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ABSTRACT: Atomic pair distribution function (PDF) analysis has been widely used to
investigate nanocrystalline and structurally disordered materials. Experimental PDFs retrieved
from electron diffraction (ePDF) in transmission electron microscopy (TEM) represent an
attractive alternative to traditional PDF obtained from synchrotron X-ray sources, when
employed on minute samples. Nonetheless, the inelastic scattering produced by the large
dynamical effects of electron diffraction may obscure the interpretation of ePDF. In the present
work, precession electron diffraction (PED-TEM) has been employed to obtain the ePDF of
two different sub-monolayer samples —lipoic acid protected (~ 4.5 nm) and hexanethiolated
(~ 4.2 nm, ~ 400-kDa core mass) gold nanoparticles—randomly oriented and measured at both
liquid-nitrogen and room temperatures, with high dynamic-range detection of a CMOS camera.
The electron diffraction data were processed to obtain ePDFs which were subsequently

compared with PDF of different ideal structure-models. The results demonstrate that the PED-



ePDF data is sensitive to different crystalline structures such as monocrystalline (truncated
octahedra) versus multiply-twinned (decahedra, icosahedra) structures of the face-centered
cubic gold lattice. The results indicate that PED reduces the residual from 46% to 29%; in
addition, the combination of PED and low temperature further reduced the residual to 23%,
which is comparable to X-ray PDF analysis. Furthermore, the inclusion of PED resulted in a
better estimation of the coordination number from ePDF. To the best of our knowledge, the
precessed electron-beam technique (PED) has not been previously applied to nanoparticles for

analysis by the ePDF method.

INTRODUCTION

The atomic pair distribution function (PDF) approach has been widely used to investigate
structurally disordered materials, because this method gives more detailed structural
information compared with Bragg-peak based X-ray powder diffraction patterns.! PDF analysis
can provide structural information not only in crystalline materials but also in short- and
medium-range ordered materials; such as amorphous and nanostructured materials. This
method provides insights about the degree of crystallinity, the atomic structure and size of the
core region, atomic local environment, and the degree of the internal disorder.>

Traditionally, PDF is retrieved from X-ray diffraction data obtained on synchrotron
beamlines and fit analyses are performed with several ideal structure-models to determine the
most probable crystalline structure. Typically, a fit agreement factor residual, R, derived by
least-squares approach (see results and discussion section for mathematical interpretation)

defines the quality of the PDF with a value of ~ 0.2-0.3 (~ 20-30%), is considered to be an



acceptable fit agreement for structural analysis of gold and other noble metal nanoparticles,*!°
although higher values are also reported. For example, Kumara et al.!' performed PDF
structural analysis of Au-940(SR)-60 (diameter ~ 3.3-nm; mass, ~ 200 kDa) using synchrotron
X-ray data, reporting a R,, = 44% for the comparison with a truncated octahedron (TOh)
structure-model; whereas it appears, from inspection of the fit residual curve of their other
work on the smaller compound Au-s00(SR)-120 ( ~120 kDa)!2, that the decahedral (Dh) model
is clearly superior.

The fitting process can be refined with strategies such as “cluster-mining”, a method that
uses many structure models instead of a unique model, with highly constrained refinement
parameters to find the best structures for the specific nanoparticles.'?

The structural analysis with X-ray diffraction (XRD) approach performed in synchrotron is
regarded as a very powerful and reliable technique. However, this approach experiences a
limitation that is critical at the nanoscale: the minimum amount of sample required is typically
several milligrams, assuming a beam size ~ 100 um - 1 mm for a reliable measurement. In this
sense, PDF retrieved from electron diffraction measurements using a transmission electron
microscope (TEM) presents an alternative approach to study nanocrystalline or structurally
disordered materials. This approach permits the study of samples using quantities several
orders of magnitude smaller than those required for synchrotron, reducing the amount of
sample roughly from milligrams to the nanogram scale.

