acetyl
fragment (Fig. 8). The remaining two NH groups form intra-
molecular hydrogen bonds to carbonyl groups, as is always
found for yellow azo pigments with acetoacetyl groups. The
intermolecular hydrogen bonds connect the molecules into
double chains running in the [011] direction. The chains
arrange in layers parallel to the (211) plane, with a layer
distance of 3.34 A (Fig. 9). It is this layer arrangement which
causes the strong intensity for the (211) peak in the X-ray
powder diagram. Molecules of successive layers are stacked on
top of each other, but rotated by 180°, and form columns along
the [100] direction. The layers are connected by van der Waals
and Coulomb interactions.

The most remarkable feature of the crystal structure is the
rare molecular conformation with an NH group forming an
intramolecular hydrogen bond to the OCH; fragment of the
COOCH; group (as shown in Fig. 1). In the Cambridge
Structural Database (CSD; Allen, 2002) there are 32 struc-

Ayt
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Figure 7
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Rietveld plot of a-PY. 213 (A = 0.40 A). Calculated (red), observed (blue), and difference (black, below) profiles are shown. Reflection positions are
shown as blue tick marks. This figure is in colour in the electronic version of this paper.
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tures with NH groups neighbouring a COOCH, group; in all
cases, a hydrogen bond to the C—=0O0 fragment is formed. Fig. 8
suggests that this unusual conformation of P.Y. 213 is neces-
sary to allow close packing: If the COOCH; group were
rotated by 180°, there would be an awkward gap in the crystal
structure that would be difficult to fill.

Fig. 8 also gives an explanation for the role of the COOCH;,
and OCH; groups in the crystal structure: These substituents
allow for an efficient packing: Changing e.g. the position of the
COOCH; or OCH; groups or substituting e.g. one of the
COOCHj; groups by a COOC,H; group would result in steric
hindrance and consequently in a less dense packing. It is this
efficient, dense packing which explains the observed good
fastness properties of PY. 213.

3.2. B phase

The B phase of PY. 213 is a brown, metastable, nanocrys-
talline powder (see Fig. 5b). The powder diagram is included
in Fig. 4. All recrystallization attempts failed: either the
crystallinity did not change or the powder transformed to the
more stable o phase. Due to the low crystallinity of the g
phase, no indexing of the powder-diffraction data was
attempted.

No reliable information has yet been obtained by electron
diffraction.

Crystal-structure predictions were made by lattice-energy
minimizations with variable lattice parameters in various
space groups, but it was not possible to select which of the
calculated structures actually corresponds to the B phase.

A A D A A

Y

Figure 8
Crystal structure of the o phase of P.Y. 213. View along [100].

Figure 9

Crystal structure of the a phase of PY. 213. View along [011], showing the layer arrangement.

To obtain structural information on the B phase, we used
the pair-distribution-function analysis.

3.3. Pair-distribution-function analysis of the ¢ and # phases

3.3.1. PDF analysis of the a phase. The atomic pair-distri-
bution function (PDF) represents the probability to find two
atoms separated by a distance r (Egami & Billinge, 2003).

For the PDF analyses of «-PY. 213, high-resolution
synchrotron data were used (Figs. 10a and b). After data
correction and normalization, the reduced structure function
F(Q) was obtained, see Fig. 10(c). This figure reveals simila-
rities in F(Q) for the o and B polymorphs of P.Y. 213 which are
not revealed by conventional (not normalized, low Q) powder
diffractograms I(Q): the general appearances of the two
curves with Q and the oscillations are clearly related.

The PDF of the « phase of P.Y. 213 is shown in Fig. 11(a).
The first peak includes the C—C, C—O and C—N distances,
the second peak the 1,3- and 1,4-distances. From the third
peak on, intermolecular distances are also included. The
characteristic feature is an oscillation of the PDF with a period
of ~ 3.3 A. This feature is caused by the molecular stacking:
The distance between neighbouring molecules in a column is
~33 A; this distance occurs for many atoms and conse-
quently dominates the PDF. Perpendicular to the column
direction, the distribution of atom-atom distances is more
homogeneous and does not lead to a pronounced feature in
the PDF.

The oscillation in the PDF still persists at r = 100 A (Fig.
11a). This indicates a long-range translational order in the
column direction, which is also confirmed by the small peak
width of the (211) reflection.

