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Abstract

This paper shows for the first time that pair-distribution function analyses can be carried out
on organic and organo-metallic compounds from powder electron diffraction data. Different
experimental setups are demonstrated, including selected area electron diffraction (SAED)
and nanodiffraction in transmission electron microscopy (TEM) mode or nanodiffraction in
scanning transmission electron microscopy (STEM) mode. The methods were demonstrated
on organo-metallic complexes (chlorinated and unchlorinated copper-phthalocyanine) and on
purely organic compounds (quinacridone). The PDF curves from powder electron diffraction
data, called ePDF, are in good agreement with PDF curves determined from X-ray powder
data demonstrating that the problems of obtaining kinematical scattering data and avoiding

beam-damage of the sample are possible to resolve.
1. Introduction

Amorphous and nanocrystalline materials, including nanostructured bulk and nanoporous

materials, have different properties than crystalline bulk materials. This holds not only for
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inorganic compounds, but also for organic or organometallic materials and metal complexes.
Examples include organic pigments (where the colour depends on the crystallite size) (Herbst
& Hunger, 2004), organic semiconductors (where the optical and electrical properties depend
on the crystallinity), and pharmaceutical compounds, where nanocrystalline and amorphous
materials generally show increased solubility and bioavailability (Kim et al., 2008, Yu, 2001).
Several active pharmaceutical ingredients (APIs) are industrially produced as nanocrystalline
or amorphous powders (Prasad et al., 2010) through cryomilling, melt extrusion, spray drying
or rapid precipitation in the presence of crystallization inhibitors. Some APIs are produced
and distributed in amorphous forms because they cannot be crystallized at all. The properties
of all these amorphous (or nanocrystalline) materials depend strongly on their synthesis or
processing conditions.

Structural characterization of inorganic amorphous materials may be carried out using the
pair-distribution function, PDF (Warren 1969, Egami & Billinge 2012). The PDF G(r)
represents the probability of finding a pair of atoms with an interatomic distance r, weighted
by the scattering power of the individual atoms (Egami & Billinge, 2012, Farrow & Billinge,
2009). Such an approach is equally applicable to amorphous and nanostructured organic
materials, as recently demonstrated (Bates et al., 2006, Schmidt et al., 2009, Billinge et al.
2010, Dykne et al. 2011) where for a molecular crystal, the PDF profiles include
intramolecular distances as well as the interatomic distances between different molecules.

The PDF, G(r), can be obtained from powder diffraction data after proper normalization
and corrections to obtain the structure function S(Q) (Warren 1969, Egami & Billinge 2012,
Farrow & Billinge 2009) according to

Qmax
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Qmin
where Q is the magnitude of the scattering vector. The kernel of the Fourier transform,

Q[S(Q) —1]-, is often referred to as the reduced structure function, F(Q), where

4zsin®
Q= PR (2)

The structure function S(Q) is experimentally obtained through a powder diffraction

measurement. It is also known as the total scattering structure function because it is collected
over a wide range of reciprocal space and includes not only the Bragg reflections (if present),
but also the scattering information between them (Egami and Billinge 2003), i.e., it utilizes all

the coherent scattering from the sample.
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PDF analysis has been a standard tool for the investigation of inorganic liquids, glasses and
disordered inorganic materials for decades (see e.g. Warren 1969, Klug & Alexander, 1974,
Wagner 1978, Waseda, 1980, Wright 1985, Barnes et al., 2003, Neder & Proffen, 2009). In
recent years the PDF methodology was extensively applied to study nanostructured materials
using short wavelength (epithermal) neutrons and high energy X-rays (Egami & Billinge,
2003; Billinge & Kanatzidis, 2004; Billinge 2008; Young & Goodwin, 2011). PDF analyses
were successfully applied to molecular compounds (Tucker et al., 2007, Rademacher et al,
2012), including Cgo (Egami, and Billinge 2003), pharmaceutical materials (Moore et al.,
2009, Billinge et al., 2010, Dykne et al. 2011), organic pigments (Schmidt et al., 20009,
Schmidt, 2010), polymers (Petkov et al., 2005a, 2005b), organometallic compounds (Petkov
& Billinge, 2002) and metal-organic complexes (Wolf et al., 2012).The powder diagrams for
PDF analysis are usually recorded with X-ray synchrotron sources. They may also be
obtained from neutron spallation sources or from laboratory X-ray diffractometers. For high
quality PDFs a short X-ray wavelength is preferred, e.g. Mo-Kaj, Ag-Kay or synchrotron
radiation (e.g., see Dykne et al., 2011).

PDF curves can also be obtained using electrons. In transmission electron microscopes
(TEMS) an operator can easily change the diffraction camera length thus setting various Q-
ranges and electron wavelengths if necessary. Additionally, the operator can switch between
imaging and diffraction mode, and select from which area of the sample the diffraction pattern
should be recorded. The interaction of electrons with matter is much stronger than the
interaction of X-rays or neutrons, and the electron beam can easily be focussed on a small
spot, hence the required sample size is much smaller than for X-rays or neutrons. All these
possibilities make PDF analysis from electron diffraction data an attractive alternative to X-
rays or neutrons.

