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Introduction

Mapping short-range order at the nanoscale in
metal—organic framework and inorganic glass
compositesy

Joonatan E. M. Laulainen, (2 *® Duncan N. Johnstone,® lvan Bogachev,?
Louis Longley,® Courtney Calahoo,? Lothar Wondraczek, (2 ° David A. Keen, (2 ¢
Thomas D. Bennett, (2@ Sean M. Collins & **@ and Paul A. Midgley*?

Characterization of nanoscale changes in the atomic structure of amorphous materials is a profound
challenge. Established X-ray and neutron total scattering methods typically provide sufficient signal
quality only over macroscopic volumes. Pair distribution function analysis using electron scattering (ePDF)
in the scanning transmission electron microscope (STEM) has emerged as a method of probing nanovo-
lumes of these materials, but inorganic glasses as well as metal-organic frameworks (MOFs) and many
other materials containing organic components are characteristically prone to irreversible changes after
limited electron beam exposures. This beam sensitivity requires ‘low-dose’ data acquisition to probe in-
organic glasses, amorphous and glassy MOFs, and MOF composites. Here, we use STEM-ePDF applied at
low electron fluences (10 e~ A=) combined with unsupervised machine learning methods to map
changes in the short-range order with ca. 5 nm spatial resolution in a composite material consisting of a
zeolitic imidazolate framework glass agZIF-62 and a 0.67([Na,Olg o[P,Os1)-0.33(IAlO3,] [AlF 3], 5) inorganic
glass. STEM-ePDF enables separation of MOF and inorganic glass domains from atomic structure differ-
ences alone, showing abrupt changes in atomic structure at interfaces with interatomic correlation dis-
tances seen in X-ray PDF preserved at the nanoscale. These findings underline that the average bulk
amorphous structure is retained at the nanoscale in the growing family of MOF glasses and composites, a
previously untested assumption in PDF analyses crucial for future non-crystalline nanostructure
engineering.

amorphous composites.>® Despite the lack of long-range struc-
ture, the properties and functionality of these non-crystalline

Non-crystalline nanomaterials are a complex and increasingly
significant group of modern materials’ with unique mechani-
cal, catalytic, electrical, and magnetic properties.>* These
materials consist of systems of non-crystalline nano-domains
without long-range structural order, and complex functional
and mechanical properties arise particularly from hetero-
geneous structural domains in multi-component amorphous-
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composites are directly related to their molecular structure,
the pertinent nanoscale phases, and the emergent interfaces.
Diffraction techniques commonly used to characterize crystal-
line nanomaterials are not applicable due to the absence of
long-range periodicity in these materials, often termed the
“Nanostructure Problem”.” Total scattering methods such as
pair distribution function (PDF) analysis provide a key route to
solving this problem.® However, traditional implementations
of these methods yield limited information when applied to
heterogenous systems of non-crystalline nanovolumes, as it is
exceedingly difficult to unmix the component PDFs of a multi-
component, heterogeneous mixture. While recent work has
suggested this unmixing is possible when a series of compo-
sitions is available,” local, spatially resolved measurements
from constituent single phase domains provide another, more
general solution to this signal separation and unmixing
problem.

Amorphous composites with microscopic to nanoscale vari-
ation encompass bulk metallic glasses,'®'! ceramic compo-
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sites such as those prepared by sintering,">* phase separation
processes in silicate glasses,'>'® nanoscale dispersions,’” and
polymers and polymer blends.'® The recent development of
metal-organic framework (MOF) glasses,'®*° a novel category
of glasses, has motivated investigation of the blending,** flux
melting® and crystal-glass composite formation® within the
MOF glass family. Blending and composite-formation of MOF
glasses have been identified as routes to solve the immense
challenge of producing bulk MOF glasses with reproducible,
controlled properties in volumes beyond a few mm?, typically
limited by the interplay of melting and thermal decompo-
sition. These multi-component materials have demonstrated
intermediate mechanical properties,>* improved gas uptake,>
and enhanced chemical stability®® linked to the close inter-
facial contact between components. Characterizing the struc-
tural ordering across component phases is therefore central to
their emerging functional properties.

MOFs, which consist of metal ion or cluster nodes con-
nected by organic linkers in extended three-dimensional net-
works, have seen widespread development in crystalline form,
driven by potential applications emerging from their excep-
tional designable microporosity, such as for gas storage,”” gas
separation,®® catalysis,> drug delivery®® and water harvest-
ing.*" This microporosity can be designed through chemical
and structural variation.*” Engineering defects and disorder
has introduced further tuning, such as improving accessible
surface area in Fe-BTC** or by creating coordinatively unsatu-
rated metal sites for catalysis or guest binding in separation
processes.”> Amorphous and glassy MOFs represent a further
extension to long range disorder while preserving the connec-
tivity and local coordination chemistry characteristic of MOFs.
Classically, X-ray and neutron PDF has played an integral part
in characterizing both amorphous MOFs as well as varying
degrees of disorder in MOF crystals.>**>73”

The introduction of multi-component MOF glass-derived
composite structures, however, poses a significant challenge to
unambiguous structural characterization due to PDF signals
containing unresolved and overlapping features from the con-
stituent phases. Moreover, important questions on the length
scale of interface structures remain unresolved when no
single-phase measurements can be obtained. Here, electron
PDF in the scanning transmission electron microscope (STEM-
ePDF) unveils the short-range order (SRO) features of the con-
stituent phases within particles of an inorganic glass/MOF
glass composite, a hybrid amorphous composite. The spatial
resolution in scanning TEM data addresses key unknowns
about the abruptness of interfaces between distinct amor-
phous domains. This is in improvement to typical bulk PDF
measurements, where only some progress has been made in
extracting interface correlations from data.®3%!

