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The pair distribution function (PDF) is a versatile characterisation tool in materials science, capable of
retrieving atom—atom distances on a continuous scale (from a few angstroms to nanometres), without
being restricted to crystalline samples. Typically, total scattering experiments are performed using high-
energy synchrotron X-rays, neutrons or electrons to achieve a high atomic resolution in a short time.
Recently, PDF analysis provides a powerful approach to target current characterisation challenges in the
field of metal- and covalent organic frameworks. By identifying molecular interactions on the pore
surfaces, tracking complex structural transformations involving disorder states, and elucidating
nucleation and growth mechanisms, structural analysis using PDF has provided invaluable insights into
these materials. This review article highlights the significance of PDF analysis in advancing our

understanding of MOFs and COFs, paving the way for innovative applications and discoveries in porous
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1. Introduction

Metal- and covalent organic frameworks (MOFs and COFs
respectively) are well-established and distinct classes of porous
materials. Their construction can be achieved by assemb-
ling multitopic molecules or building blocks into ordered
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three-dimensional arrays that present pores within. This strat-
egy can involve purely organic building blocks, yielding COFs,
or a combination of organic and inorganic building blocks,
leading in this case to MOFs (Fig. 1)."?

Whether to find out the synthesis of a known material or to
discover a new one, structural characterisation is a critical step
in developing and designing MOF or COFs (and many other
materials). Throughout this review, we discuss two scales of
crystalline order: local-range and average-range. Since most of
these materials are crystalline, they present a long-range order.
In the context of structural characterization, this is very con-
venient, as the structure can be defined in terms of a spatial
region restricted to a few tens of atoms, which generates the
theoretically infinite crystal through symmetry operations. The
portion of the structure that can be described as periodic is
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known as the average structure. However, this model does not
satisfy all the characteristics of metal- and covalent organic
frameworks, requiring an additional scale that considers non-
periodic features such as vacancies, substitutions, atom dis-
placements or chemical modifications.>® This is the local
structure, and it is composed of two hierarchical orders.

First, we find the short-range, which describes the structural
organisation associated with the first coordination sphere
around a given origin atom (less than 5 A).” The parameters
characterising the short-range order are the nearest-neighbour
bond length distribution, the coordination number distribu-
tion and the chemical nature of the neighbour. Because chem-
istry occurs on a short-range scale, the correct understanding of
this part of the materials becomes of paramount importance
either for optimising chemical processes such as catalysis or
gas capture, or to understand the functioning of unknown
chemical processes. On the other hand, MOF and COF materi-
als present non-periodic features beyond atom distances,
approximately 5 to 20 A approximately. One of the most
important characteristics of this range is the pores, which in
many cases are maintained even when the material lacks long-
range order like in the case of liquid or amorphous MOFs. This
range refers to the medium-range order.

Chemists, physicists, and materials scientists use a wide
range of characterisation techniques. Given that crystallinity
and permanent porosity are two typical characteristics in MOFs
and COFs, powder X-ray diffraction and gas adsorption iso-
therms represent the most frequently analysed experiments.
However, routine analysis of these two techniques alone cannot
study our compounds’ structure at the local range level. It is
necessary to use techniques and analyses that allow us to
obtain information not only on the average structure and
long-range order but also on the chemical environment of the
atoms of our material. Typically, it is required to combine
information from different techniques to construct a reliable
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Fig. 1 Schematic representation of reticular material synthesis.

The
most popular techniques for this purpose in such materials
are extended X-ray absorption fine structure (EXAFS)° and

model that contains short- and medium-range features.®

solid-state nuclear magnetic resonance (ss-NMR).'>'" Both
techniques exhibit an element-sensitive nature, offering precise
chemical insights about the first coordination shell or nearest
neighbours of a probe atom, that is, the short-range order.

through non-standard analysis, numerous
analytical techniques provide valuable information on the
medium and short-range structure in such materials. This is
the case for vibrational spectroscopy'*'® and diffraction
measurements.'* The latter, specifically, encompasses informa-
tion at the local level in the diffuse scattering signal. In this

Nevertheless,

context, pair distribution function (PDF) analysis of the diffuse
scattering obtained in total scattering experiments emerges as a
valuable source of information at the local level.

1.1. PDF applied to the study of MOF and COF materials

The main objective of this review is to bring the PDF analysis
closer to chemists working on metal- and covalent organic

View Article Online
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frameworks. Although MOFs and COFs differ in structure and
formation, their shared features—such as synthesis principles,
chemical versatility, and characterization techniques—warrant
their combined discussion. To highlight the importance of PDF
analysis, we include a section introducing the technique and its
ability to reveal valuable short- and medium-range structural
information through scattering experiments. Our review offers:
(i) a systematic overview of PDF analysis in MOFs, while also
expanding this to COFs. (ii) A meta-analysis of issues addressed
by PDF analysis in MOFs and COFs.

In the main body of the article, we break down the problems
tackled in recent years in MOF and COF chemistry from the
perspective of PDF analysis. For this task, we have subdivided
the research into two fields depending on the range in which
the structure of the material is affected (Fig. 2).

In the first part, we discuss studies where PDF was used to
investigate materials which have undergone changes in average
structure. This includes different structural transformations
such as topological transformations, crystalline-to-amorphous
transitions, breathing phenomena, and stacking disorders. We
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Fig. 2 Schematic view of the problems in MOF and COF chemistry that can be solved using PDF experiments divided by the type of alterations of the
network: average structure alterations (A), and local-structure alterations (B). Additionally, different types of PDF analysis (C).
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also present how PDF has helped characterise amorphous and
liquid materials, which lack long-range order but maintain
certain structural features in the short- and medium-range.
Finally, the nucleation process is presented, from nuclei with-
out long-range order to crystals. In the second part, we describe
the application of PDF to materials where the average structure
is intact, but there are significant local deviations. This section
details PDF studies of gas absorption processes, post-synthetic
modifications, local transitions and defects.

At the end of the review, we incorporate a section where the
main conclusions obtained from the use of PDF analysis in
reticular materials is condensed. In addition to this, an outlook
section is included, where we analyse the state of the art of PDF
and how the expected advances can be key in solving old
problems for MOF and COF materials. Additionally, we include
an inverse analysis to see how PDF analysis can be useful in
the new issues that arise within the field.

Overall, this review provides a timely update on MOF
and COF advancements, emphasizing the critical role of PDF
analysis in understanding local structure and dynamics, and
aims to foster collaboration between the MOF/COF and PDF
communities.