Nonetheless, the biggest issues encountered in the conventional electron diffraction
technique are the large dynamical effects caused by the strong interaction of electrons with
matter, and the beam damage that occurs after high electron doses. The electron dose may be

dramatically reduced by using high dynamic-range detectors (CMOS camera), as described



below. However, the dynamical effects or multiple scattering interactions result in spurious
reflections and non-proportional intensities in the electron diffraction patterns, which cannot
be analyzed within the kinematical framework. Some alternative approaches to reduce these
effects have been proposed (Blackman correction, for example);'* however, this issue is still
rather difficult to solve in a simple manner.

A significant reduction of dynamical effects can be achieved using precession electron
diffraction (PED)!°, based on continually changing the beam orientation.!*!7 In PED the
scanning coils deflect the electron beam so as to result in precession around a central point on
the specimen plane. The origin of this technique started from Paul Midgley and Roger Vincent,
who developed the diffraction technique to achieve quasi-kinematical scattering diffraction
patterns to measure the intensities for crystalline structure determination.!” Subsequently,
Gjennes demonstrated that experimental intensities obtained by PED must be corrected for
geometrical factors analogous to the factors corrected for X-ray diffraction.!®

The PED method has been employed not only to study the single crystals but also
polycrystalline structures, e.g. hydroxyapatite nanopowders.!*-?* The integrated intensities of
specific Bragg reflections for smaller metallic or polycrystalline-like nanoparticles are
obtained from the profile of the Debye-Scherrer diffraction pattern.?! The total intensity of the
PED pattern from an ensemble of nanoparticles is an sum of the contribution from each particle,
and will be reflected in the retrieved ePDF. Despite the fact that the ePDF method has been
applied (since 2012) to analyze nanoparticles,?? to the best of our knowledge it has not been

previously applied to data obtained using the precessed electron beam (nanoparticle PED-

PDF).



Note that the ePDF method does not require an expensive aberration-corrected TEM
instrument, and the accessibility to a PED equipped TEM instrument also render these kinds
of experiment easier and at a lower cost for the scientific community. When sample size and
synchrotron beam time are available, X-rays will yield the best possible results for PDF
structural analysis of nanoparticles. But a research project dealing with nano-objects may
require more frequent studies than are convenient at an X-ray synchrotron beamline, in which
case the PED-based PDF represents an invaluable approach to a research project as a whole,
consisting of repeated synthesis, optimization, and characterization steps required to attain the
final optimized nanostructure.

It is important to establish the advantages of the ePDF from the PED method for samples of
different types, because these appeal to distinct audiences. Aqueous colloidal metal
nanoparticles are investigated by a different community interested in biomedical applications,

for example;?-2¢ whereas, non-aqueous metallic nanoparticles are investigated for more

fundamental research purposes.!!:27-28

In this work, PDF analyses are carried out for aqueous
phase lipoic acid (~ 4.5 nm) and non-aqueous phase hexanethiolate (~ 4.2 nm) protected Au
nanoparticles (NPs) using PED; the results of ePDF from PED at room and low temperature
(liquid-nitrogen) are compared. Finally, PDF fit analyses are performed with face-centered
cubic (fcc), and multiple twin boundaries—icosahedron and decahedron—models of the
observed structures in high resolution transmission electron microscopy (HRTEM) images.
EXPERIMENTAL METHODS

Synthesis of nanoparticles. 4.5 nm Au NPs were synthesized using a solution of 2.2 mM

trisodium citrate in 150 mL of ultrapure water (~18 MQ) under vigorous stirring. Then, 0.1 mL

of 2.5 mM tannic acid was added into the solution, followed by addition of 1 mL of 150 mM