As a non-periodic total scattering tool, the PDF is a versatile
method of analyzing disordered materials.*> It is directly
extracted from scattering data®® and encodes the statistical dis-
tribution of interatomic distances in the material. X-ray and
neutron PDF techniques have been used extensively, but only
reach spatial resolutions of approximately 1 pum.** More
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recently, there has been a push to extract PDFs from electron
diffraction data,*>*® to take advantage of the strong scattering
of electrons and the improved spatial resolution. However,
ePDF has typically been implemented in a parallel broad-beam
configuration in transmission electron microscopy (TEM) to
maximize scattering angle resolution but with concomitant
loss in spatial resolution, often constrained in resolution to
hundreds of nanometers or more. For MOF glasses, STEM
spectroscopies including electron energy loss spectroscopy
(EELS)*® and X-ray energy dispersive spectroscopy (EDS)*” have
been used to offer nanometer spatial resolution, however these
methods rely on chemical variations or specific spectroscopic
signatures. By providing a structural imprint, the PDF is also
sensitive to non-compositional variation in the material.

‘Four-dimensional’ STEM (4D-STEM) methods, where a
two-dimensional (2D) diffraction pattern is acquired at each
probe position in a 2D scan of the sample, has seen rapid
development with the rise of high speed detectors and
increased computational power for analyzing crystallographic
information from nanomaterials.*®*® Scanning electron diffr-
action (SED), a 4D-STEM configuration where a relatively paral-
lel beam (<1 mrad) is used offers a balance between diffrac-
tion-space and real-space resolution. SED has been used to
analyze a variety of organic structures using very low doses,
such as crystalline MOFs,>**° protein structures,®® and organic
semiconductors.>> SED has also been combined with ePDF
analysis to provide structural data from amorphous-crystalline
composites®™ amorphous organic semiconductors®® and
metallic glasses® with a few to 10 nm spatial resolution.
However, such studies have so far been unable to work at both
low dose (<50 e~ A™%) and high (<10 nm) spatial resolution.
Recent advances in high-efficiency direct electron detectors
with near zero noise®® have set the stage for work at doses
required for MOFs (<20 e~ A~ (ref. 57)), enabling further appli-
cation in inorganic and MOF glasses.

Here, we apply STEM-ePDF with a dose of 10 e~ A~ and a
spatial resolution of 5 nm by using a direct electron counting
detector and unsupervised machine learning methods to map
domains of amorphous structure in composite material con-
sisting of a zeolitic imidazolate framework glass a,ZIF-62, and
a 0.67([NaO]o o[P205])-0.33([AlO3/5][AlF;]; 5) inorganic glass.
The combination of the two components was chosen so that
both materials are compatible in terms of their thermal and
chemical properties.>* We previously screened a range of MOF-
inorganic glass combinations, taking melting temperature and
liquid fragility as the primary selection parameters. The
chosen combination was the simplest, while still providing
mechanical stability and preventing undesired redox inter-
actions at high temperature. The combination is expected to
enhance mechanical stability without compromising ionic
mobility. However, such analysis is not within the scope of
this paper. The ZIF-62 consists of Zn>* ions connected by imi-
dazolate (Im, C3H3N,") and benzimidazolate (bIm, C;HsN,")
linkers in a 1:1.75:0.25 ratio [Zn(Im), ;5(bIm), »5] with a cag
topology in crystalline form. The notation ag is used to denote
the amorphous ZIF-62 phase prepared as a glass in keeping
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with prior notation. STEM-ePDF analyses provide crucial
insight into the length scales for structural changes at the
interface and for evaluating whether the average bulk structure
is retained homogeneously at the nanoscale, both significant
characteristics for manipulating the amorphous atomic struc-
ture underpinning domain microstructures in these MOF/in-
organic glass composites as well as further developments in
glass composite materials.

Results and discussion

Fig. 1 presents an illustration of the key steps in acquiring and
transforming SED data for STEM-ePDF. These steps can be
applied to a single pixel as shown or to an area of pixels in the
STEM scan taken as a sum. First, the 2D diffraction pattern is
integrated azimuthally to form a diffraction profile I(s), where

(a)

(b) Sx (c)| —>s 1(s)
sly—> \
. 'jd()»
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\,\"“’“Vr'“"/\"\'kv “ ——> R
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Fig. 1 Schematic demonstration of the STEM-ePDF method. (a) A sche-
matic illustration of scanning diffraction. A diffraction pattern is acquired
at each pixel in the image, depicted in (b). This diffraction pattern is then
integrated azimuthally around 6 in the detector plane. (c) The azimuthal
integral is fitted to a physically appropriate scattering profile.>® (d) The
reduced intensity is acquired by a subtraction of a fitted profile and a
subsequent division by a related function (e).
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s is the scattering vector magnitude, taken as s = 2 sin /4 for
scattering semi-angle # and de Broglie wavelength for the elec-
tron beam A. We adopt the notation commonly used for elec-
tron scattering, where s is the scattering vector, compared to
Q, with s = Q/2r. I(s) must be normalized to an appropriate
atomic scattering factor to obtain the s-multiplied reduced
intensity ¢(s), defined as:

- N<fi(s)2>i

N7 @)

o(s) =s

where f(s) is the average single atomic scattering factor of the
constituent element i, {...); denotes the sum over f;(s) or fi(s)>
weighted by the atomic fraction of element 7, and N is a fitted
scattering parameter related to the number of scattering
atoms.”® N{f;(s)?); represents the sample’s “structureless” or
mean scattering factor. The detector dark noise was fitted and
removed at this stage. The reduced PDF G(r) is subsequently
obtained by a sine Fourier transform of ¢(s):