For quantitative analysis, model PDFs can be simulated
using (1)

G(r)calc:%ZZ[%xg(r_rij ] _47Trp07 (1)
i

where f, is the scattering factor of atom i and (f)* is the

average scattering power of all atoms in the sample.
For a PDF refinement a reliability factor is defined by

N 0 1/2
RPDF — {Zi—l[Gobs(ri) - Gcalc(ri)] } ] (2)

Zf\;l ngs(r D)

R values of PDF refinements
should never be mistaken for R
values from Rietveld or single-
crystal structure refinements!

The least-squares refinement
software PDFFIT (Proffen &
Billinge, 1999) was employed to fit
the model PDF of the o phase to
the experimental one using the
crystal structure determined from
X-ray powder data as a structural
model. At present a PDF fit for
organic molecules is hampered by
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Table 4

PDF refinement parameters for - and 8- PY 213 obtained with PDFFIT,
different r ranges, datasets at Q. = 15 A~!

the PDF peak width.

Feue=1.8 A;8and @ describe

r range (A)

Phase R Scale factor 8 %

o 0.8-32.0 0389  0.83 (3) 0.29128 (4) 0.840 (13)
0.8-4.0 0.406  0.97 (4) 0.29131 (2) 0.832 (7)
0.8-7.0 0452 099 (4) 0.29125 (3) 0.852 (10)
0.8-10.0 0.469  0.88 (4) 0.29141 (3) 0.800 (7)
0.8-13.0 0.465 0.88 (4) 0.29141 (3) 0.834 (9)
13.0-32.0 0234 0.8 (3) 1(6) 0.8

B 0.8-4.0 0.391 1.05 (5) 0.29131 (2) 0.832 (7)
0.8-7.0 0.463  0.98 (5) 0.29121 (4) 0.863 (13)
0.8-10.0 0485  0.92 (5) 0.29125 (4) 0.850 (13)
0.8-13.0 0.561 0.84 (5) 0.29133 (4) 0.823 (13)

the fact that (to our knowledge) all PDF software is dedicated
to inorganic materials and cannot yet handle rigid bodies,
constraints or restraints, which are required for the refinement
of organic compounds. Therefore, we refined only a scale
factor, and two parameters describing the PDF peak width
(Jeong et al., 1999). All lattice, positional and displacement
parameters were fixed to the values obtained from the Riet-
veld refinement.

The model PDF could be fitted to the measured G(r),, fo
08A <r< 32A with an accuracy of Rppr = 0.389. The
resulting fit is shown in Fig. 11(b). The refinements are
summarized in Table 4.

Closer inspection of the fit in Fig. 11(b) reveals that there is
a larger difference for r < 13 A. Consequently, the r range was
split into two ranges, 0.8 <r < 13 and 13 <r< 32 A. Now
Rppp values are 0.465 for the low-r region and 0.234 for the
high r region (Fig. 11c). We conclude here that the average
long-range packing of the molecules is as found by Rietveld
analysis. The long-range averaging is accounted for by a &
value increased about by a factor of three. Assignment of
different displacement parameters to groups of atoms did not
improve the fit. It would be very advantageous to make a
combined Rietveld and PDF fit including restraints for the
molecular structure, but the software has still to be developed.

3.3.2. On the structure of the g phase. The § phase shows
only a few broad peaks in the X-ray powder pattern (Fig. 4),
nevertheless, the PDF contains valuable real-space informa-
tion on the local atomic structure. Fig. 12(a) plots the PDF up
to r = 100 A. Two features are apparent:

(i) The PDF oscillates with a period of ~ 3.3 A, as for the o
phase.

(ii) In contrast to the o phase, the PDF of the 8 phase is
damped to zero beyond r >~ 40 A.