potassium carbonate to adjust the pH of the solution (~11). The solution was heated under
vigorous stirring; 1 mL of 28 mM HAuCls was added at once as soon as the temperature of the
solution reached ~ 68-69 °C. The solution changed from transparent to turned dark gray
instantaneously after gold precursor injection, and then to red wine color within 6-7 minutes,
indicating the formation of very small Au NPs; the solution was kept at ~ 68 °C for 15 minutes
to ensure complete reduction of the gold precursor. 1 mM solution of lipoic acid (LA), an
important biological dithiolate, was prepared by adding NaOH (until LA completely dissolved)
in 10 mL pure H2O. Then 500 pL of this LA solution was added into 50 mL of as-synthesized
Au NPs, and gently stirred overnight at room temperature to perform the ligand exchange
reaction. To remove the unbound/unreacted or loosely connected ligands and other byproducts,
nanoparticles were purified using a 10 kDa ultracentrifuge filter (MWCO 10000, Amicon) by
centrifugation (10, 000 »pm, 6 minutes for filtering and 3 minutes for collecting filtered
samples). Gold (III) chloride (99.99%), (trace metal basis) was purchased from Acros organics;
trisodium citrate dihydrate (99%), potassium carbonate reagent (ACS anhydrous, 99%), tannic
acid, and, HPLC grade ultrapure water were purchased from Alfa Aesar. All glassware was
cleaned with aqua regia and rinsed with deionized water and acetone prior to use. Synthesis
and characterization of the hexanethiolated Au NPs of ~ 4.2 nm is available in a separate
article.?8

Electron microscopy. Concentrated solutions of hexanethiolated Au NPs (~ 4.2 nm) or
lipoic acid protected Au NPs (~ 4.5 nm) were drop casted on a commercial grid, LC300-Cu-
100 (lacey carbon-copper grid, mess 300) thin carbon film (thickness ~ 5 nm). The
nanoparticles solution was deposited only on half of the grid, and the uncovered region with

carbon was used to acquire background diffraction patterns. The grid was mounted on a cryo-



TEM holder (Gatan 915) and diffraction patterns were obtained both at room and liquid-
nitrogen (~ 90 K) temperatures.

TEM images and selected area electron diffraction (SAED) patterns were obtained on a
JEOL 2010F microscope operating at 200 kV. Diffraction patterns were acquired in a highly
sensitive 16-megapixel CMOS camera (TVIPS) with a dynamic range (maximum/noise) of
10,000:1 and images were registered at 16-bit to ensure the use of the maximum dynamic range
of the camera (65,536 grayscale). Diffraction patterns are collected using camera lengths of 30
or 50 cm, an SAED aperture of 50 um, and an exposure time of 1 s, the electron dose measured
in the regions of interest was 8 ¢ A2 s”'. We reported another method to analyze electron
diffraction patterns using a methodology that prevents damage in metallic ligand-protected
nanoparticles using higher electron doses combined with fast scanning electron diffraction.?’
In the present manuscript, we measure the electron diffraction patterns, without scanning, from
a set of well distributed nanoparticles in larger field of views (from 250000 to 640000 nm?)
using low electron dose. The experimental set up consists of a precession electron diffraction
unit (manufactured by Nanomegas) attached to the microscope that allows the collection of
electron diffraction patterns under precession mode from 50 tol00 Hz. The distortion
introduced by camera length and precession angle was corrected during the imaging and
mapping by the precession unit.?° The precession angles used for the experiments were § or 25
mrad at 100 Hz. The intensity profiles of the electron diffraction patterns were obtained using
radial diffraction ring profiler (version 1.2), DiffTools V53! plugins in Digital Micrograph
software, and process diffraction software.’*3* The recorded diffraction patterns were
processed by centering each image, and subsequently subtracting the background of the

amorphous carbon film (free of nanoparticles). Both diffraction patterns, background carbon



film and nanoparticles supported by it were acquired under exactly the same illumination
condition for the acquisition of the diffraction patterns. The retrievals of the ePDF data were
tested using three different programs: SUePDF,* eRDF,* and process diffraction software.?*-
34 The fit agreement between experimental and simulated PDF functions is performed using
DiffPy-CMI software.?” The accuracy of the fitting is evaluated by the least-square residual,*

R.; which estimates the error between the theoretical and experimental PDFs.