2. Pair distribution function in a
nutshell

2.1. Obtaining the pair distribution function

2.1.1. Pair distribution function reduction. The atomic
pair distribution function G(r) or PDF is a real-space function
representing, as a weighted histogram, the probability of
finding pairs of atoms separated by a given distance.> This
includes both short-, medium- as well as long-range distances
as well as long-range distances. PDF is obtained mathemati-
cally from treatment of total scattering data obtained from a
diffraction experiment. When a sample is irradiated with a
beam, we can trace the scattering vector Q as the sum of the
incident beam k and the output beam k'. If we presume a
perfectly elastic scattering, both |k| and |k’| are equal, yielding
an isosceles triangle. Therefore, the mathematical equation for
this vector Q results:

4 sin(0)
et )

0] = [k — K| =
where, |k| = |k'| = 2n/. and 0 represents half of the angle
formed by the two vectors and A the wavelength of the incident
beam. If we assume a perfectly ordered crystal structure, we can
define crystallographic planes that are imaginary flat surfaces
that cut through a crystal lattice. These planes are used to
describe the arrangement and spacing of scatterers within
the crystal. The distance between parallel crystallographic
planes is called the interplanar spacing, denoted by d. This
spacing is crucial in scattering techniques, as it affects how
X-rays or electrons scatter off the planes. In reciprocal space,
crystallographic planes correspond to the reciprocal lattice
vectors, B, the shortest of which have a magnitude |B| = 2n/d.

This journal is © The Royal Society of Chemistry 2024
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When the scattering vector Q (1) matches a reciprocal lattice
vector B, the Bragg condition is satisfied, leading to construc-
tive interference as described by Bragg’s law.

2n  4msin(0)
i @

A =2dsin(6) (3)

Real materials rarely display ideal structures, and their
diffraction patterns usually contain both sharp Bragg peaks
and a weak continuous background, referred to as diffuse
scattering. This scattering derives from deviations from a
perfectly regular array of identical units, including atomic
thermal displacements, substitutional disorder (Laue mono-
tonic scattering), and various other departures from ideality,
collectively referred to as disorder (Fig. 3).'® Therefore, in a
diffraction experiment, we obtain both scattering phenomena:
Bragg reflections, which give us information about long-range
order, and diffuse scattering, which give us information about
local structure.

We can find a very common example of this behaviour in
silicates. Amorphous silicates, like glasses, exhibit a broad
signal, around 20 = 27° using a Cu K, source, typical of
amorphous solids. On the other hand, when we analyse a
crystalline silicate such as quartz, the diffractogram shows a
set of sharp peaks of the corresponding phase. This occurs
despite the Si-O local structure being almost the same in both
types of materials.

Even though diffuse scattering is very useful in single crystal
diffraction experiments,"”'® the direct analysis of it from
powder diffraction data is very complex due to its low intensity
compared to the Bragg reflections. In this context, the pair
distribution function reduced from total scattering experi-
ments becomes a very useful tool for obtaining information
on both local- and long-range features in our materials."®

a Well-ordered crystal

0000000

b Slightly disordered crystal

0000 @

c [/
I} «————— Well-ordered crystal
3
Z -
2 P
£ ! ". «—— Slightly disordered crystal
-_— ]
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Diffraction angle 20
Fig. 3 (a) and (b) Graphical representation of the units observed in well-

ordered and slightly disordered crystals. (c) Representative differences in
diffraction patterns of a well-ordered crystal structure and a structure with
correlated disorder (local displacements).
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To measure a PDF, a diffraction experiment with certain
peculiarities is required. To understand the difference between
a standard powder X-ray diffraction (PXRD) experiment and one
suitable for PDF reduction we must better understand the data
obtained in the experiment. Firstly, the diffraction data inten-
sity should be divided into various components according to
the formula (4):

IT = Icoh + Iinc + Irnultiple + Ibackground (4)

The total intensity (Ir) of the profile depends on the intensity of
the coherent (I.n), incoherent (Iin) and multiple (Imuicipie)
scattering. Additionally, there is a contribution from back-
ground scattering (Ipackground)y Which needs to be removed.
Therefore, one difference from the standard PXRD experiment
involves background subtraction before PDF reduction. For this
purpose, acquiring data from the empty beamline and an
empty capillary is typically the most straightforward approach.

The mathematical treatment of this background-removed
total scattering intensity for obtaining a PDF is out of the
scope of this review, but there are excellent examples in the
literature.**°"*> Nevertheless, we believe that a brief explana-
tion of the data treatment is always a good starting point to
establish the foundations for understanding the PDF techni-
que. The next step in our data reduction, following background
removal, is to obtain the normalized total scattering structure
function, S(Q), using eqn (5):
st 1©) _ 1(Q)? + (@)’ 5
{1(Q)?
where N is the normalization factor, f(Q) is the form factor for
X-rays and (---) refers to the compositional average. S(Q)
describes how the intensity of scattered waves varies with the
scattering vector Q. It provides direct information on the spatial
arrangement of atoms or molecules, with peaks corresponding
to preferred interatomic distances.

Once we have S(Q), the reduced total scattering structure
function F(Q) can be calculated (eqn (6)).

FQ) = Q(5(Q) — 1) (6)

F(Q) contains much of the information of S(Q), but without the
self-scattering contributions. In disordered systems, the self-
scattering component includes contributions from the average
structure of the material, potentially masking short-range cor-
relations. Subtracting it isolates disorder-induced scattering,
focusing analysis on local atomic arrangements and structural
features. The PDF is directly calculated by the Fourier trans-
form of F(Q) (7):

2 Qmux
G(r) :fj F(0)sin(Qr)dQ @)

T Omin

We denote G(r) as the atomic pair distribution function or
PDF. In summary, four steps are required to obtain G(r):

1. Measure the scattering intensity: the raw data from a
scattering experiment gives the intensity I(Q) as a function of
the scattering vector Q.
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2. Compute total scattering structure function: from the
measured intensity, one can determine the structure factor S(Q).
This involves corrections for factors like background noise, instru-
ment effects, and normalization by the number density p.

3. Derive reduced total scattering structure function: this
can be performed using the relationship F(Q) = Q(S(Q) — 1).

4. Acquisition of the pair distribution function: transform
F(Q) to the real-space pair distribution function G(r).

2.1.2. Experimental pair distribution function with X-rays.
The mathematical reduction of PDF involves considering cer-
tain aspects of the scattering experiment. Firstly, as the PDF
implies a Fourier transform of the reciprocal space to the real
space, Q is related to real distances r in two ways: a broader Q
range in F(Q) results in higher resolution in r for G(r), and a
high resolution F(Q) yields to a large range of r in G(r). To
achieve a high-resolution long-range PDF, it is essential to
conduct a scattering experiment with the highest |Q| possible
and optimal resolution. If we examine eqn (1), we can see that
there are several methods to achieve large values of Q: either by
increasing the angle 6 or by reducing the wavelength of the
incident radiation A.