00

@(s) sinf(2nsr)ds (2)

G(r) = STEJ

The reduced PDF G(r) is useful as it can be extracted directly
from diffraction data without additional specifying the sample
density p, and is related to the classical PDF g(r)** by:

G(r) = 4nr[g(r) — po (3)

In practice, multiple and inelastic scattering contributions
result in an experimental scattering distribution that is fitted
poorly by N{fi(s)*); at low and high angles simultaneously’**°
(see Experimental section). To minimize the resulting error in
the PDF, N{f(s)?); is fitted at high s as discussed in previous
works.**®1%* However, there is still a low frequency artifact
present, particularly at low s.°® This artifact is parasitic as it is
thickness-rather than sample-dependent and so does not
reflect the true probability distribution of atomic pair-wise cor-
relations that the PDF measures. The artifact is observable as
¢(s) not oscillating about zero. To remedy this, a subsequent
polynomial correction detailed by Mu et al.>> was applied to
¢(s). While the subsequent ¢(s) oscillates about zero, it
becomes very noisy at high s due to weak scattering combined
with fast acquisition times needed to acquire data at low elec-
tron dose in a 4D-STEM configuration. Hence, the data at high
s is additionally damped to reduce the impact of termination
ripples, resulting in an effective sy of 2.5 A™". Subsequently,
the central direct beam at zero scattering angle was removed
from the data in post-processing, with ¢(s) extrapolated from
the resultant sy, of 0.18 A" to zero.®® The data acquisition
and damping process is described in greater detail in the ESL.{
The s resolution (As) of the recorded data, which is limited by
the finite convergence angle of the STEM probe and to a lesser
extent the detector (pixel) resolution, also imposes a damping
envelope function in the final PDF. Balancing As and Spayx is
vital for high quality ePDF data, as they control the extent of
the PDF in 7 and the resolution Ar respectively.®!

This journal is © The Royal Society of Chemistry 2022
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An SED dataset was acquired on fragments of a composite
comprised of a,ZIF-62 and an inorganic 0.67([Na,OJo o[P,O5])~
0.33([AlO;,,][AlF;]; 5) glass using a JEOL ARM300F operated at
200 kv with a probe size well-approximated by its diffraction
limited probe diameter of ca. 5 nm and a convergence semi-
angle of ca. 0.6 mrad. The data were recorded on a quad-chip
Medipix3 direct electron detector with 512 x 512 pixels at a
dose of ca. 10 e~ A™2. After two STEM-ePDF scans, a correlated
EDS map was acquired to independently determine the phase
distribution. For sufficient counts to be recorded in EDS, the
current at the sample was significantly increased accompanied
by beam damage but with minimal long-distance displace-
ments of the metal centers that would cause mixing of the two
constituent phases in the EDS signal, as shown in previous
SED-EDS data on crystalline MOFs.>®> The data were sub-
sequently analyzed with the open-source python library

Pyxem.®®

Electron and X-ray PDF comparison

We first calculated area-averaged STEM-ePDFs through
summing multiple diffraction patterns from each separate
phase. These ePDFs were scaled and compared to PDFs
acquired through X-ray total scattering® on separate samples
made from the same batch of the inorganic glass and
a,ZIF-62, shown in Fig. 2. For both phases, the reduced inten-
sities show agreement in peak positions, though relative inten-

¢(s)

é(s)

.5 2.0 2.5

1.0 1
s (A-1)
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sities exhibit some variation, particularly in the inorganic
glass. Some variation in intensity is expected, as the electron
and X-ray scattering factors differ (ESI Fig. 1-4t), meaning the
two signals encode structural information slightly differently,
and Spyax changed between the two acquisitions. For the in-
organic glass, the peak positions at 0.3, 0.7, 0.8, 1.3, and
1.5 A™" are all accurately reproduced, although the relative
intensities of the peaks at 0.7 and 0.8 A" are reversed with
respect to each other (Fig. 2a). The PDF likewise accurately
reproduces the primary features, with peaks at 2.6, 4.9, and
6.4 A present in both the ePDF and xPDF (Fig. 2c). The peaks
around 3.5 A appear broadened in the ePDF relative to the
X-ray PDF. For a,ZIF-62, the peak positions in the reduced
intensity at 0.6, 0.8, and 1.0 A™" and beyond appear in both
electron and X-ray scattering profiles (Fig. 2b). However, the
intensities of the low s peaks (<0.8 A™") are significantly
reduced in the electron data. Peaks in the PDF of a,ZIF-62
(Fig. 2d) can be assigned to N1-Zn (~2 A), C-Zn (N-C-N)
(~3 A), N2-Zn (~4 A) and Zn-Zn (~6 A) (N1 and N2 are refer-
enced to a selected Zn atom, with N1 directly coordinated to
this Zn and N2 referring to the next nearest N atom to the
same Zn),>* with possible additional contributions of N-N dis-
tances in particular for 2-3 A features.®® The remaining peaks
are also in the correct positions, although the intensity around
6 A is reduced in the electron data. A further peak is also
present around 5 A in the ePDF data, which has been seen in

r(A)

Fig. 2 Comparison of reduced intensities ¢(s) and reduced PDFs G(r) from X-ray and electron scattering for (a) and (c) the 0.67([Na,Olo o[P>Os])—
0.33([AlOs3/,][AlF3]y 5) inorganic glass and (b) and (d) agZIF-62. The electron-derived ¢(s) and G(r) are acquired by summing over pixels in a region of
known composition. The agZIF-62 ¢(s) and Gl(r) have both been rescaled due to thickness variation (see ESIT). The grey horizontal line marks zero,
around which both the structure factor and the reduced PDF oscillate in all plots, with the structure factor going to zero at high s. The peaks for Zn-

Zn and N-Zn have been labelled in (d).