RESULTS and DISCUSSION

TEM and Electron diffraction. Figure 1 shows the narrow particle size distribution and
the good dispersion of NPs in a carbon grid. Particle size distribution is measured by imageJ,
image analysis software. Before measuring the size of the particles, a median filter is used for
background subtraction. A series of diffraction patterns were collected at room temperature
(RT) with and without precession consecutively, keeping same illumination conditions for both
areas, with Au NPs and carbon film only; later on, liquid nitrogen was added to the cryo-TEM
holder. When the temperature was stabilized at 90 K, a series of images were collected again,

with and without precession.



Figure 1. TEM images of lipoic acid and hexanethiolated Au NPs. (a) Low magnification TEM
image of lipoic acid protected Au NPs. Inset showing particles size distribution profile (right
side), and high-resolution images (left side); average size of the particles (4500 counts) ~
4.4+0.5 nm. (b) TEM image of hexanethiolated Au NPs, average size of the particles ~ 4.2+0.4
nm. (c-d) Corresponding precession electron diffraction (cryo-PED) pattern of lipoic acid and
hexanethiolated Au NPs, respectively; labels refer to indexing of major reflections, i.e. (111),
(200), (220). Figure 1(c) has been acquired on camera length 50 cm, whereas (d) on camera

length 30 cm.

Figure 2 shows the intensity profile after carbon (background) subtraction for the four

conditions analyzed herein. In general, the signal-to-noise ratio improved with the use of
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cryogenic conditions as well as the sharpening of the peaks. The inclusion of precession
resulted in a reduction of spurious peaks in the high-Q region, which are excessive oscillatory
artifacts produced by the dynamical effects. For low-Q scattering signal, it is less critical since

the peaks contain very little information contributing the total local structure.*
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Figure 2. Intensity profile for (a) ~ 4.2 nm Au NPs, and (b) ~ 4.5 nm Au NPs under various
conditions. Here, RT: Room temperature; liquid nitrogen temperature (Cryo), OFF: Precession
OFF, ON: Precession ON. Inset showing intensity profiles in high O region. The plot in terms

of scattering vector, s = 2sinf /A are presented in the Figure S1.

Pair Distribution Function. The pair distribution function (PDF), G(r), represents the
probability of finding two neighboring atoms separated by a distance r.% 3840 Experimentally,
PDFs can be obtained through the Fourier transform of a diffraction pattern. For this, the 1D
intensity profile (Figure 2) is properly normalized into the total structure function, S(Q), and
converted to reduced structure function, F(Q) = Q[S(Q) — 1]. The reduced PDF, G(r), is

obtained as:
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2 Qmax
o) == [ " F@sin(ende n

Qmin
where, Q = 4msin@ /4, is the length of the scattering vector. For mathematical details see the
references 4 and 35.

There are several software packages available to process electron diffraction data to obtain
S(Q) or F(Q) as well as the reduced PDF, G(r), and normalized PDF, g(r). In this present
work, the packages SUePDF and eRDF are being explored to obtain PDF data from electron
diffraction. These programs calculate the proper electron scattering factors in order to
normalize the intensity and also generate a model for the atomic scattering background to be
subtracted from the experimental intensity. In order to have further confirmation about the
quality of the G(r) obtained under low temperature and precession, we used python-based
program suite Diffpy-CMI to compare the obtained experimental G (r) with the ideal G (r) for
Au. The agreement between theoretical and experimental PDFs can be measured by the least-
square residual, R,,, written as,*

2

2

R _ 2:n(Gexperimental,n _Gtheoretical,n)
w 2
2, G

experimental,n
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Figure 3. PDF fit analysis of ~ 4.5 nm Au NPs in comparison with fcc Au in room temperature
(4.5@RT), (a) without precession (R,, = 46%), and (d) with precession (R,, = 29%). In
cryogenic temperature (4.5@Cryo), (b) without precession (R,, = 39%), and (e) with
precession (R,, = 23%). hexanethiolated ~ 4.2 nm Au NPs in comparison with fcc Au at
cryogenic temperature (4.2@Cryo), (c¢) without precession (R,, =43%), and (f) with precession
(R, = 22%). The refined parameters of these PDF fit analysis are provided in table S1 for ~
4.5 and Table S2 for ~ 4.2 nm.