These experimental conditions lead to the first challenges in
collecting scattering data for PDF analysis. The form factor
(i.e. the strength with which one atom scatters X-rays) decreases
with higher angles and shorter wavelengths (Fig. 4), making the
scattering intensity weaker, and therefore more complicated to
obtain good quality diffraction data at high |Q|.

To mitigate these problems, we need a very coherent,
brilliant and energetic X-ray source. Despite being possible to
measure PDF with X-ray tubes with Ag or Mo anodes, synchro-
tron radiation sources meet these requirements providing high-
quality total scattering data. Synchrotron radiation can be
emitted using particle accelerators (known as synchrotrons or
storage rings), where high-energy particles (typically electrons)
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Fig. 4 The form factor of phosphorus and carbon as a function of Q,
based on the tabulated values in the International Tables for Crystal-
lography vol. C.
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are compelled to move in curved paths due to powerful mag-
netic fields. The high energy of the photon beam (typically
above 60 keV for PDF experiments with a wavelength
smaller than 0.2066 A), allows the collection of high Q values.
The high brilliance and coherency of the beam facilitate the
acquisition of diffraction profiles with very high resolution even
at high 0.

Another important advancement in total scattering data
collection has been the use of area detectors,>® which allow
for conduction of high-resolution, high-sensitivity and rapid
time-resolved scattering experiments for PDF analysis. How-
ever, this generates 2D images of the diffraction data, and an
azimuthal integration is therefore required (Fig. 5). In this case,
the detector position plays a key role towards maximizing Q. By
setting the detector so that the beam points towards a corner or
a side, azimuthal integration over a broader range is achieved
compared to placing it more centrally.

Up to this point, we can sum up some of the most important
aspects when collecting data for X-ray PDF analysis:

1. Wavelength of incident radiation, which affects the scat-
tering vector Q inversely: shorter 4 leads to higher Q.

2. Scattering angle, which determines the magnitude of the
scattering vector Q: higher angle results to higher Q.

3. The distance between the sample and the detector, which
affects the range of Q values that can be measured: a shorter
detector distance allows for higher Qn,.x and finer resolution in
real space.

Azimuthal integration

Scattering intensity /I(Q)

— . . .

0 5 10 15 20 25 30
Scattering vector / Q

Fig. 5 Schematic representation of diffraction data collected with a 2D
detector. Different integration range is obtained depending on the position
of the detector and the trajectory of the beam (light green arrow).

This journal is © The Royal Society of Chemistry 2024
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4. Detector size and resolution: they determine the accuracy
and range of Q values that can be effectively measured.

Additionally, the typical best practices during acquisition of
powder diffraction data also apply to total scattering data
collection.>® Some of the most important aspects include:
uniformly grinding the sample and ensuring correct rotation
to prevent preferential orientation, compactly filling the capil-
lary to facilitate background subtraction, among others.

2.1.3. Experimental PDF with other scattering probes. As
the examples discussed in later sections are primarily based on
hard X-ray diffraction, in this review we will use the term PDF to
discuss the pair distribution function of photons. Nevertheless,
it is important to note that different scattering probes (i.e. neutrons
or electrons) can be used to obtain data suitable for a PDF
reduction. In these cases, and to differentiate from X-ray PDF, we
label them as nPDF for neutrons and ePDF for electrons.

Neutrons suitable for scattering experiments can be pro-
duced in two ways: inside a reactor or by spallation® (Table 1).
In the first case, a nuclear fission reactor produces monochro-
matic neutron beams. The energy and consequently wavelength
of these neutrons are determined by the temperature of the
moderator. For example, the temperature of the moderator at
Institute Laue-Langevin (ILL) is around 2400 K, which yields a
de Broglie wavelength of approximately 0.63 A. On the other
hand, spallation is a nuclear process initiated when high-
energy protons, typically generated by stripping electrons from
hydrogen atoms, are accelerated to near-light speeds in linear
accelerators. These protons collide with a heavy nucleus (typi-
cally Hg or W) for enhanced cooling. Upon collision, the heavy
nucleus undergoes fragmentation into smaller nuclei, releasing
a multitude of free neutrons. This process forms the funda-
mental principle behind spallation neutron sources, which
generate neutron pulses typically at frequencies in the tens of
hertz range. Alternatively, facilities such as SINQ at the Paul
Scherrer Institute (PSI)*® achieve a continuous neutron output
by spallation using a steady stream of protons.

Another peculiarity of neutron experiments compared to
typical X-ray diffraction is the time-of-flight data collection.

Table 1 Some of the major international and national neutron sources in
the world from ref. 26

Source/institute Country
Spallation neutron sources

CSNS/THEP China
JSNS/J-PARC Japan
SNS/ORNL USA
ISIS/RAL United Kingdom
SINQ/PSI Switzerland
Reactor neutron sources

CARR/CIAE China
CMRR/CAEP China
OPAL/ANSTO Australia
JRR-3M/JAERI Japan
HANARO/KAERI Korea
HFIR/ORNL USA
HFR/ILL France
FRM-II/MLZ Germany

Chem. Soc. Rev.,, 2024, 53, 11772-11803 | N1777
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In a typical X-ray diffraction experiment, the distances between
source, sample and detector are fixed, as is the wavelength of
the incident radiation. This setup allows us to vary the angle
of incident-scattered radiation, producing the classic intensity
vs. 20 diffraction profile using eqn (3). In contrast, neutron
diffraction experiments offer flexibility in fixing the incident
angle 0 while varying the neutron wavelength 4. Due to the
mass and de Broglie wavelength of neutrons, scanning 4 and
converting it to d-spacing allows us to obtain an intensity vs.
d-spacing diffraction profile. The advantage of this method lies
in fixing detectors at different angles to obtain a series of
diffraction profiles with varying d-range/resolution ratios. This
type of measurement, known as time-of-flight, is especially
useful in spallation sources.

More distinctive features set neutrons apart from photons,
including their remarkable penetration power. To illustrate, an
iron plate of 1 cm would be penetrated by 35% of the neutrons,
whereas it would be opaque to most photons with a wavelength
of 1.54 A" Perhaps the most interesting aspect, however, is
that the intensity of the scattering varies irregularly with the
atomic number Z of the scattering atom (Fig. 6). This property
holds significant importance as neutron diffraction is sensitive
to closely related atoms, such as Fe and Co, or even isotopes,
scenarios where X-ray diffraction would encounter challenges.
Additionally, the technique facilitates the analysis of light
atoms such as Li or N, which makes it difficult to obtain
reliable structural information using photons or electrons.
Finally, the neutron scattering length b, serving as an analogue
to form factors, remains independent of Q, maintaining con-
stant scattering intensity at high Q values, making neutrons a
very interesting scattering probe for this type of experiments.