Electron diffraction (ED) has been long used for structure characterisation of single
organic nanocrystals (Vainshtein, 1964, Dorset 1995). Due to the significant contribution of
multiple scattering, ED was rarely used for an ab-initio structure analysis, mainly supporting
structure analysis based on a combination of other structural methods: X-ray powder
diffraction (Gorelik et al., 2010), NMR (Lotsch et al., 2007) or computational techniques
(Voigt-Martin, 1995). Recently, with the development of 3D electron diffraction techniques
(Kolb et al., 2007, Kolb et al., 2008), ab-initio structure analysis of organic materials became
possible (Gorelik et al., 2009, Kolb et al., 2010; Gorelik et al., 2012).



Powder electron diffraction (resulting in ring patterns) is usually used for structural
fingerprinting (Labar, 2004; Moeck & Rouvimov, 2009). The intensity variations within the
rings may also be used for texture analysis of nanocrystals (Gemmi et al., 2011), but usually
the rings are azimuthally integrated into 1D diffraction profiles. Obtaining quantitatively
reliable powder diffraction intensities from electron microscopes is very rare, with only a few
examples of a quantitative structural analysis of powder electron diffraction data in the
literature, all from inorganic compounds (Weirich et al., 2000, Kim et al., 2009, Luo et al.,
2011). There are a number of reasons, including the strong tendency for electrons to diffract
dynamically, the difficulty of obtaining good powder averages from such small volumes of
material, and the propensity for the electron beam to damage the sample. Rietveld refinement
of organic compounds from powder electron diffraction data has never been done so far.

PDF studies have been made using electron diffraction data of inorganic amorphous
materials and very thin polycrystalline inorganic films (Moss & Graczyk 1969, Sproul et al.
1986, Anstis et al. 1988, McCulloch et al. 1999, Noerenberg et al. 1999, Hirotsu et al. 2003,
Ankele et al. 2005, Hirata et al. 2006, Cockayne 2007, Hirata et al. 2007, Abeykoon et al.
2012), and more recently on inorganic nanoparticles (Farrow et al. 2010, Abeykoon et al.
2012). Here, for the first time we extend these studies to the electron PDF study of organic
samples. The ways to overcome the instability of the samples in the electron beam is a major
consideration for this work. Here we describe the experimental methods and data analysis
approaches that yield electron PDFs (ePDFs) from organic solids, collected over a wide range
of reciprocal space as required for quantitative or semiquantitative PDF work.

The molecular schemes of the materials we studied are shown in Figure 1.

CuPcClI CuPc QA

Figure 1
Chemical drawing of chlorinated copper-phthalocyanine (CuPcCl), copper-phthalocyanine (CuPc) and
quinacridone (QA). CuPcCl is actually a mixture of isomers and molecules with different degrees of

chlorination, with about 15 CI atoms per molecule in average.



Chlorinated copper-phthalocyanine (in the following abbreviated as CuPcCl) has the
chemical composition CuC3,NgClH16.x With x about 15, and is registered in the International
Colour Index as C.1. Pigment Green 7. The advantage of this material is that is electron beam-
stable which may be used to validate our methods in the absence of the uncertainty of the
beam damage issue. As an example for a beam-sensitive material, a situation more commonly
found for organics, we chose the parent compound, copper phthalocyanine (CuPc,
CuCsNgHsp) in its B-modification (B-CuPc, C.1. Pigment Blue 15:3). The third example is a
purely organic compound, quinacridone (QA, CyH12N20,, C.I. Pigment Violet 19) in its y-
modification (y-QA).

CuPcCl shows a deep green shade, B-CuPc is a standard blue pigment, and y-quinacridone
exhibits a bluish red shade. All three compounds are industrially produced on a 10,000 ton
scale and used as pigments for colouring lacquers, coatings, plastics, printing inks and artists'
colours (Herbst & Hunger, 2004). The compounds are organic semiconductors and are used in
optoelectronic devices such as organic LEDs or photovoltaic systems. The crystal structures
of B-CuPc and y-QA are known from X-ray single-crystal structure analyses (Brown, 1968;
Mizuguchi et al., 2002; Paulus et al., 2007).

2. Methods

2.1 Materials

CuPcCl (®Hostaperm Green GNX), B-CuPc (®Hostaperm Blue B2G) and y-QA
(®Hostaperm Red E3B) were obtained from Clariant GmbH, Frankfurt. All three samples
used were industrially produced nanocrystalline powders. Since ePDF generally lends its use
for the analyses of nanocrystalline materials, we used the materials as received and did not

make any attempt to improve the crystallinity of the samples.
2.2 Sample preparation for TEM

Samples for TEM investigations were prepared by suspending the powders in n-hexane in
an ultrasonic bath. A drop of the suspension was then placed onto a holey-carbon coated
copper grid and dried in air.