PDF fit Analyses. Figure 3 presents the PDF fit analyses of ~ 4.5 and 4.2 nm Au NPs using
a structure-model of bulk-like fcc Au. R, and other important fitting parameters provided by
Diffpy-CMI are summarized in Table S1 in SI section. From these analyses we have observed
the improvement of G(r), when low temperature and the precession electron diffraction

conditions are used as observed in the Figure 3.
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For the case of lipoic acid protected Au NPs, we obtained a R,, of 46% when diffraction
patterns were collected at room temperature, whereas precession improved this R,, to 29%.

Diffpy-CMI allows variations in the isotropic atomic displacement parameters, commonly
referred to the value of Uiso, permitting the displacement of atoms to optimize the PDF fit.
Depending on the final reported values for Ui, one can assess whether the fit is acceptable or
not. Our Uijs, and other refined parameters (see Tables S1 and S2) are comparable with previous
reports (see references 4 and 5, for example), which is a good indication that our data were not
over fitted and retrieved the actual structural information.

The low temperature condition (without precession) reduced the R, from 46% to 39%,
whereas the minimum residual was obtained when both low temperature and precession were
combined, with a R,, of 23%. In the case of the ~ 4.2 nm Au NPs, we collected electron
diffraction patterns at liquid-nitrogen temperature, due to the fact that the patterns of the lipoic
acid protected NPs exhibited less residual at low temperature. The residual obtained using
precession and low temperature for these hexanethiolated NPs is 22%. This is indeed a good
agreement with the fcc structure reported in a recent published article of the same sample of
400 kDa Au NPs; where the structural analysis was performed by aberration-corrected
scanning transmission electron microscopy (Cs-STEM).*! We believe that the improvement in
the fitting achieved with low temperature comes from the reduction of atomic vibrations,

usually corrected through the Debye-Waller approach.
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Figure 4. PDF fit analysis of cryo-ED results obtained on ~ 4.5 nm Au NPs, with and without
precession, in comparison with different structure-models: Th (a) PED OFF, R,,= 55%, (d) PED
ON, R=36%; TOh (b) PED OFF, R,,=39%, (e) PED ON, R,,=24%, and Dh (c) PED OFF,
Ry = 39%, (f) PED ON, R, = 22%. The refined parameters of these PDF fit analysis are
provided in the tables S1.

For the lipoic acid protected nanoparticles, three different structures were identified in the
HRTEM images: truncated octahedron (TOh), icosahedron (Ih), and decahedron (Dh) as shown
in Figure S2. The structure-models for ~ 4.5 nm (no. of atoms ~ 3000) and ~ 4.2 nm (no. of
atoms ~ 2000) Au NPs have been simulated using atomic simulation environment (ASE) a
Python module for running and analyzing atomistic simulations;>*? and jmol software was
used for visualization purpose. For the truncated octahedron structure-model using Wulff

construction, the surface potentials are used as in Zhang et al.** Figures 4 and 5 show the PDF
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fit analyses using these three different structure-models for lipoic acid and hexanethiolate

protected particles, respectively.
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Figure 5. PDF fit analysis of cryo-ED results obtained on ~ 4.2 nm Au NPs with and without

precession in comparison with different structure-models: Th (a) PED OFF, R,,= 62%, (c) PED
ON, R,=40%; TOh (b) PED OFF, R,,=44%, (e) PED ON, R,,=25%, and Dh (c) PED OFF,
R\w=45%, (f) PED ON, R,,= 25%. The PDF fit refined parameters are provided in Table S2.