Apart from X-rays and neutrons, electrons also serve as a
scattering probe for PDF experiments. Electron diffraction (ED)
and ePDF have garnered increased attention in recent years,
primarily due to its feasibility within transmission electron
microscopes equipped with specialized instrumentation.>®>°
Compared to X-rays and neutrons, electrons interact more
strongly with matter (Fig. 6), providing a stronger scattering
signal and shorter data collection times, while requiring smal-
ler sample amounts. Thus, even micrograms to nanograms of
material can produce a signal without specialized equipment,
allowing for high-quality PDF analysis using a conventional
transmission electron microscope.’® The wavelength of the
electron beam (in A) is determined by the formula A=
V150V -1, where V is the applied voltage in volts. At a standard
operating voltage of 100 kV, the wavelength associated with the
electron is about 0.04 A, significantly shorter than the wave-
lengths commonly used in normal synchrotrons (0.20-0.15 A)
or the standard Cu K, source.

Another advantage of ED is its high spatial resolution. In
conventional TEM, nanobeam electron diffraction (NBED) with
a 3 nm spot size allows for local order analysis in amorphous
and nanosized materials.** With spherical aberration-corrected
(Cs-corrected) TEM, NBED with a coherent electron beam
smaller than 1 nm enables direct observation of the local-structure
in amorphous materials.>> Recently, Sapnik et al employed
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nanobeam scanning electron diffraction to map the crystalline
and amorphous components of Fe-BTC and evaluate domain
size. ePDF analysis was also conducted to investigate the
spatially separated atomic structure within the amorphous
matrix.>® This example exemplifies the potential application
of ePDF for spatially resolved analysis of amorphous structures
and nanostructures within MOFs.

When using electrons as scattering probes, certain consid-
erations must be addressed. As a direct consequence of the
stronger interactions with the sample compared to X-rays, high
vacuum conditions are necessary to mitigate air scattering.
Such experiments are usually performed in transmission elec-
tron microscopy setups. Additionally, electron-based techni-
ques entail reduced penetration power and impose constrains
on data collection (i.e. thin films in transmission or glancing-
angle geometries). Notably, electrons are scattered much more
strongly than X-rays, rendering even thin layers or short acqui-
sition times suitable for obtaining high-quality diffraction data.
Furthermore, scattered intensity decreases more rapidly than
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that of X-rays at higher Q values, resulting in observable
diffraction within a small angular region.

2.2. Pair distribution function analysis

The PDFs can be analysed in different ways depending on the
degree of depth to be achieved. In this section, we divide the
analyses into two types that cover most of the cases described
in the review. Firstly, we discuss model-independent analyses
which do not require a clear structural model. Next, we look at
analyses that require well-defined structural models. We talk
about small-box or large-box refinements depending on the
model type. Advantages and disadvantages of each method are
summarized in Table 2.

An important consideration that must be taken into account
during PDF analysis is that the form factors for X-rays (f) are
Q-dependent, as shown in eqn (5). Ideally, if this dependence
could be completely represented, the real-space weights for
X-rays would directly reflect the number of electrons per atom
in the pair. However, in practice such a correction is challen-
ging, especially for materials with multiple elements where the
f(Q) differs from one kind of atom to another. To mitigate this
issue, the Morningstar-Krutter-Warren approximation is com-
monly employed in PDF analysis,"* which considers the
Q-dependence as a fixed number, using an average form factor
with an effective number of electrons per atom. However,
this approach presents notable shortcomings: (i) since the
Q-dependence of the form factor varies with element, the
approximation will be less accurate when measuring materials
consisting of both heavy and light elements, potentially leading
to misestimations. (ii) As detailed in the following equations
and paragraphs, the form factor directly influences the shape of
peaks (broadening) in the experimental PDF. The approxi-
mation could therefore present considerable limitations in
retrieving accurate subtle structural information from the
resulting model, if not taken into account. Recent attempts
have been made to develop new PDF calculation algorithms
that correctly represent Q-dependence.***> Nevertheless, this
simplification has been widely implemented in software
packages for PDF analysis®® and inevitably in most example
cases described in later Sections.

2.2.1. Model-independent analysis. As mentioned pre-
viously, PDF is a weighted histogram of interatomic distances.
Taking this into account, a significant amount of information
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(c) and the fall off in intensity of G(r) (d).

is accessible through direct analysis of an as-acquired profile
(Fig. 7):*°

¢ Bonds lengths by the peak position

e Coordination number by curve area and structure factor

e Disorder of the sample by the peak shape

e Particle size by the fall off in intensity of G(r) with r

We can gather extensive information to construct or refine
more intricate models by utilizing these four pillars. Similarly,
analysing these parameters is critical for assessing the profile’s
quality and verifying the accuracy of the measurements before
proceeding with more time-consuming analyses.

The relative position of peaks is one of the most straightfor-
ward approaches for directly analysing PDFs. Changes in the
presence or absence of characteristic distances in an experi-
ment can provide insights into the species in the system. For
instance, Mohideen et al. used characteristic Cu- - -Cu distances
to differentiate between various potential CuO nodes within a
coordination polymer. The focal point of the article revolved
around differences between Cu---Cu distances in a paddle-
wheel (2.6 A) configuration against a proposed CuO tetrameric
structure (2.9 and 3.4 A).*’

On the other hand, determination of the coordination
number in a PDF can be achieved by introducing the radial
distribution function (RDF), or R(r). This function is also a
weighted histogram of interatomic distances within the mate-
rial, however it is more closely related to the physical structure
as the quantity R(r)dr provides the number of atoms in an
annulus of thickness dr at distance r from another atom.'* It is

Table 2 Summary of different types of PDF analysis based on the model dependence and model type

Analysis type Advantages

Disadvantages

Model independent e Quickest method

e Access to fundamental parameters
o Not specific software

Small-box refinement e Quick

e No computation skills required

e Limited information
e Difficult to establish a reliable structural model
e Requirement of no signal overlapping

e Need a starting periodic model

e Domain/nanoparticle size calculations

Large-box refinement o Arbitrary degrees/types of disorder

e Simultaneous fits to real and reciprocal space

This journal is © The Royal Society of Chemistry 2024

e Requires computation skills
e Resource intensive
e Model uniqueness/need for restraints
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related to G(r) through the following eqn (8), with p, being the
average atom number density:

R(r) = G(r) — 4nr’p, (8)

Taking also into account the scattering power of each atom, the
coordination number N, defined as the number of atoms
between a coordination shell set by positions r; and r,, is given
for an X-ray experiment by eqn (9):

I ((Q))?