2.3 Electron data collection

TEM investigations were performed with a TECNAI F30 transmission electron microscope
equipped with a field-emission gun operating at 300 kV and an STEM unit. The diffraction
data were recorded on a 1k GATAN CCD camera. Diffraction patterns were collected with a
camera length of 380 mm. In order to increase the Q-range of the data, the central

(transmitted) beam was kept at a corner of the CCD area.

2.3.1 Electron beam damage

Inelastic scattering deposits energy into the material, which is then released by different
means — either transformed into thermal vibration of the molecules, or into excitation of
individual molecules which eventually can cause ionization and reorganization of molecular
structure (e.g. bond cleavage and formation of cross-linked aggregates). Traditionally in
electron crystallography the beam damage is defined as loss of crystallinity of the material as
a result of electron irradiation (Kolb et al, 2010). As beam damage can cause reorganization
of the molecular structure, obviously it is also a serious concern for poorly crystalline and
amorphous organic materials.

The collective damage effects are usually quantified using the deterioration of the
crystalline lattice, which is only possible for materials showing distinct Bragg peaks in
diffraction patterns. It is unclear if the estimates of the critical electron dose for crystalline
materials can be directly transformed to the amorphous state. The PDF analysis, being
sensitive to the configuration of the near neighbor atomic configuration, should be the
ultimate tool to study the collective radiation damage effects in organic materials and should
be explored in the future.

There are several possibilities to improve the stability of organic material under electron
radiation — cooling, enhancing the charge and heat transfer, but the most fundamental solution
is a significant decrease of the intensity of the incident electron beam. The counteracting force
to the decreasing of the illumination level is the reduction of the count statistics on the
detector. Contemporarily most of the TEM data is recorded onto CCD cameras or image
plates. Recently detectors built on CMOS technology for TEM appeared on the marked
having superior sensitivity and therefore high potential for low-illumination level TEM
investigations including diffraction data acquisition for beam-sensitive materials.

In this work three nanocrystalline organic samples were used. Electron diffraction patterns

of all these materials showed Bragg-like peaks indicating that they have some crystallinity

6



and are not truly amorphous. As an initial check for beam damage a series of diffraction
patterns were collected from the same position on the samples showing a continuous decay of
the reflection intensities. From the intensity decay plots a critical electron dose was estimated
(Kolb et al, 2010). During the diffraction data collection for the PDF analysis electron dose
rates were used causing a less than 5% decay of the Bragg intensities (exact values are given
below separately for each experimental setup). Setting up the illumination conditions far
below the critical electron dose is essential for ensuring that the resulting PDFs are a good

measure of the original structure of the materials under study.

2.3.2 Selected Area Electron Diffraction (SAED) vs. nanodiffraction

In selected area electron diffraction (SAED) the sample is illuminated with a parallel beam
having a certain diameter Do. A selected area aperture is inserted at a plane conjugated with
the specimen plane (below the specimen) with an effective diameter of Dsa. In order to keep
the incident beam parallel and to have well defined diffraction geometry Dy is usually kept
large, while Dspa is selected according to the size of the specimen features (for instance,
crystal size). In this geometry, the illuminated (and therefore subject to eventual beam
damage) sample area is rather large (Do), while the area effectively used for diffraction data
collection - Dsa- is just a small fraction of it. Nevertheless, when Dy is known a new
diffraction pattern may be collected from a fresh (unexposed area) using a stage-shift of
greater than Dy. This classical SAED geometry can be used when diffraction lens settings
cannot be changed and the sample features are relatively small. Typically, for beam sensitive
materials the SAED geometry is modified: the diameter of the illuminated area Dy is reduced
by focussing the incident beam. In the optimal case, the selected area for the diffraction
information is collected from the same area that is illuminated (Do=Dsa). For these conditions
there is no need to keep the selected area aperture in place. Combining different condenser
lens settings and condenser aperture size one can obtain any beam size at the specimen —
principally down to a few nanometers; therefore this diffraction geometry is called
nanodiffraction (though in order to collect diffraction patterns of poorly crystalline materials
with good statistics and a reasonable powder average the actual area may be hundreds of
nanometers or more).

A key step in the analysis is to convert the diffraction image from detector pixels to Q. To
do this the electron wavelength and effective camera length must be known. Typically the
electron diffraction camera length is calibrated using a known standard material at specified

illumination conditions (state of the condenser lens current). For these illumination conditions
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the diffraction patterns have to be focused using the diffraction lens. Selecting the illuminated
area for nanodiffraction implies free modification of the illumination conditions and thus the
convergence of the beam. As a result, the corresponding diffraction pattern is acquired at non-
standard lens settings, and appears defocused. Additional focussing of the diffraction pattern
causes rotation and contraction/expansion of the diffraction pattern. The rotation is not
relevant for powder (ring) patterns, but the contraction/expansion changes the effective
camera length and therefore has to be taken into account.