When the PDF fit analyses were performed with different structure-models: it was observed

that TOh and Dh model provided the best fit with a R, of 24% and 22%, respectively for the

case of ~ 4.5 nm (Figures 4), and 25% for ~ 4.2 nm Au NPs (Figure 5). However, when

compared with icosahedron model the R, is quite high, 40% for 4.2 and 36% for 4.5 nm Au

NPs. From these analyses we speculate that in our both samples all the NPs are not having
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same morphology, instead there are combination of different structures, e.g. TOh and Dh
dominantly present in the sample as it is observed in the HRTEM images. The refined
parameters of these PDF fit analysis are provided in the tables S1 and S2.

In a recent work Banerjee et al.’ performed X-ray PDF fit analyses for various nanoparticles
and nanoclusters compared with several discrete cluster models. Briefly, they performed fit
analysis of Pd NPs (3.6 nm) with the fcc AC (attenuated crystal) model and achieved R, =
25%; but when it was compared with Dh model then the fit improved by a factor of 2, R, =
12%. On the other hand, when the fit analyses were performed for the case of Au144(SCe)as
cluster (~ 2 nm) with the same fcc AC model, or with an TOh model, their residual is quite
high with R,,= 51%, and it is same TOh model. The residual was improved with an Ih model
to R = 29%. However, when the fit analysis was performed for the case of Auiss(p-MBA)s7,
the residual improved to R,, =14%, by a factor of 2. This improvement makes sense as we know
that the ubiquitous Aui44(SR)s0 (R = benzyl) forms an icosahedron structure; thanks to the
recent X-ray crystal structure determination by Yan ez al.** When it was further compared with
a Dh model, just as they achieved better fit in the case of Pd, it does not seem to be improved
in comparison with fcc AC and TOh model.

In addition, the cluster is different than the colloidal Au NPs, clusters atomically precise
composition (gold and thiol) is achieved.**® In the case of nanoparticles, even though
nowadays highly monodispersed samples have been reported,': 2 the size distribution of
nanoparticles is far beyond the atomic precision, which may derive in higher R,, values when
PDF fit is done. In this context, the fit agreements, R, values obtained herein using the
improved precession electron diffraction are comparable with the reported results obtained

using high energy X-ray sources.*¢
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Coordination Numbers. The Coordination numbers (CNs) for the peaks in the PDF were
also calculated with and without precession under cryogenic conditions for ~ 4.5 nm Au
NPs using process diffraction software.3>** In a coordination shell the number of atoms, N (1),

is related to the PDF as,
T2
N(r) = f Amtperig(r)dr (3)
1
N (r) can be retrieved from the experimental G () as,
T2
N(r) = f [4por? + rG(r)]dr (4)
1

In theory, the first coordination shell of bulk gold consists of 12 neighboring atoms
(excluding the surface effects) at 2.88 A. Our first experimental peak was centered at 2.85 A;
the integral (Eq. 4) corresponding to this peak resulted in a coordination number of 12.1 under
precession, whereas the unprecessed case resulted in 19.6 atoms. Thus, the inclusion of the
precession reduced the error from 63% to 0.8%. Figure 5 shows the trends of the improvements
in the CN experimental estimation at several inter-atomic distances. For the first three inter-
atomic distances (2.88, 4.08, 4.99 angstrom) the experimentally calculated CN from PDF with
precession (PED ON) matches with the ideal gold CN, though with longer inter-atomic
distances (5.77 and 6.45 angstrom) there is a deviation observed from the ideal CN. The
Coordination numbers for spherical particles with size (diameter) ranging from 2-5 nm (249-
3925 atoms) derived from a spherical volume cut directly from an fcc crystal (no faceting was

included) are provided in the Table S3.
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Figure 6. Experimentally calculated coordination number. CN calculated from data set with
precession (red squares) or without precession (blue circles) is compared with theoretical
coordination numbers for an ideal gold crystal (black triangle). Data points belonging to same

inter-atomic distance are encircled in blue color.