This journal is © The Royal Society of Chemistry 2022
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other XPDF work.®” We attribute the notable intensity differ-
ences around 5 and 6 A are a result of the relative differences
in X-ray and electron scattering, with relatively stronger scatter-
ing of the associated Zn-H peaks around 5 A (ref. 66) and rela-
tively weaker Zn-Zn scattering around 6 A expected in the elec-
tron PDF. Electron and X-ray PDF intensities diverged notably
around 5-6 A for a ZIF-62 crystal (ESI Fig. 5f). The feature
changed very slowly with damping factor and s, (ESI Fig. 6
and 77). Differences in PDFs due to different partial scattering
factors are well known between X-ray and neutron PDFs,*"°®
but less studied between X-ray and electron PDF. This differ-
ence in scattering could be further exploited to characterize
the structure further, subject to reduced inelastic and multiple
scattering contributions, particularly as the largest differences
in scattering among the elements in the sample are seen for
features including hydrogen (ESI Fig. 27).

Overall, the greatest discrepancies are clearly seen at low s
in the reduced intensity ¢(s) (Fig. 2b). This is to be expected,
as the scattering profiles are fitted to minimize error at high s
with its associated higher real-space frequency structural infor-
mation. One of the effects of this data processing is to over-
shoot the scattering profile at low s, leading to a stronger
damping of the signal there. In addition, some information is
lost as a result of removing the direct beam from the electron
data, which is larger than in X-ray scattering due to the finite
convergence angle and low-angle scattering. The inelastic and
multiple scattering that are responsible for the deviation of the
average scattering from that calculated by the single atomic
scattering factors are largely unavoidable, especially for typical
sample thicknesses in the types of composite materials exam-
ined here. More quantifiable PDFs will be acquirable on
thinner samples with consistent thickness, but micro- and
nanoparticle samples often exhibit variable thickness, and it is
possible for very thin specimen PDFs to differ from the bulk
due to incomplete orientational averaging.®* Further develop-
ments in energy filtered SED may offer further reductions in
inelastic contributions, improving quantitative comparison
with X-ray PDFs. Because significant multiple and inelastic
scattering contributions preclude quantification of intensities
in the PDFs, we did not fit the acquired ePDFs. However, the
general correspondence between X-ray PDFs and STEM-ePDFs
demonstrates that identifiable ePDFs can be obtained in total
electron scattering. Significantly, the consistency of the bulk
X-ray PDF description with nanometer-resolved STEM-ePDF
demonstrates a high degree of homogeneity in a,ZIF-62, which
was previously assumed but unverified from ensemble
measurements. These results are particularly important for
understanding a,ZIF-62 and its composite formation pro-
cesses; verification of a consistent bulk and nanoscale struc-
ture in composites is typically defined by diffraction in crystal-
line materials but has not been readily possible in amorphous
analogues for MOF glass materials.

Spatially resolved ePDF

The area-averaged ePDFs, despite containing structural infor-
mation, are limited to the spatial resolution of the area used

16528 | Nanoscale, 2022, 14,16524-16535
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for averaging, in this case ~200 nm (Fig. 3a). Still, the ability to
construct area-averaged PDFs from user-defined areas post-
acquisition is a key benefit of the STEM-ePDF implementation
over single-shot TEM-based ePDF. Diffraction patterns from
individual probe positions in the STEM scan, in turn, have a
low signal-to-noise ratio, such that single PDFs are too noisy to
interpret directly. To overcome this problem, we performed a
linear matrix decomposition using Principal Component
Analysis (PCA)**7° to extract signals with high variance, fol-
lowed by an independent component analysis (ICA) blind
source separation on the extracted PCA components to convert
them into independent additive signals, rather than sums and
differences recovered by PCA. The matrix decomposition was
performed on the PDFs as they are less susceptible to thick-
ness-variation than the reduced intensities. PCA, ICA, and
related unsupervised machine learning matrix factorization
approaches have shown success in unmixing signals in ePDF
of bulk metallic glasses,”* though at much higher electron
doses than used in the present study, as well as in X-ray PDFs
of mixture-series with known endmembers.”? Overall, PCA and
ICA reduce subjective bias in data analysis, and can be rapidly
applied to large data sets, but can occasionally result in incom-
plete unmixing and therefore do not guarantee the recovery of
physical signals.”®”> PCA was applied to a 3D data cube con-
taining the PDFs at each pixel in the scanned area (with pixels
rebinned 2 x 2 from originally acquired data to improve signal
near Smay), revealing two orthogonal structural signal com-
ponents above the noise floor in the data cube (ESI Fig. 87).
Subsequently, ICA was applied directly to the ePDF data cube
for blind source separation of the two components with the
largest contribution to the variance to extract statistically inde-
pendent low-noise ICA-ePDFs, shown in Fig. 3e and f.
Additional details of the PCA and ICA are in the ESIL.{ The ICA-
ePDFs were calculated using an average composition of the
constituent phases. Use of the average composition did not
change peak positions (ESI Fig. 9t). The signals show clear
similarity with the area-averaged ePDFs, with identical peak
positions reproduced in the ICA-ePDF as in the area averaged
data. ICA recovers both ePDF profiles as well as a corres-
ponding map of the linear weights of each component. These
spatial distributions recovered by ICA applied to the STEM-
ePDF data were further corroborated by comparison with corre-
lated elemental mapping by EDS, showing consistent phase
speciation of the atomic structure and the corresponding com-
positional differences for the a,ZIF-62 and the 0.67
([Nay0]o.o[P205])-0.33([AlO3/,][AlF;], 5) glass. In the ePDFs
from ICA, minor variations in peak height are seen around
2-4 A, likely due to slightly imperfect unmixing of the two
signals in this region of high signal overlap, which might be
due to the presence of the carbon film (ESI Fig. 10}). ICA
assumes linear summation of the separated signals, which is
known to be approximate but not entirely precise for PDF ana-
lysis.®* In addition, multiple scattering leads to thickness-
dependent behavior in the ePDF,*° discussed further below.
Nevertheless, the maps of the two signals show agreement
with the acquired EDS data as shown in Fig. 3b, yielding a