A way to compensate for the additional focussing was proposed by Kolb et al. (2011): for
a known standard material a set of diffraction patterns is collected using diverse beam
convergence. Each pattern is focused using the diffraction lens. Then, the interplanar
distances seen on the patterns are measured and the effective camera length is calculated. This
effective camera length shows a linear trend when plotted against the diffraction lens current
value. A linear fit to the measured data can be used as a calibration curve for any
nanodiffraction pattern. The final accuracy of dng determination using this procedure has
statistical character and is typically below 2%.

2.3.3 Data collection using TEM and nanodiffraction

The data were acquired at a medium magnification of 15,000x in TEM mode. The beam
size was set to 1 um diameter (Figure 2a). After the necessary alignments were done,
including the eucentric height adjustment and beam size selection, a reasonably low
illumination level of the beam has to be selected. The intensity of the beam is dictated by the
radiation stability of the sample. Ideally, this characteristic electron dose that can be tolerated
by the sample should be estimated as described above (Kolb et al., 2010) before the
diffraction data collection for PDF analysis. Following this procedure we determined that the
electron dose rate during measurements for CuPcCl be kept at the level of 15 e/A%s, and for
B-CuPc and y-QA at 0.7 e/A%s. A slight convergence of the incident beam required additional
focussing of the diffraction pattern. The effective diffraction camera length was calibrated
using the calibration plot and was 415 mm (nominal 380 mm).

The stage was shifted mechanically in a grid in steps of 1 um. At each stage position first
an electron diffraction pattern was recorded with 1 s exposure time, then the image of the area
was taken. The procedure of blind recording of diffraction patterns mimics the low dose
acquisition technique used in biological studies (Dubochet et al., 1988). The procedure can

easily be automated (Zhang, et al., 2003) and deliver high quality data in a few minutes.



There are different possibilities to decrease the intensity of the incident electron beam for a
FEG source. For FEI TECNAI TEMs several parameters controlling the beam are available —
gun lens, spot size and the extraction voltage. A proper combination of these parameters can
create a low-intensity electron beam suitable for analysis of organic and biological objects. In
order to measure the electron dose on the sample, first the electric current on the scintillator
screen is measured. TECNAI TEMs offer a possibility to measure the current on the screen
within a Low Dose unit (mainly used for the biological applications). The electric current can
then be correlated with the counts on the camera, giving a conversion rate of the camera —
how many counts correspond to one primary electron. Knowing the conversion rate, the
electron dose can be calculated from an image recorded onto a camera with a known exposure
time.

In total, 50 pairs of diffraction/image pairs were collected from each sample. This
approach not only maximises the counting statistics whilst minimizing beam damage, but
increases the powder statistics (the number of crystallites that are averaged over to obtain the
integrated diffraction patter) in a natural way. Based on the corresponding images these pairs
could be classified into: (i) diffraction patterns from the material, (ii) diffraction patterns from
the carbon film only, and (iii) diffraction patterns including copper grid parts. The patterns
from the carbon film were averaged and used for background estimation; the patterns with
copper reflections were discarded. All diffraction patterns from the material were summed
together, and likewise for all the background diffraction patterns, and these integrated images

were used for further processing.

2.3.4. STEM / nanodiffraction

A particularly soft illumination setup can be realized by combining scanning transmission
electron microscopy (STEM) with nanodiffraction mode (Kolb et al., 2007). STEM with
high-angle annular dark field (HAADF) detectors allow one to obtain very high contrast
images of the sample while keeping the effective electron dose low. Electron diffraction
patterns in nanodiffraction mode can then be recorded from certain areas of the sample seen in
the STEM image. This method is particularly beneficial for non-homogeneous samples.

An automated acquisition module developed for a different application, automated
diffraction tomography - ADT (Kolb et al., 2007; Kolb et al., 2008), provides the possibility
to scan a certain area selected in a STEM image in diffraction mode. We used this module
here to obtain data for our PDF study. The size of the scanned area was set to a square with a

side length of 1 um, and the beam size for nanodiffraction was kept at 100 nm (Figure 2b).
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Thus 10 x 10 electron diffraction patterns could be collected without overlap in a 1 pum
square. The electron dose rate for CuPcCl was 10 e /A%, for B-CuPc and y-QA at 0.3 e/A%,
which is lower than the doses rates for TEM mode. As for the data collection in TEM mode,
the exposure for a single diffraction pattern was 1 s. Diffraction patterns for the background

estimation were collected from an adjacent area that included no particles.

Figure 2

Different experimental setup for electron diffraction data acquisition (CuPcCl): a) in TEM mode using
either SAED with the beam size equal to the size of the SA aperture, or nanodiffraction with the same
beam size (the area is scanned using stage shift), insert: an averaged electron diffraction pattern centred
in the corner of a CCD area; b) in STEM mode using nanodiffraction with the beam size not causing

overlapping of diffraction positions (the area is scanned using beam shift).