PED-PDF. A conventional SAED pattern of nanoparticles acquired in a TEM represents
the equivalent to a powder diffraction in X-rays (Debye—Scherrer patterns). The basic idea is
that the intensities of the crystals are rotationally averaged (Rot-Ave). Expressing this

mathematically, the powder diffraction intensities should represent:

T 2T

[Rot=Ave(g) = dod¢ 1(g,8,$) )
/]

Nevertheless, the SAED patterns of nanoparticles are not acquired by rotating a single
nanocrystal. Instead, the pattern is built by the incoherent addition of single-particle patterns

for an ensemble of randomly oriented particles (index 7). In this way, we acquire a ring pattern
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(I1EP(g)) by superposition of number of spot patterns (7,(g)). The spot pattern for each
nanoparticle includes peak broadening due to size effects and also with peak intensities that do
not follow the kinematical approximation due to multiple scattering (usually described as

dynamical effects). Then, an experimental SAED ring pattern represents:
IS4ED(g) = Z I,(9) (6)
n

The intensities of the spot pattern of each particle I,,(g) show dynamical effects, which can
be significant for particles in Bragg condition; the result is a Debye—Scherrer pattern, where
the intensities cannot be accounted for assuming kinematical diffraction. The occurrence of
strong dynamical effects in electron Debye—Scherrer patterns for nanoparticles has already
been demonstrated using the full-dynamical theory.?! Our current study calculated the SAED
intensities of Au NPs (fcc, icosahedral and decahedral) adding the patterns of nanoparticles in
different orientations, in quite a similar procedure of how experimental patterns are obtained.

Accounting for multiple scattering and implementing a numerical procedure to correct
dynamical intensities and derive kinematical ones is a very complex problem. Some simple
approaches have been proposed (Blackman correction, for example); however, the
applicability of this method is limited. In fact, the most advanced TEM approaches rely on
comparing experimental data to time consuming dynamical simulations.

When we derive a SAED pattern using PED, we again get the incoherent superposition of

single nanoparticle PED spot patterns:

[SAED+PED (g} — Z IFED (@) (7)

Using PED, electron diffraction spot patterns will present “quasi-kinematical” intensities
as mentioned by Midgley and coworkers.*’ This rather ill-defined description means that PED
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diffraction is not a method to invert dynamical effects and get kinematical diffraction
intensities. PED diffraction intensities are something particular (neither kinematical nor
dynamical), display a tendency to increase monotonically over thickness range; and if we
compare the intensities among different peaks, the relative variations stay more or less
constant. In other term, “strong reflections remain strong, weak reflections remain weak; this
fact allows the comparison of individual intensity in structural refinement methods, what has
successfully contributed to a strong development of electron crystallography and determination
of atomic structure.

In our present work, we have demonstrated that applying PED, we obtain “quasi
kinematical” SAED electron diffraction patterns from nanoparticles that allow a much better

PDF acquisition, as is evident by the significant reduction of residual factors.

CONCLUSION

Combination of precession electron diffraction and low temperatures reduces the least-
square residual R,, with respect to electron diffraction patterns collected without precession
at room temperature. The improvement of the electron diffraction patterns using PED is
about 17%, and an additional 7% of the reduction is achieved at low temperatures. The
superior fitting of the experimental data and structure-models are also confirmed by a
better estimation of the coordination number from ePDF PED data under cryogenic
conditions. Acquisition of the electron diffraction patterns using electron low dose
prevents damage in the ligand-protected Au NPs and gives reproducible and consistent
values.

Finally, we conclude that the cryogenic and PED measurements are an essential tool

that could be used as a complementary technique to the conventional X-ray PDF methods,
20



especially for nanocrystals, and opens up a new door to study the structure of other types
of nanostructured materials using a transmission electron microscope rather than the
synchrotron X-ray sources.
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