Due to the inherent limitations of Morningstar-Krutter—
Warren approximation of the form factors (f(Q)), some residual
Q-dependent components remain and are included in the real-
space PDF, potentially affecting the coordination number cal-
culation. An exact PDF expression can be derived by adjusting
the contributions from different atomic species to account for
these effects. Instead of calculating G(r) directly in real space,
the Debye equation can also be used to compute the scattering
intensity of the model in reciprocal space, then transform into
real space.”” This method ensures better alighment between
the model and experimental data at the expense of increased
computational cost. Nevertheless the Debye model, available in
various software packages, can also incorporate instrument or
sample-related effects in reciprocal space, providing a more
accurate fit to experimental results.

Likewise, important information about the disorder of a
system can be obtained by studying the peak shape and width
in the measured PDF. Highly-ordered crystalline samples
contain atoms with well-defined neighbours and interatomic
distances, leading to sharp and distinct PDF peaks. On the
other hand, the considerable atom motion in disordered sys-
tems gives rise to broader peaks due to the higher variability of
the interatomic lengths.*® In a seminal study, Gilbert et al.
reported among others the effect of static disorder in the PDF
peak widths of mercaptoethanol-coated ZnS nanoparticles
compared to bulk ZnS.*° All peaks in the former sample
appeared to be broadened in an equal manner, attributed
to random displacements of the atoms from the average
positions.

One of the primary challenges associated with direct analysis
of PDFs is the inherent complexity, especially in multicomponent
systems. Given that the profile contains information on all
distances presented in the material, accurately assigning all
signals, or at least a significant portion of them, becomes a
Herculean task. To address this issue, some researchers have
turned to principal component analysis (PCA). PCA is a tech-
nique for reducing the amount of data when a correlation is
present.*’ Since a given structure correlates the signals in a
PDF, a complex multicomponent profile can be simplified into
a linear combination of the principal phases. This approach is
particularly relevant in the study of phase or analyte evolution
during structural transformations or chemical reactions. In situ
experiments often generate highly complex profiles, making
necessary analysis such as PCA to simplify and focus only on
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the signals of interest, without the necessity of building
complicated theoretical models. This methodology has found
applications in analysing the amorphous components of
pharmaceuticals®*? and the speciation of electrolytes during
electrochemical lithiation of RuO,.** Another popular method
for reducing data complexity is nonnegative matrix factoriza-
tion (NMF). NMF is a technique used to decompose a matrix
into a reduced set of fundamental components. Like PCA, NMF
seeks these components, but it enforces the restriction that
both the components and their weights must be positive
(nonnegative).** This constraint is advantageous because many
experimental signals, such as intensity measurements, are
inherently positive. It ensures that NMF identifies solutions
that are physically meaningful, particularly in intricate datasets
such as pair distribution function.*>*®

Another model-independent analysis that facilitates profile
simplification is the application of differential PDF analysis (d-
PDF). This method involves comparing two similar PDFs that
exhibit subtle variations. Since quantifying these changes
directly from the profiles can be challenging, subtracting one
profile from other enables highlighting of differences through
d-PDF. This approach simplifies the analysis of variations
between PDFs, making it easier to discern their differences.*”
Typically, a normalization factor (n) is necessary for accurate
subtraction.

d-PDF = Gi(r) - n‘Gcontrol(r) (10)

The normalization factor is crucial for correcting variations
in experimental conditions or instrumental responses that
might affect the accuracy of quantitative measurements. This
is especially important when working with porous materials,
which can contain guest molecules with varying chemical
compositions. By accounting for differences in sample thick-
ness, beam intensity, or detector response, the normalization
factor ensures that the measurements accurately reflect the
intrinsic properties of the material. Standardizing measure-
ments across different samples or experimental setups allows
for reliable comparisons and accurate data interpretations,
leading to precise scientific insights.

Differential analysis is even more important for the case of
single crystal PDF analysis. The three-dimensional differential
PDF (3D-APDF) reveals details of the local-structure that differ
from the average structure representation (i.e. constructed by
symmetry operations).*® Positive values indicate higher probabil-
ities of finding scattering densities separated by the corresponding
vector, while negative values suggest lower probabilities relative to
the average structure. For this reason, popularity of three-
dimensional differential analysis (3D-APDF) of single crystal diffuse
scattering is increasing during the last years.** Using 3D-APDF for
disorder analysis, rather than total 3D-PDF, offers advantages:>

e It reduces the number of peaks in PDF space by consider-
ing only interatomic vectors with distinct local and average
structural properties. The higher contrast of 3D-APDF maps
enables qualitative and semi-quantitative assessments of dis-
order through visual inspection.

This journal is © The Royal Society of Chemistry 2024
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e The Bragg peaks are eliminated as their huge intensity
means that uncertainty associate with their measurement
would overwhelm the contribution from the diffuse scattering.

Despite their evident limitations, model-independent ana-
lyses are by far the fastest of all those presented here. They
provide information on the fundamental structural parameters
of our materials. Additionally, they hold great appeal to materi-
als scientists due to their simplicity of analysis and the absence
of necessity for specialised or complex software.

2.2.2. Model-based analyses. While model-independent
analysis serves as the cornerstone of any PDF experiment, more
advanced analyses play a crucial role in establishing or validat-
ing structural models of our materials, which is ultimately
the primary objective of materials chemists. At this juncture,
we can transition to model-based analyses, categorized into
small-box and large-box refinements depending on the type of
model utilized in each case.

Small-box approaches are based on crystallographic models
(up to hundreds of atoms), using unit cell symmetry to reduce
the number of parameters. Based on this model PDF can be
calculated by using the atomic position and form factor from
the model (11):*"°?

R

where J(r — ;) is the Dirac delta function and p, is the average
atom number density. This G¢g(r) model is convolved with
Gaussians for displacement parameters. It can be refined by
the least squares method, affecting parameters similarly to a
Rietveld refinment.>® This includes lattice parameters of the
unit cell, fractional coordinates of the atoms or isotropic,
anisotropic ADPs occupancies or damping functions. These
refinements can be related to real space features for analysing
our PDF:

e Peak position by atom positions and cell parameters

e Peak area by coordination number and occupancy

e Peak shape by atomic disorder and vibrations

e Peak damping by size and shape of the crystals

Additionally, a residual factor R, can be calculated from the
calculated and experimental profiles:

(11)

2
Z (Gcalcﬁi - Gobse,i)
Ry, = !
" Z Gobse‘i2
i

(12)

The minimisation of this residual factor serves as approx-
imate guide to the goodness of fit. However, there is no fixed
value from which a refinement can be considered correct or
incorrect.”*

Small-box approaches for PDF refinement offer significant
utility due to their relatively quick processing compared to
large-box methods, providing quantitative insights into struc-
tural features such as distortions, occupancies, disorder or size
and shape of the crystals. However, it also presents some
limitations. Firstly, the requirement of a periodic model for
refinement limits the applicability of small-box refinements to
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problems that exhibit average behaviour. Consequently, this
fact dilutes one of the most attractive features of the PDF: the
study of local and non-periodic phenomena.