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 (a) Avirtual annular dark field STEM image, constructed from the SED dataset by summing the pixels with 1.5 A=t < s < 2.5 A% for each real-
space pixel. The red and blue rectangles mark the regions used for area-averaged reduced ePDFs in Fig. 2 for the 0.67([Na,Olgo[P>O5])-0.33
([AlOs3,,][AlF3]y 5) inorganic glass (red) and agZIF-62 (blue). (b) EDS map of Al (red) and Zn (blue) from the dataset, taken after the STEM-ePDF data.
Scale bar 250 nm. An NMF-PCA algorithm was applied for denoising the EDS spectrum.®> (c) and (d) ICA loading maps for (c) the 0.67
(INa20Olo.5[P>051)-0.33(IAlO3/,1[AlF3]; 5) inorganic glass and (d) agZIF-62. Scale bars 250 nm. (e) and (f) ICA component profiles and area corres-
ponding area-averaged reduced ePDFs for (e) the inorganic glass and (f) agZIF-62.

structural map from STEM-ePDF with a 5.5 nm pixel size
(Fig. 3c and d).

Multiple and inelastic scattering in ePDF produce a back-
ground scattering profile that does not match the expected
scattering factor, leading to a variation of the PDF with sample
thickness. In amorphous samples, the primary effect of this is
to “broaden” reciprocal space peaks leading to PDFs with
unchanged peak positions but decreased intensities®® This
makes the PDF quite robust to analysis in regimes with thick-
ness changes, as peak positions are typically the primary
analytical signal of interest. However, differing peak height
with thickness as a function of r results in an ePDF that
changes slightly with thickness. Most notably, such variations
will not condense to a single factor in ICA due to non-linearity
with thickness, visible as decrease in component weighting in
the experimental decomposition maps in the thickest regions
of the particles (Fig. 3c and d). Unfortunately, while methods
to single-scattering elastic PDFs have been
researched,”’* they require either accurate estimates of
sample thickness, unavailable here due to the annular dark
field (ADF) detector setup overlapping with the Medipix
camera in the signal range used for PDF analysis, or negligible
inelastic scattering, which is not true here due to the thick-
ness. However, it is encouraging that even the significant
thickness variation in the particulate sample examined here

recover

This journal is © The Royal Society of Chemistry 2022

does not prevent ICA from suitably unmixing phases with
interpretable ePDF profiles. A detailed assessment of the vari-
ation in the STEM-ePDFs with thickness is included in ESI
Fig. 11.

The dose used in this study (ca. 10 e~ A7) is of a similar
magnitude as observed critical doses in crystalline ZIF struc-
tures.”> Complete loss of long-range order, ie., loss of Bragg
diffraction and resultant structural collapse are typically
recorded first (<100 e~ A=2). With increasing dose radiolysis is
expected to occur in the ZIFs,”®”” accompanied by electron
beam-induced mass loss, primarily in the inorganic glass.”® To
gauge the loss of structural signal, the same area in Fig. 3 was
scanned a second time. Fig. 4 presents area-averaged ePDFs
from the first and second STEM scans, showing minimal
changes with a total accumulated dose of ca. 20 e~ A=2 Almost
all the observed peaks were unchanged, with extremely subtle
differences observed around 5 A in the a,ZIF-62 and 6.5 Ain
the inorganic glass. This suggests the measurements were
done before significant damage was caused to the sample
structure, considering the correlation with the X-ray PDF in
Fig. 2. This stability under the beam is consistent with sub-
stantial bond-breaking occurring only at much higher doses.
Direct comparisons between critical doses from Bragg diffrac-
tion and ePDF may not be possible, but ePDF presents a
further tool for assessing damage as a function of dose in
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Fig. 4 Area-averaged STEM-ePDF profiles for two scans of the same
area for (a) the 0.67([NayOlg o[P205])—0.33([AlO3/,l[AlF3]15) inorganic
glass and (b) agZIF-62. The grey horizontal lines mark zero on the verti-
cal axes.

amorphous MOFs. The capability for recording multiple
sequential scans without detectable changes also holds
promise for time-resolved studies of SRO in beam sensitive
organic samples using scanning ePDF analysis.