Consequently, the molecules in the 8 phase should form
columnar stacks as in the « phase, but with a reduced coher-
ence length: after 30-40 A — i.e. about 10 molecules — the
translational order in column direction is interrupted either by
a crystal surface or by a severe lattice defect. Correspondingly,
the X-ray powder diagram does not show a sharp peak at d =~
33A (corresponding to 20 = 7° for A = 0.4 A) but a broad
hump whereas the o phase shows a sharp peak. For large,
almost planar molecules like PY. 213 the domain sizes are

frequently strongly anisotropic, which is reflected in the
occurrence of both broader and sharper peaks in the powder

1200
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Figure 10

Synchrotron X-ray powder diffraction data used for the PDF analyses,
measured with A = 0.40007 (7) A. (a) o phase; (b) B phase; (¢) normalized
structure function F(Q) for the o phase (blue) and the S phase (red); note
that the abscissa is Q in A~'. The similar general behaviour of the curves
F(Q) with Q for « and B phases is apparent.
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pattern. At lower 26 angles (1-2° for A = 0.4 A) there are four
peaks which probably correspond to the lateral arrangement
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Figure 11

(a) PDF or G(r) of a-P.Y. 213; (b) PDF fit in the range 0.8 < r < 32 A; blue
dots: experimental G(r), red solid line: calculated G(r) (only three
parameters refined), bottom: difference curve; (c) independent PDF fits
for the ranges 0.8 <r< 13 and 13 <r< 32 A. This figure is in colour in
the electronic version of this paper.

of the columns. From their peak widths the domain size can be
estimated to be ~ 200-300 A. With a column diameter of 10—
15 A this domain size indicates a translational order of ~ 20
columns.

The PDFs of the B and the « phase are virtually identical for
r <10 A, but the similarities cease beyond r > 13 A (Fig. 12b).
Hence the local structures of the B and the « phases should be
similar. This holds for the molecular structure (r = 0.9-18 A)
as well as for the arrangement of neighbouring molecules (r >
33 A). On the other hand, a change in the molecular
conformation (e.g. rotation of the COOCH, group) has only a
minor effect on the PDF, thus it remains obscure if the
molecules in the o and 8 phases have the same conformations.

A refinement of the PDF of the 8 phase would require a
structural model. The actual crystal structure of the S-phase is
not known; but since the local structures of the phases are
similar, we tested to refine the PDF of the 8 phase using the
structural model of the « phase. The character of the PDF of
the B phase does not allow for reasonable refinements of the
range of 0.8 <r < 32 A, nor for 13 <r < 32 A. However, the
refinement for 0.8 < r < 10 A results in R = 0.485 (Table 4 and
Fig. 12¢), which compares well to the corresponding region for
the « phase (R = 0.469). This confirms that the local structures
(r<10 A) are similar. Beyond about r = 10 A, there are major
differences in the packings of the « and 8 phases.

4. Conclusions

The crystallinity of the o phase of PY. 213 is at the borderline
of being suitable for structure determination from X-ray
powder data using the classical approach via initial indexing.
Electron diffraction turned out to be a quite time-consuming,
but very valuable tool for structure solution: we finally
obtained the correct indexing from electron-diffraction tilting
series (although the lattice was triclinic); on the other hand,
the intensity data from electron diffraction were used to test
the correctness of structures proposed by lattice-energy
minimization. If we had not made a wrong assumption on the
molecular conformation, the structure of «-PY. 213 would
have been solved by the combination of electron diffraction
and crystal-structure prediction using lattice-energy mini-
mization. The final successful structure solution from labora-
tory X-ray powder data proved the power of today’s real-
space methods. The PDF analysis of the « phase is in agree-
ment with the crystal structure. Although the PDF refinement
was carried out with fixed atomic coordinates and lattice
parameters, the calculated and experimental PDF curves
match well. Software developments have to be carried out to
allow a PDF refinement of atomic coordinates for organic
compounds including rigid bodies and restraints for bond
lengths, bond angles and planar groups, as is available in
Rietveld programs nowadays.

The PDF analysis of the nanocrystalline S-phase revealed
that this phase adopts a columnar structure with a domain size
of below 4 nm in the column direction and a local structure
similar to the o phase. These results show that even a poor
powder diagram still contains information about the solid-
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Figure 12

(a) PDF or G(r) of B-P.Y. 213. (b) Comparison of PDFs for the o phase
(blue) and B phase (red) in the region r<40A; note the local
resemblance up to r = 10 A. (¢) PDF fit of the § phase (thick blue line)
using the structural model of the « phase (thin red line) in the range 0.8
<r<13 A. This figure is in colour in the electronic version of this paper.

state structure of an organic compound, and this information
can be extracted by the PDF method. A PDF analysis for
organic crystals is far from being a routine method, but we are
convinced that an increasing number of solid-state structures
of nanocrystalline organic compounds will be investigated by
PDF analysis in the next decade.
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