Nonetheless, there remains potential for utilizing small-box
periodic models for calculating particle sizes and shapes. The
damping of the PDF serves as an indicator of particle size and
crystallinity, making PDF a relevant technique for observing
crystallization processes.”® Many such processes adhere to a
nucleation-growth dynamic, during which small crystallites
lacking long-range order are formed. Consequently, the corres-
ponding PDF typically exhibits a histogram with minimal or no
signal in the intermediate- and long-range. On the other hand,
local-range features indicative of the chemical nature of the
recently formed nuclei emerge early in the process. Capitalizing
on this, many investigations have studied nucleation processes
by analysing the r dumping of the profile. For instance,
Page et al. analysed the size of gold nanoparticles through an
analysis of the damping of the profile. Furthermore, they
successfully correlated profile damping with nanoparticle size
by comparing it with simulated profiles of cuboctahedral gold
nanoparticles of various diameters.>® In a more recent study by
S. Cooper et al., structural information for iron oxide nano-
particles was obtained by refining structural parameters
against experimental PDFs using specific spinel models. Para-
meters such as unit cell size, atomic positions, and cation
occupancy were refined. Several structural models, including
magnetite and maghemite, were employed to describe the
spinel iron oxide nanoparticles, enabling the determination
of nanoparticle sizes and cation vacancies.®’

Large-box refinements serve as a solution to address chal-
lenges associated with local and non-periodic models. These
approaches allow the construction of models for disordered
materials, including liquids and glasses, as well as non-periodic
features, owing to the capacity to handle systems contain-
ing thousands of atoms. The main methods used in large-
box approaches are Monte Carlo and molecular dynamics
simulations.

Monte Carlo simulation is a mathematical method used to
estimate the possible outcomes of an uncertain event. Within
the context of model construction, it involves generating a set
of new configurations by randomly moving single atoms, bonds
or molecules depending on the constraints, MC(m,,).”® Follow-
ing this output, the potential energy of the new configuration,
m', is computed, and the algorithm evaluates whether the
energy of the new configuration exceeds the one of the previous
state or not. If the value is lower, the new configuration is
accepted. In the opposite scenario, the algorithm calculates the
related Boltzmann energy factor, which is compared to a
random number between 0 and 1. The new configuration is
rejected if the factor exceeds the random number, and the
process continues from the initial state. If not, the iteration
proceeds with the new configuration. This iterative approach
allows for accepting movements that increase the energy of the
system, thereby preventing convergence to a local minimum. In
a typical Monte Carlo simulation, this process is repeated
thousands of times to generate multiple probable outcomes.
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On the other hand, molecular dynamics simulations utilize
Newton’s laws of motion at a given model system (obtained
either by experimental or comparative modelling data) contain-
ing interacting particles such as atoms or molecules. The forces
associated with each atom of the system can be described by
the potential energy function known as force field; it includes
contributions from bond lengths, angles and rotations, as well
as Lennard-Jones potentials, van der Waals and electrostatic
interactions.”® Once the force fields are calculated, Newtonian
equations simulate the motion of the system over time.
This generates a sequence of consecutive configurations with
updated atom positions, revealing the dynamic evolution of
the system. These configurations are evaluated to minimise
the system’s total energy, encompassing kinetic and potential
energy.

In 1988, McGreevy and Pusztai introduced an improved
Monte Carlo methodology for studying of disordered structures
reverse Monte Carlo calculations (RMC).*° This algorithm is
centred on randomly modified configurations. However, unlike
conventional Monte Carlo methods, the decision to accept
the new configuration is based on the similarity between
the calculated function with the experimental counterpart,
assessed by a y*-test:

P NZ yCdlCL

where y is either G(r) for real space fit or S(Q) for real space fit
and the sum runs over all experimental points, 7; Ycaic,; aNd Yexp,i
are the experimental and simulated data, respectively. ¢ is the

Yexp, 1)2

2 (Vexpi) (13)

standard deviation for the experimental point i.

Consequently, the generated structure is refined based on
experimentally obtained results, in contrast to traditional
methods that independently create a structure without consid-
eration of the model selection process (Fig. 8). An intriguing
aspect of RMC calculations applied to PDF analyses is the
ability to refine the model simultaneously using both real (by
using G(r)), and reciprocal space (by using S(Q)). However, it’s
worth noting that since the model is refined against an experi-
mental G(r) or S(Q), the inverse approach does not yield unique
solutions. This is due to the rapid increase in the number of
possible configurations as the system’s size or the number of
atoms increases. Therefore, it is possible that applying the
same number of iterations in the RMC cycle to the same dataset
could yield different models on two separate occasions.

3. Structural transformations

One of the main features of MOFs is the dynamic nature of
their metal-linker bonds. This reversibility can be exploited for
exploring the derivatization of MOFs. In this regard, myriad
works have reported processes triggered by ligand release or
exchange, including post-synthetic modifications, crystal-to-
crystal and order-disorder phase transitions, among others.
Some of these processes do not involve chemical modifications
of the network but changes in coordination spheres, topology

11782 | Chem. Soc. Rev.,, 2024, 53, 11772-11803

View Article Online

Review Article

Classical methods & Reverse Monte Carlo

Initial configuration (my)

5 Monte Carlo
Initial B simulation
. 3 =z B
o configuration § 2 %" New configuration (m')
o= -
£3 () g5 8 m’ = MC(my) g
£.8 Tw 3 3
]
25 23 E 3
7= 258 s g
2
o 2
Optimized g § .5 Calculated S(Q) or G(r) 'g"
structural model ® 3
£ % 2
c
x'? test 3
1 &
Pair distribution function G (r) S

or
structure function S(Q)

New configuration

Convergence condition

Final structural model

Fig. 8 Approaches of large-box refinements using (A) Monte Carlo and
molecular dynamics refined models and (B) simplified algorithm for
reverse Monte Carlo simulation. *The decision to accept or not the new
configuration is conditional to the respective 2 values. Configuration
changes lowering #? are accepted, while changes that increase the value

A 2
are accepted with the probability P = min [1 exp(—%ﬂ so the result can

be more independent of the initial configuration.

or pore apertures. These dynamic structural scenarios repre-
sent an opportunity for the PDF technique to demonstrate the
precise information that can be retrieved at the atomic scale,
especially without single crystals.

3.1. Topological alterations

Analysing the network topology is a widely adopted strategy to
streamline the description of MOFs and COFs, facilitating the
design of novel materials.®" In this regard, the network’s
topology can undergo various alterations as a result of ligand
exchange processes or be modified through defect engineering.®*
In both scenarios, the PDF is expected to undergo changes in the
local and average structure. Consequently, real space refinement
emerges as a valuable tool for ascertaining or characterizing the
newly generated topology.