In order to demonstrate versatility and repeatability of the
STEM-ePDF approach to the analysis of the MOF and inorganic
glass composite, we show a second example of the same
material in Fig. 5. For this experiment, the detector was
limited to only a single 256 x 256 Medipix3 detector. As the
scattered data is convolved with the probe function with a
non-zero convergence angle, a compromise in the camera
length was chosen that increased As and decreased Syax in
comparison to the 512 x 512 dataset. Nonetheless, the
acquired ePDFs show clear structural correlation to the ones
observed in Fig. 2, although with slightly broader peaks. Once
again, peak positions are faithfully reproduced, and the ICA
loading maps agree with correlated EDS data. The factors are
given in ESI Fig. 12.1 Furthermore, a small inclusion of the
ZIF-62 in the inorganic glass was observed in both the EDS
and the ICA decomposition, noted in Fig. 5e and f. While
overlap of two particles cannot be excluded, the two-phase
structure appears most likely to be the result of interfacial
contact between the a,ZIF-62 and the inorganic glass, as
expected from the bulk composite structure of a closely related
set of ZIF-62 inorganic glass composite samples.** The ICA
decomposition of the ePDF signals showed presence of both
components, showing that through-thickness variation is
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Fig. 5 STEM-ePDF analysis of a second example of the a4ZIF-62 and
0.67(INayOlp 9[P205])-0.33([AlO3,,][AlF3]; 5) inorganic glass composite
material. (@) and (b)Comparisons of area-averaged reduced ePDF
profiles obtained using a 512 x 512 pixel detector, for particles shown in
Fig. 2-4 and using a 256 x 256 pixel detector, for particles shown in
(c)=(d), for (a) the inorganic glass and (b) a4ZIF-62. (c) EDS map of Al
(red) and Zn (blue) from the dataset, taken after the STEM-ePDF data. An
NMF-PCA algorithm was applied for denoising the EDS spectra.®® (d)
The ICA maps corresponding to reduced ePDF components for the in-
organic glass (red) and ag4ZIF-62 (blue). (e) and (f) contrast-adjusted
images of the small inclusion of agZIF-62 on the lower particle for (e)
EDS and (f) ePDF analyses.

encoded in the scattered signal. The ePDFs depicted in Fig. 5
illustrates that STEM-ePDF can offer spatial mapping capabili-
ties with materials-specific signatures in the form of interpret-
able, though lower quality, PDFs even for sub-optimal
(reduced spax) acquisition conditions.

The presence of two phases with a through-thickness
overlap invites further investigation of interface characteristics.
The presence of an interfacial component in the signal was
investigated (ESI Fig. 121) but no significant structural vari-
ation was observed in area-averaged scans or in ICA,
suggesting that changes in the SRO are abrupt to within a

This journal is © The Royal Society of Chemistry 2022
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pixel size of ~6 nm. This observation is consistent with the
expected viscosity and limited mixing of the two phases.”*
Interfacial structures are fundamental to the porosity of MOF
composite materials as well as their mechanical adhesion and
properties.®® However, they have remained a challenge to
probe using bulk methods such as X-ray PDF due to them
making up only a small fraction of the total probed volume.”
By constraining the interface abruptness with STEM-ePDF and
confirming the retention of the atomic structure of the two
parent phases in the vicinity of composite interfaces, these
findings provide strong, direct evidence that bulk atomic struc-
tures in amorphous MOF composites are suitable structural
models to within 5-10 nm of the interface.

The low-dose high-resolution acquisition configuration
demonstrated here likewise establishes a route to wider appli-
cation of STEM-ePDF to beam sensitive organic and hybrid
materials at room temperature. Previously, ePDF has been
applied to the analysis of organic semiconductor blends by
Mu et al.”* at 860 e~ A™% and a crystalline-amorphous blend at
cryogenic temperatures by Donohue et al.>* at 60 e~ A™%, com-
pared to our 10 e~ A™% Furthermore, we were able to achieve
high spatial resolution (5 nm) at such low doses by the appli-
cation of PCA and ICA to extract low-noise component signals.
This enables the analysis of non-crystalline and composite
materials with critical doses of near 10 e~ A2, Many organic,
polymeric, hybrid and MOF non-crystalline materials pro-
perties are governed by both SRO and medium-range order’
and have such low critical doses. Pharmaceutical formu-
lations,”® heterostructures for optoelectronics, and composite
materials containing nonperiodic components require low-
dose probes for amorphous structural analysis. STEM-ePDF
complements other low-dose scanning electron diffraction
methods®® and can be operated in parallel to offer a complete
structural analysis suite for engineering microstructure in crys-
talline and non-crystalline materials.

Experimental
Sample preparation

ZIF-62. Crystalline ZIF-62 was synthesized by adding Zinc
nitrate hexahydrate (1.65 g, 5.55 mmol), imidazole (8.91 g,
131 mmol) and benzimidazole (1.55 g, 13.12 mmol) to DMF
(75 ml). The mixture was then heated at 130 °C and stirred for
48 hours. The resultant product was washed with DMF (2 x
20 ml) under vacuum to obtain a white crystalline powder
(yield 42.6% from moles zinc). To increase the yield the fil-
tered reaction mixture was placed back into the oven at 130 °C
for a further 48 hours and then more product obtained
through washing under vacuum twice with DMF (20 ml).
ZIF-62 from two separate syntheses were used for the X-ray and
the electron microscopy samples. In the a,ZIF-62 control
sample used in the X-ray measurements only powder from the
first filtration was used.

0.67([Na,O]o.o[P205])-0.33([AlO; 5 JJ[AIF;], 5). High  purity
reagents (optical grade) of NaPO; and AlF; were melted in a Pt

This journal is © The Royal Society of Chemistry 2022
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crucible in an electric muffle furnace. Due to the known vola-
tility of fluoride, care was taken to initially melt the mixture at
800 °C for one hour to allow NaPO; to melt and dissolve the
AlF; before heating to a temperature of 1000 °C for half an
hour to achieve complete homogeneous dissolution. To
prevent crystallization, the inorganic glass required quenching
between two copper metal plates, and then was annealed at T,
+ 50 °C (460 °C) for one hour before returning to RT. The
small pieces were then pulverized by ball-milling for
30 minutes in a Retsch PM 100 grinder at 350 rpm with 1 min
intervals using SizN, balls (with roughly equal sample and ball
volume).