2.3.5 Data reduction for electron diffraction

As already mentioned above, the diffraction patterns were recorded with the central beam
shifted to a corner of the detector. The centring of the patterns was made by analysing the
gradient of the central beam as described in Kolb et al., (2007). After the patterns were
centred, several patterns from different parts of the sample, as described above, were averaged
in order to increase the signal to noise ratio due to the counting statistics and to improve the
powder average. Averaged patterns were then azimuthally integrated and normalized by a
number of 2D pixels fallen into each bin of constant Q-value. The integration procedure was
done by a home-written program and produced integrated intensity vs. Q. Elliptical distortion
(Capitani, et al., 2006; Labar 2008; Labar 2009; Mugnaioli, et al., 2009), often observed in

electron diffraction patterns (typically below 2%) was neglected. The same procedure was
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applied for diffraction patterns recorded from the supporting holey-carbon film for

background estimation.
2.4. X-ray diffraction

For comparison with the electron diffraction patterns, X-ray powder diffraction data of all
samples were recorded. The samples were measured in transmission geometry using STOE
Stadi-P diffractometers equipped with Ge(111) monochromators. The samples were contained
in sealed glass capillaries which were rotating during the measurements to increase powder
averaging. Measurements were performed with Mo-Ka-radiation (A = 0.7093 A). We used an
image-plate position-sensitive detector (IP-PSD) with a 20 range of 2-140° which
corresponds t0 a Qmax 0f 16.6 A™. The background was determined by measuring an empty

capillary under identical experimental conditions.
2.5 Obtaining the PDF

The PDF is obtained from the integrated 1D electron diffraction patterns using a home-
written program PDFgetE. This program subtracts the background intensity and makes
corrections for intensity aberrations in the data such as coming from sample absorption,
incoherent multiple scattering and inelastic scattering (Abeykoon, 2012). It normalizes the
data by the average electron form factor of the sample and for the incident flux to obtain the
properly normalized structure function, S(Q) and then F(Q). Finally it does the Fourier
transform in Equation 1 to obtain the PDF. The background intensity can be scaled and Qmax,
the maximum value of Q over which data are used in the Fourier transform, can be varied by
the user in such a way as to obtain the best possible PDF given the data. A public release of

the program is planned for the future.
2.6 Modelling

PDFs can be calculated from structural models (Egami and Billinge 2003) and it is
common to optimize model parameters by updating them in such a way as to get a good fit of
a calculated PDF to a measured one. A widely used program for doing this is PDFgui (Farrow
et al., 2007). For the B-CuPc sample we used PDFgui to calculate the PDF from single-crystal
data from the literature (Brown, 1968). PDFgui is not adapted for refining structures from
molecular systems and so we did not carry out structure refinements. However, certain profile

parameters were adjusted to improve the agreement. These were scale-factor, Qgamp (Which
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accounts for the effects of the finite resolution of the measurement) and Sy, a factor that
sharpens PDF peaks at low-r below a cutoff, re,.. This mimics the effects seen in molecular
systems that PDF peaks from intra-molecular atomic pairs tend to be much sharper than the

peaks from the inter-molecular correlations.
3. Results and discussion

In order to differentiate between the different radiation sources, we introduce the names
'ePDF' for PDF from electron diffraction data ('xPDF'": from X-ray data, 'nPDF'": from neutron
data) and 'eF(Q)' for F(Q) from electron diffraction data (‘'xF(Q)": from X-ray data, 'nF(Q)":

from neutron data).
3.1 Chlorinated copper-phthalocyanine (CuPcClI, Pigment Green 7)

Figure shows the averaged electron diffraction patterns from CuPcCl obtained using the
TEM / nanodiffraction mode. The direct beam is in the lower left hand corner of the image.
Debye-Scherrer powder diffraction rings are clearly evident in the raw data (panel a), though
there is some distortion apparent along a radial direction at around 30° to the vertical. This
aberration is a ghost image of the electron source and it appears also in the background
pattern shown in Figure b. Figure 3c shows the data of Figure 3a after subtracting the
background. There is a small intensity modulation along the rings indicating an imperfect

powder average, which is mitigated somewhat after the azimuthal integration into a 1D

profile.

Figure 3
False-colour images of the electron diffraction patterns on the CCD detector from the CuPcCl sample. (a)
a diffraction pattern after summing multiple exposures, as described in the Methods section. Notice the

pattern is not circularly symmetric because of an image of the electron source. (b) Background image
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from regions away from the CuPcCl material. (c) Subtraction of the background image from the CuPcCl

diffraction pattern showing the clean diffraction pattern.