In 2017, Miera et al. described a topological transformation
on bio-MOF-100 triggered by ligand exchange.®® The authors
showed that bio-MOF-100 could be isolated as a dense phase by
forcing fast nucleation by stirring the reaction mixture. PDF
analysis performed on the two forms of bio-MOF-100 (the first
reported lcs topology and the dense dia-c) showed that the local
structure of both materials had very similar features in the local
scale (Fig. 9). This evidence indicated that the structure of
the Zn-adeninate clusters was the same in both phases. The
functionalisation of the pristine dia-bio-MOF-100 by using
solvent-ligand exchange methods resulted in the formation of
the open-pore iridium-modified les-bio-MOF-100. Following
this methodology, the authors prepared a set of open-pore bio-
MOF-100 systems containing tailored amounts of a 2,2’-bipyridine
dicarboxylate iridium complex.

Defects can also be a switch to achieve topology and phase
changes in reticular materials. In reticular chemistry, the term
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Fig. 9 (a) PXRD data of the bio-MOF-100 frameworks showing the

occurrence of different crystalline phases and (b) PDF data showing the
presence of the characteristic local structure in both phases. Reproduced
with permission from ref. 63. Copyright 2017 American Chemical Society.

‘defect’ often refers to what is known as vacancies in coordina-
tion chemistry. This encompasses node vacancies (missing-
clusters), ligand vacancies (missing-linkers), or both concur-
rently. If these local defects within the lattice exhibit periodic
ordering, they may lead to the emergence of a new lattice where
such vacancies are no longer considered defects. For example,
the presence of missing-linker, missing-cluster or both types of
defects in a significant concentration result in the formation of
different topologies in UiO-66: beu (first reported), reo or scu as
demonstrated by Liu et al.®* Cliffe et al. studied this pheno-
menon by assessing the occurrence of correlated defect nano-
regions in Hf-Ui0-66.® Two material samples were explored:
one defective (reo) and the other defect-free (fcu). The PDFs of
both Hf-UiO-66 systems revealed the appearance of identical
local structures, suggesting the loss of whole HfsO4(OH),
clusters in the defective materials. Alternatively, the presence
of Hf atom vacancies within the clusters might have resulted in
characteristic features in the local-range scale of the PDF data.
The combination of the local structural information from PDF
analyses and the analyses of superlattice reflections demon-
strated the existence of short-range correlated alterations. Upon
incorporation of missing-cluster defects, these changes within
the UiO-66 framework have a periodicity in the lattice vector
[100] that depends on the modulator-to-linker ratio used in the
synthesis. Based on theoretical calculations and diffuse scatter-
ing experiments, the authors proposed a novel structural model
of the defective Hf-UiO-66, which corroborated the presence of
correlated disorder. The implication of such a structural phe-
nomenon induced by local defects in materials function has
opened new horizons in the field of MOF chemistry in recent
years.®®

3.2. Crystalline-to-amorphous transitions

Crystal-to-crystal transformations in MOFs often involve modi-
fying building components by removal, addition, substitution,
or alteration.®”-°® While SCXRD helps to elucidate mechanisms
in single-crystal-to-single-crystal transformations,**”® most MOF
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changes lead to amorphous states or microcrystals. PXRD can be
utilized for such cases by comparing profiles with known struc-
tures or conducting ab initio structural determination for single-
crystal-to-microcrystal analysis. In contrast, crystal-to-amorphous
transformations pose greater challenges, necessitating PDF ana-
lysis to obtain structural information essential for understanding
the transition.

In this context, Allan et al investigated temperature-
triggered conformational changes in MOFs.”" In this work,
PDF analysis was applied to study the mechanism of single-
crystal to disordered to single-crystal transformation occurring
in a Cu-MOF®" with selective adsorption properties. The as-
prepared form of this MOF (LT) underwent a phase transition
upon hydration (HT). Both forms were determined by single-
crystal diffraction. The authors applied PDF methods to better
understand the structural mechanism of this transformation,
which involves breaking several bonds and rearranging the
framework. Thus, the PDF of the LT form has two main signals
centred at 3.2 A and at 7.3 A associated to Cu-S and Cu- --Cu
distances, respectively. Upon heating, variable-temperature
PDF studies showed two key temperatures to explain the
transformation from LT to HT forms. The first change occurred
at temperatures below 127 °C and was related to a change in the
coordination mode of the sulfonate groups. When sulfonate
changes had finished (ca. 177 °C), an alteration in the Cu---Cu
distances was observed. The moving of the MOF layers can
explain this evidence to form the dense HT phase characteristic
of the dehydrated material. Additionally, the authors per-
formed selective capture of NO in the HT framework. Surpris-
ingly, when NO was loaded into the MOF, the PDF of the
material resembled that of the intermediate phase observed
at 127 °C. This evidence indicated a new change in the structure
promoted by the strong binding of NO to the copper(u)
sites rather than the presence of host-guest interactions. This
structural mechanism could elegantly explain the selectivity
of this material towards NO adsorption over other non-
coordinating gases.

PDF analysis has also been applied to characterise amor-
phous-to-crystalline transitions in COFs by Stewart et al.’?
In this work, the authors synthesized two amorphous materials
(PATnC and PATCNNC) and converted them to two crystalline
COFs: CAF-1 and CAF-2. PDF analysis was used to assess the
structural transition from the amorphous into the crystalline
phases. This study demonstrated that while both amorphous
and crystalline phases present similar local structures up to
ca. 12 A, the crystalline phase shows atomic correlation up to
ca. 38 A (Fig. 10). The authors also proposed structural models
for these COF materials based on Rietveld refinement of
experimental synchrotron PDF and diffraction data.

3.3. Flexible MOFs

A class of MOFs known as flexible MOFs exhibits the unique ability
to respond to a wide range of physical and chemical stimuli in a
customizable manner through molecular design.”” These MOFs
display intriguing properties, including phenomena such as
breathing, which are influenced by host-guest interactions.”
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Fig. 10 (a) Schematic diagrams of the three independent CAF-1 sheets in
a unit cell looking down the a- and (b) c-axis respectively. (c) PDF
refinement of the same ABC stacked structure as used for the Rietveld
refinement, observed in purple, calculated in red and difference in black.
Reproduced from ref. 72 with permission of Springer.