0.67([Na,0]o.o[P>05])-0.33([AlO; , JAIF;], 5): ZIF-62 50 : 50 Wt%
Composites. Approximately 300 mg crystalline ZIF-62 and
300 mg 0.67([NayOJo.o[P205])-0.33([AlO3/,][AlF;], 5) powders
were mixed together by ball-milling in a Retsch MM400 mixer
mill with a 15 ml stainless steel jar and one 5 mm stainless
steel ball bearing for 5 minutes at 25 Hz. A 200 mg sample of
the ball milled powder mixture was placed in a 13 mm die and
compacted into a pellet using 10 tonnes of pressure applied
for one minute. This pellet was placed in a tube furnace
(Carbolite 12/65/550) which was left to equilibrate under argon
for one hour before heating to 410 °C at 10 °C min™' and
holding for 1 minute. All heat treatment was done under con-
stant argon flow. The heat-treated pellet was left to cool under
argon at the natural rate of the tube furnace; the sample was
removed from the tube furnace at temperatures equal to or
below 200 °C.

Data acquisition

4D-STEM data of a beam-sensitive nanocomposite of amor-
phous ZIF-62 and amorphous 0.67([Na,O],[P,05])-0.33
([AlO3,,][AlF;]; 5) was acquired on a JEOL ARM300F STEM oper-
ated at 200 kV with a beam diameter of ca. 5 nm and a conver-
gence semi-angle of ca. 0.6 mrad. The beam current was 3.4 pA
and the frame rate was 1 ms per pattern, with slight overlap
between the beam at adjacent pixels, leading to an electron
dose of ca. 10 e A=, much lower than typically used in STEM
imaging.®® The diffraction patterns were acquired using a
quad-chip Medipix3 direct electron detector with 512 x 512
pixels and a As of 0.011 A™'. The four constituent read-out
electronics are separated by a gap of 3 pixels, resulting in a
total detector area equivalent to 515 x 515 pixels and leading
to a maximum scattering vector magnitude $;,,x = 2 sin /4 of
2.8 A7'. (corresponding to a maximum Qua = 4msin @/4 of
17.6 A™"). Correlative X-ray energy-dispersive spectroscopy
(EDS) was performed subsequently to provide an independent
method of confirmation of structural domains, as they corres-
pond to compositional differences. The condenser aperture
was opened to increase the current for EDS measurements.
The 256 x 256 patterns were acquired on the same micro-
scope operated at 300 kV using a single Medipix3 direct elec-
tron detector with a beam diameter of ca. 5 nm and a conver-
gence semi-angle of ca. 0.6 mrad. The beam current was 4.6 pA
and the frame rate was 1 ms per pattern, leading to an electron
dose of ca. 13 e A% The single Medipix3 detector had 256 x

Nanoscale, 2022, 14, 16524-16535 | 16531
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256 pixels and a As of 0.016 A™" leading to a maximum scatter-
ing vector Spay of 2.1 A™* (corresponding to a maximum Qay
of 13.4 A™).

Data processing

All data processing steps were carried out using Pyxem 0.10,
an open-source Python package.®® Pre-processing was carried
out as detailed in Section 1 of the ESIL.f The recorded single
and area-averaged electron diffraction patterns from the SED
data showed no distinct diffraction peaks, only an amorphous
halo. The single patterns exhibited a low signal-to-noise ratio
due to the low electron dose, with average intensities at high
scattering vector less than 0.1 detected electrons per pixel.
Nonetheless, azimuthally integrated profiles, integrated using
pyFAI®' within Pyxem do show distinct features. The azimuth-
ally integrated profile is denoted I(s), where s is the scattering
vector magnitude taken as sp.x = 2 sin 6/ for scattering semi-
angle 6 and de Broglie wavelength 4 for the electron beam. The
reduced pair distribution function*>®* was then obtained from
this profile, by first fitting an appropriate composition-depen-
dent atomic scattering factor to obtain the experimental
reduced intensity @ec(s), as

I(s) — [N(fi(s)2>l. + c}
N<fl'(s)2>i2

where f(s) is the average single atomic scattering factor of the
constituent element i, (...); denotes the sum over the enclosed
function weighted by the atomic fraction c; of element i, and N
is a fitted scattering parameter related to beam intensity. C is
an additive experimental constant that accounts for detector
noise (close to zero for Medipix3).

For the spatially resolved calculations, the fitting was
initially done with an average composition at every pixel. ICA
was still able to distinguish the two structures in the reduced
PDF. Once the composition was determined through structural
fitting, a more appropriate pixel-wise composition was used to
acquire more accurate PDFs. The difference in reduced PDF as
a result of fitting an average composition over the correct com-
position is shown in ESI Fig. 9.}

The fitting process was carried out by specifying the atomic
fraction ¢; and fi(s) for each element, and then fitting the
scaling parameter N. However, the fitted intensity does not fit
the diffracted intensity at both small and large scattering
angles simultaneously in electron diffraction.>>®® This is
caused by non-negligible multiple scattering due to specimen
thickness and by inelastic scattering, resulting in a change of
shape of the single-element scattering factor f;(s). This results
in a low-frequency artifact in reciprocal space that in turn
results in both a strongly oscillating PDF at small r and a weak
low-frequency oscillation at large .°> These artifacts are para-
sitic as they do not rise from the real structure of the specimen
measured by the PDF and are clearly visible in the reduced
intensity as a low frequency artifact that results in the reduced
intensity not oscillating about zero. For goodness of fit, the
profile was fit to the tail end of the spectrum as suggested in

(4)

P(S)exp =S
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ref. 43 and 62, as the low intensity region errors at high s tend
to get exaggerated when extracting the reduced intensity. This
is due to a division by the sharpening factor, resulting in
larger fractional error. Unfortunately, this is an intrinsic
problem in electron diffraction, which is exaggerated when
probing nanoparticles as they have a variable thickness.