The electron scattering data after the background subtraction and 1D integration steps are
shown as the blue and green curves (collected in TEM and STEM mode correspondingly) in
Figure 4a. In comparison, we also show data from the same sample collected using Mo X-rays
(red curve in Figure 44a). Although the electron diffraction data has much lower Q-space
resolution (about 13 A™) than the X-ray data, the same overall features are evident, though
significantly broadened in the electron diffraction data. This is usually a good trade-off for
PDF work, where currently the method of choice for X-ray PDF measurements is the low
resolution but high throughput rapid acquisition PDF (RAPDF) mode (Chupas et al. 2003,
Billinge et al., 2010).
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Figure 4

Comparison of electron diffraction and X-ray diffraction data of CuPcCl. (a) the red curve shows the X-
ray data collected with Mo-Ka, radiation, the blue and green curves show the electron diffraction data
collected using the TEM / nanodiffraction approach (presented in Figure 3c) and STEM / nanodiffraction
mode after azimuthal integration and with the x-axis converted to Q, resp. (b) red, blue and green curves:
the same data as in (a) converted to the reduced structure functions, F(Q). (c) the PDFs obtained from the

F(Q) functions in the (b) pane, following the same color scheme.

When the data in Figure 44a are processed, the curves F(Q) presented in Figure 4b are
produced. Despite being measured for much less time (1 second exposure time per diffraction
pattern, in this data-set 37 patterns were averaged) the electron data have sufficient statistics
in the high-Q region, as shown by the blue and green curves, which shows TEM /
nanodiffraction data. The bottom pale blue curve is another eF(Q) which was obtained using

the STEM / nanodiffraction approach. Again, the positions and relative amplitudes of the
13



features are well reproduced, and in this mode we see that the Q-space resolution of the
measurement is in fact a little higher than for the TEM / nanodiffraction data. Clearly, both
TEM and STEM nanodiffraction produce F(Q) functions that strongly resemble those from
the x-ray data, once the measurement at a much lower Q-space resolution is taken into
account.

Finally, in Figure 44c, the PDFs from the data-sets shown in Figure 4b are plotted. A direct
comparison can be made between the ePDF curves (in blue and green) and the Mo-Ka; XPDF
curve (in red) as they were processed with the same Qmax of 8 A™. The curves have been
scaled to emphasize the overlap in the high-r region. This scaling means the low-r peaks have
different amplitudes between the ePDF and xPDFs. This results from a combination of the
different resolution of the X-ray and electron diffraction data, and may possibly be in part due
to some dynamical scattering effects which tend to sharpen the low-r peaks in the PDF
(Abeykoon et al, 2012). The peaks that are most affected are the sharp intra-molecular atom-
atom peaks that originate from the covalently bonded atoms on rigid subunits of the molecule.
These peaks are mostly affected by the electron beam induced damage inducing covalent
bond cleavage and slight atomic displacement. The information contained in these peaks is
often of less interest in the study of organics. Advanced modelling codes that account for this
low-r sharpening in molecular PDFs are under development and these may be extended to
correct for these aberrations. Of greater interest is the high degree of similarity in the high-r
region from an experiment that is much quicker and often more accessible since powder
diffractometers with Mo sources are rare in laboratories.

This clearly demonstrates the potential of the ePDF method for producing PDFs that are
suitable for a quantitative or semi-quantitative analysis using modelling. The exact level of
accuracy of structural parameters refined from the data remains to be established. Some
parameters should be very robust, such as nanoparticle lattice parameters. Parameters that
depend sensitively on the amplitudes of the PDF peaks, and in particular on the r-dependence
of the amplitudes, are more susceptible to the effects of dynamical scattering, and this needs
to be studied more systematically in the future. However, these results show that ePDFs can
be obtained from organic materials using diffraction data aquisition in TEM or STEM mode,

that are highly similar to those obtained using x-ray methods.
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3.2 Copper-phthalocyanine (p-CuPc, Pigment Blue 15:3)

The results for the B-CuPc compound are shown in Figure 5. The experiments and data
analysis were more difficult in this case because of the beam sensitivity of the sample. The
background-subtracted diffraction pattern taken in the TEM / nanodiffraction mode is shown
as the inset. The powder rings are smooth although a little spotty, indicating that there is some
crystallinity in the sample. Figure 5a shows the data after 1D integration and converting to
F(Q). Again, the eF(Q) (blue curve) and the xF(Q) (red curve) from the laboratory X-rays are
shown for comparison. The main features of the X-ray curve are reproduced in the eF(Q). The
electron data are shown below in blue extended all the way to the maximum Q-range
measured of 7.7 A™: features in the data are clearly evident all the way out, measured with
good statistics. This presents us with the opportunity to obtain a PDF with good real-space

resolution by Fourier transforming over this range.

a) b)
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Figure 5

Comparison of electron and X-ray diffraction data for g-CuPc: (a) red curve:u Mo-Ka,; xF(Q), blue curve:
the F(Q) from electron diffraction data collected in TEM / nanodiffraction mode. The inset shows the
image of the background subtracted electron diffraction pattern before 1D integration. (b) The PDFs
obtained from the F(Q) functions in (a), following the same colour scheme. The ePDF curve has been

scaled to emphasize the agreement in the high-r region.