As a solution to this problem, it has been suggested to use
a 4™ order polynomial function that goes to zero at s = 0 and s =
Smax to fit the oscillating reduced intensity after fitting the
appropriate atomic scattering factor.®°> This polynomial shifts
the baseline to get a reduced intensity that does, on average,
oscillate around zero as it physically should. The PDFs obtained
from reduced intensities corrected in this way were found to be
more accurate, particularly in their peak positions, an important
factor in the subsequent use of Independent Component
Analysis (ICA) to accurately classify the local per-pixel structure.
In addition, this also reduces the effect of thickness variation
on the PDF across the sample. Multiple scattering reduces the
quality of fit of the average scattering factor, and this error is
reduced through the polynomial fitting.

Taking a Fourier transform of the obtained reduced inten-
sity directly will cause a highly oscillating PDF, as the high s
region of the reduced intensity is typically very noisy. This high
noise level is due to a large Poisson uncertainty as the recorded
signal has a low number of counts, resulting in large intensity
oscillations in both the reduced intensity and the PDF. It is thus
necessary to damp the reduced intensity. Several methods can
be used but all of them can cause a loss of information in the
PDF, requiring a fine balance between reducing noise and
losing signal. A decaying exponential term exp(—bs®)** with a
variable term b was used to force the PDF to near zero at Spax
and the data is extrapolated from the edge of the direct beam to
Z€r0 at Spin. It was used over the Lorch function®” due to having
a simple parameter b to vary between data with different noise
levels. By forcing the function to zero at both s, and Spay,
large termination ripples that arise when taking a Fourier trans-
form of the reduced intensity with a finite s range are avoided.**
The b term in the exponential exp(—bs®) was typically of the
order of 0.6-1.0. This term varied between the area-averaged
PDFs (low) and the per-pixel PDFs (high) due to differences in
their signal-to-noise ratios. The value was adjusted until the
spurious high r oscillations in the PDF were removed.

Finally, the reduced PDF G(r) was obtained by a Fourier
transform of the damped ¢(s) as by eqn (2). We base our PDF
convention on previous ePDF works.”® The effect of noise in
the data, fit errors and other potential errors in the PDF have
been extensively studied, and the Fourier transform itself func-
tions as a denoising tool.*> Most importantly, the positions of
peaks in the PDF are robust to thickness changes in an amor-
phous sample, as long as the PDFs are scaled to the same
height of the first peak.®’

Principal component analysis and independent component
analysis

Principal component analysis (PCA) is an unsupervised
machine learning technique for the dimensionality reduction

This journal is © The Royal Society of Chemistry 2022
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of datasets by representing them in order of explained variance
rather than pixel by pixel. It achieves this representation
through solving an eigenvector problem. Independent com-
ponent analysis (ICA) is a related technique that separates
multivariate signals into additive statistically independent sub-
components, as a form of blind source separation. However, it
is susceptible to noise in the data, which is why it is typical to
denoise the data using PCA first. As such, a PCA decompo-
sition was performed on the spatially resolved ePDF data cube.
Based on the explained variance ratio curve (ESI Fig. 81), two
components were chosen for the subsequent ICA decompo-
sition which was performed to extract PDFs. As the PDFs of the
two phases are approximately statistically independent of one
another, the extracted ICA components will be in close corre-
spondence to observed PDFs. The ICA decomposition was per-
formed on the PDF rather than the signal at a different part of
processing as thickness variation causes little change in peak
position in the PDF of amorphous materials (ESI Fig. 11 and
147). ICA analysis produced the two separated signals, approxi-
mate to the PDFs, as well as their relative loadings.

EDS data processing

The EDS data was analyzed using Pyxem and HyperSpy.** A
PCA and ICA decomposition as detailed above was applied to
the spatially resolved EDS data, due to a relatively low signal-
to-noise ratio during acquisition. This has been shown to be
effective at nanoparticle EDS analysis.”®> The ICA factors of the
EDS signal from the particles were then analyzed to confirm
the elements present, which matched with the known
compositions.

Conclusions

STEM-ePDF analysis was used for the phase determination
and mapping of a composite glass comprised of a,ZIF-62 and
0.67([Na,0]y.o[P205])-0.33([AlO3/,J[AlF;]; 5) at ca. 6 nm spatial
resolution at a low dose of ca. 10 e~ A2, Benchmarked against
X-ray PDF, area-averaged STEM-ePDF and ICA blind source sep-
aration revealed two primary structural signals independently
recovering the distribution of bulk short-range order character-
istics across domains of each glass component, with subtle
differences expected from the differing scattering factors. The
ePDF structural analyses were further verified using correlated
EDS chemical imaging. Cumulatively, these findings provide
critical direct evidence of the local, nanoscale retention of
atomic structure described well by the average bulk PDF to
within a pixel size of <10 nm of interfaces in this MOF/in-
organic glass composite. The method shows high sensitivity,
identifying and separating inclusions as well as side-by-side
phases at low electron dose, establishing exciting possibilities
for the use of STEM-ePDF for quantifying the atomic structure
within amorphous organic-inorganic composite materials,
and for wider application in the characterization of nano-
structured amorphous materials.

This journal is © The Royal Society of Chemistry 2022
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