The resulting PDFs are shown in Figure 5b. The features of the Mo-xPDF are reproduced

in position and relative intensity by the ePDF, though as before we have scaled the ePDF to
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emphasize the good agreement in the high-r region. The ePDF curve drops faster in amplitude
compared to the Mo-xPDF curve due to the lower Q-resolution in the electron diffraction
data. As in the case of CuPcCl, the most significant disagreement between the PDFs is
observed in the low-r region, representing the short interatomic distanced within a molecule.
Figure 6 demonstrates a comparison between the best ePDF, obtained using a Qmax Of
7.7 A from the TEM / nanodiffraction data and the PDF calculated from a model of the
crystal structure determined from single-crystal data (Brown, 1968). The features of the
curves are reproduced well. However, it should be noted that no true “fit” of the data varying
the structural parameters has been done. The PDF was calculated from the model and
parameters that account for scale-factor, Qnax effect and resolution damping were applied to
the calculated PDF to give a better overall agreement. The purpose of this exercise is not to
obtain a quantitative fit to the data, which is not possible at the present time because of
limitations of the fitting program, PDFgui, for fitting molecular solids, but to show that the
ePDF obtained from the electron diffraction data is well reproduced by a PDF calculated from
the known structure of the material. Quantitative fitting of the PDFs from molecular solids
will be the subject of future studies. However, despite the challenges of studying organic

nanometerials using ePDF approaches, these early results show great promise.

15F 1 o
1.0F .

0.5

r(A)

Figure 6

Comparison of the ePDF with a simulated PDF from the known crystal structure: blue dotted line: ePDF
shown in Figure 5b calculated with Qpayx = 7.7 A™; red line: simulated PDF from the structural model of g-
CuPc (Brown, 1968).
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3.3 Quinacridone (y-QA, Pigment Violet 19)

Quinacridone is an example of a purely organic compound that is also beam-sensitive. We
demonstrate that our approach yields ePDFs that are of comparable quality as shown above
for the B-CuPc sample. Averaged and background subtracted electron diffraction patterns of
v-QA were similar to those of B-CuPc — spotty powder rings. Figure 7 shows the eF(Q)
functions from TEM / nanodiffraction data (blue curve in the panel a) plotted together with
the X-ray F(Q) (red profile in Figure 7a) and, apart from the lower resolution of the electron
data there is a good reproducibility. This is also evident when the data are Fourier transformed
to the PDFs (Figure 7b). This example shows that ePDF is possible for purely organic

compounds, too.
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Figure 7

Comparison of electron and X-ray diffraction data for y-QA: (a) red curve: xF(Q), blue curve: the F(Q)
from electron diffraction data collected in TEM / nanodiffraction mode. (b) The PDFs obtained from the
F(Q) functions in (a), following the same colour scheme. The ePDF has been scaled to emphasize the

agreement in the high-r region.
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Figure 8

Comparison of the ePDF with a calculated PDF from the known crystal structure of y-QA: blue dotted
line: ePDF shown in Figure 7b calculated with Qmay = 7.0 A™; red line: PDF calculated from the structural
model of y-QA (Paulus et al., 1989, 2007).

As it was the case for B-CuPc we were able to compare a calculated PDF from the known
crystal structure with the ePDF and this is shown in Figure 8. The structural model was taken
from Paulus et al. (1989, 2007). Again, although the structure model is not being fitted to the
data the features of the two curves are well reproduced giving further proof that the electron
diffraction approach we have taken results in PDFs that will be suitable for modelling, when

the required modelling codes become available.

3.4 Comparison of PDF obtained from different methods for recording the

electron diffraction data

3.4.1 General

The best strategy in order to minimize electron beam induced damage effects to the
structure is to acquire data from fresh unexposed area. This can either be achieved by a
controlled stage shift or beam shift after each exposure. A mechanically controlled stage shift
is more efficient for relatively large steps and therefore can be best used combined with a
large illumination spot in TEM mode. The large beam size covers more particles and therefore
increases the powder average of the diffraction data. SAED (selected area electron diffraction)
using the SA (selected area) aperture limiting the area of interest can be used when a large
beam size is necessary in order to keep proper geometry of the diffraction experiment — the
incident beam stays parallel, and small features of the sample (included in the SA aperture)

can be separated. Using this diffraction geometry one should keep in mind that the area not
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included in the SA aperture but illuminated during the exposure is not used for data
collection. In the nanodiffraction geometry (SA aperture out) all illuminated area is used for
the data collection. Electron diffraction data collected using the stage shift is easy to realise
experimentally and generally should result in better statistically averaged diffraction data.
Beam shift can be used for shorter shift distances. It can be most efficiently combined with
STEM imaging mode. STEM / nanodiffraction combination is a little more sophisticated
experiment and requires a dedicated acquisition module controlling the beam shift. Since it
averages the diffraction data over a smaller area, it has generally poorer statistics as the TEM /
stage shift approach with the large beam size. Nevertheless, since the diffraction data is
collected from known positions within the STEM image, non-uniform samples can be

analysed.

3.4.2 Comparison of different electron diffraction setups for determining the PDFs

Our experiments indicate that it is much easier to get good statistics on the data, both
counting statistics and powder average, using a large beam size realized in TEM /
nanodiffraction mode, than fine scanning in STEM / nanodiffraction. The latter works too, as
shown in the CuPcCl, where high-quality PDFs were obtained in the STEM / nanodiffraction
mode. However, significantly more averaging must be done in the STEM / nanodiffraction
mode in order to get sufficiently well averaged data. This may still be attractive for non-
uniform beam sensitive samples as particular area of the sample can be selected for sampling
in STEM image. Furthermore, homogenous truly amorphous samples are isotropic and do not
require much averaging. For most cases, the TEM / nanodiffraction or SAED mode is
sufficient and more straightforward for obtaining high quality data for ePDFs.

Electron diffraction data for PDF analysis can also be collected using a non-TEM
experimental setup. The idea of a dedicated camera for electron diffraction experiments in
transmission mode was very popular in the middle of the last century (Coltman 1955,
Vainshtein, 1964). Several cameras were built and used for structure analysis of
polycrystalline materials. Unfortunately no commercial version of the electron diffraction
camera appeared, which may change in the near future triggered by the last achievements of
the electron crystallography. Electron diffraction data obtained in reflection geometry
(Zewail, 2006) does not give information about the bulk, but carries the information the
structure features of the near surface region (LEED, RHEED). Principally these kind of data
can also be used for PDF analysis, analogous to grazing angle data collection in X-rays

(Elschner et al., 2011). The PDF analyses using grazing incidence with electrons, also lower
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energy electrons (Farrow et al., 2010) has already been demonstrated for inorganic gold
nanoparticles. Similar investigations should also be possible e.g. for organic nanoparticles or

amorphous or nanocrystalline organic films.
4. Conclusion

Despite the challenges, we have shown that PDFs from nanocrystalline organic and metal-
organic compounds can be determined from electron diffraction that reproduce well xPDFs
from the same materials, and that are suitable for subsequent modelling. In terms of signal-to-
noise, and in overall appearance, the PDFs are comparable in quality to those obtained from
an X-ray setup, though for a fully quantitative analysis more work is required to validate
which refined parameters are reliable and which are determined with less reliability due to
dynamical scattering effects, for example. The data collection must be carried out carefully to
ensure there is not significant beam-damage evident in the diffraction patterns, and also to
ensure sufficient counting statistics and a good powder average. The resulting PDFs are good
for finger-printing the nanocrystalline structure, and we show that they may be fit with the
PDFs from structural models where they are available. Here we note that modelling codes for
fitting the PDFs of molecular materials are under development in our group and will be
available in the future, allowing for a proper validation of ePDF refined parameters.

The high Q-range accessible in principle in the TEM, and the sensitivity to light atoms,
means that ePDF may become a powerful method for nanostructure characterization. The
maximum values of Q obtained here were modest, and future work will also be invested in
protocols for collecting data in TEMs over wider ranges of momentum transfer. Potential
advantages of electron diffraction derived PDFs are that they can be obtained from small
quantities of material, and material in special geometries, such as in the form of a thin film.
Whilst they are not currently straightforward to obtain, this may be remedied in the future
with special attachments to microscopes coupled with dedicated software for data collection
and reduction.

Possible applications of ePDF over XxPDF include:

1. Leveraging the small amount of sample materials required: 1ng to 1pg may be fully
sufficient, which can be of importance especially for difficult to produce pharmaceutical or
biological samples, for instance, nanoparticles produced by electrospraying (Marijnissen et
al., 2010). A sample thickness of 10-100 nm, preferably 30-100 nm, is sufficient.
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2. Thin films with a thickness of about 10nm to 1um (for organics) can be investigated.
Possible applications include organic films for optical or photovoltaic devices, OLEDs or
organic transistors.

3. The electron microscope can be used to record images of the material. The electron
beam can be focussed to small areas (e.g. 10 nm). It is easily possible to select, which section
of the sample should be investigated, which is useful especially for non-homogeneous
samples, e.g. tablets consisting of a nanocrystalline or amorphous active pharmaceutical
ingredient dispersed in an excipient, or a nanocrystalline organic pigment dispersed in a
laquer, coating, polymer, paint or printing ink.

4. The element composition can simultaneously be determined by EELS or EDX
analyses. EELS also allows to determine the hybridization state, e.g. of C atoms.

5. And: Transmission electron microscopes are cheaper and more widely spread than
synchrotron or neutron sources.

This work shows that the investigation of local structures of organic and organo-metallic
compounds is possible by means of PDF analysis from electron diffraction data. We have
shown the application for organic pigments, but the method can also be applied to other
materials like pharmaceuticals, compounds in organic optoelectronics (e.g. OLED and organic
photovoltaics), biological samples, and to thin films of organic and organometallic
compounds. There is a real possibility that, with improvements in modelling software targeted
at molecular materials, and to include corrections for resolution and dynamical scattering
effects in the data that have been identified in this study, PDFs with quantitative reliability
approaching that from X-rays and neutrons will be possible. These developments are

currently under way and will be reported in the future.
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