Following this line, Mulfort et al. reported the use of the PDF
to assess ligand rotation into a two-fold catenated pillared MOF
composed of Zn(u) paddle-wheel clusters.””> This particular
MOF suffered deterioration after solvent evacuation, hindering
structural analyses in terms of dynamic changes by traditional
single crystal diffraction methods. Alternatively, the authors
compared the PDFs of the pristine sample (i.e., before solvent
evacuation), solvent evacuated and after CO, capture. Interest-
ingly, subtle changes in short-range of the MOF structure were
identified after both activation by solvent removal and after
CO, capture (Fig. 11). After solvent-evacuation, the disappear-
ance of two PDF signals centred at 5.5 and 6.7 A attributed to
pairs of Zn atoms and between Zn and the ortho-C of the
benzene rings of one of the ligands was observed. This evidence
suggested a torsional motion of the 4,4’,4”,4""-benzene-1,2,4,5-
tetrayl-tetrabenzoic acid. The authors hypothesized this dynamic
torsion of the linker to be the activation mechanism in this MOF.
An additional comparison of the PDF of the activated MOF to that
of the sample after CO, capture revealed that the linkers remained
in a twisted conformation during adsorption/desorption. In parti-
cular, the intensity of a signal located around 19.5 A linked to
Zn---Zn distances diminished during solvent removal and then
disappeared after CO, capture. This change in the medium range
of the PDF could not be explained by simple displacement of Zn
atoms but by a structural transition of the bulk material. The
conversion between interpenetrated and interwoven catenated
geometries could explain these variations in the intermediate
range scale since the Zn---Zn distances between the two inter-
locked networks are no longer fixed to a particular length.

In a more recent work, Bueken et al. reported an isoreticular
analogue of Zr-UiO-66 bearing the aliphatic trans-1,4-cyclo-
hexanedicarboxylicacid (CDC) as a linker.”® The flexible nature
of the CDC ligands conferred breathing behaviour to the net-
work. (Fig. 12). The authors applied PDF analyses to better
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Fig. 11 (a) PDF analysis of the pristine MOF evacuated (solvent-free) and
CO,-treated material. Atomic pair correlations at around 2.5 A belong to
C-C, at about 3 A to Zn-Zn, at about 5.5 A and 6.7 A to Zn—Cortho, and at
about 19.5 A to Zn-Zn. (b) Shift between interpenetrated and interwoven
geometries of the pristine MOF upon activation and guest adsorption.
Reproduced from ref. 75, with the permission of John Wiley & Sons.

(a) 18
15
1

1.2

=09
g

0.6

0.3

0

-0.3

0.6

0 10 20 30
rlA
Fig. 12 (a) PDF analyses of ethanol exchanged ZrCDC (red line) and

ZrCDCcp (blue line). (b) Characteristic Zr---Zr distances are indicated in
the PDF. O red, C gray, Zr yellow. Reproduced from ref. 76, with the
permission of John Wiley & Sons.

understand the structures of both water/ethanol-exchanged
open-pore crystalline (ZrCDC) and the collapsed amorphous
phase (ZrCDCcp). As typically seen for Zr-MOF, the PDFs obtained
on the water-exchanged materials were dominated by the Zr- - -Zr
distances within the framework. Based on PDF analyses, the
authors demonstrated that the local structures (up to 8 A) of these
two MOF forms were virtually the same. This indicated that the

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cs00267a

Open Access Article. Published on 14 October 2024. Downloaded on 12/6/2025 3:01:34 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review Article

structure of the ZrsOg clusters did not suffer any alteration upon
water evacuation. Furthermore, detailed analyses of the medium-
range order (8-20 A) corroborated the presence of similar distances
between neighbouring clusters for both phases. The main differ-
ences in the PDFs of the two networks were seen in the long-range
region, beyond 20 A, where only two broad signals were present for
the collapsed form. This indicated a loss of the long-range order
beyond the first ZrsOg neighbourhood, caused by the loss of water
molecules.

4. Non-crystalline and disordered
materials

4.1. Amorphous and liquid MOFs

The PDF can be applied to study materials in amorphous and
liquid phases since it does not presume periodicity, while Bragg
diffraction analysis fails to describe these kinds of materials,
and electron microscopy only gives local insights. In fact, one of
the traditional research areas for PDF analyses is assessing the
structure of inorganic glasses.”” Nowadays, the fast develop-
ment of amorphous and liquid MOF materials has resulted in
the widespread use of PDF in this field.

In this regard, Bennett et al. studied the glassy behaviour of
the zeolitic imidazole framework ZIF-4.”® The melting of
the ZIFs structures has been previously reported in transition
metal imidazolates.”® > However, in this case, the a-ZIF phase
is bounded by two crystalline phases: ZIF-4 and ZIF-zni.
Variable temperature neutron scattering data were acquired
at 300 °C for the desolvated ZIF-4 form, at 320 °C for the
amorphous a-ZIF and at 400 °C for the new phase ZIF-zni.
These scattering data were transformed into PDFs and com-
pared to those obtained with X-ray and electron diffraction.
This analysis showed an identical radial histogram up to 6 A for
the three ZIF systems, indicative of a common tetrahedral Zn
coordination environment and bridging coordination motif of
the imidazolate ions. On the other hand, the PDFs of these ZIFs
exhibited some significant differences in the medium-range
order. As expected for crystalline materials, ZIF-4 and ZIF-zni
peaks persisted beyond 20 A. However, in the case of the a-ZIF,
the PDF was essentially featureless beyond 25 A of radial
distance. To better understand the structure of a-ZIF, the
authors performed refinements of the total scattering data
based on reverse Monte Carlo (RMC). The authors used a
continuous random network (CRN) model of a-SiO, to fit the
experimental data obtained for a-ZIF. The objective of this
approach was to corroborate the structural similarities between
a-Si0, and a-ZIF, although some differences (e.g. ring statistics)
could not be fully identified using this method. This study
demonstrated that the structure of a-ZIF can be described as
truly amorphous with a crn structure rather than a disordered
network with a crystal-like structure.

This concept of amorphous MOFs was expanded to related
ZIF materials with different topologies (ZIF-1 and ZIF-3) and
chemical compositions (Co-ZIF-4).*® Variable temperature
PXRD was performed to characterize the transition temperatures
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of these new materials. The non-reversible amorphization started
at 280 °C and by 300 °C all Bragg reflections had disappeared,
reaching the new crystalline phase ZIF-zni at 400 °C. These new
amorphous phases were studied by PDF analyses of X-ray total
scattering data to ascertain that the connectivity was retained
in their structures. These experiments showed that the local
environments of these unsubstituted Zn- and Co-imidazolates
remained unaltered upon thermal amorphization, as previously
demonstrated for Zn-ZIF-4. RMC simulations were carried out on
a continuous random network model for a-ZIF phases to fit the
correlations in the medium range, showing identical structures in
all cases. Interestingly, ZIFs containing substituted imidazolates
as ZIF-8, -9, -11, -14, and ZIF-bqtz, did not show any sign of
thermal transition nor amorphization. This evidence indicated
that the structure of the ligand plays a key role in the thermal
amorphization of ZIFs.

The intriguing phenomenon of MOF amorphization has
been explored in other MOFs beyond the ZIF family, especially
in Zr-based materials such as Ui0-66 and MIL-140.** In this
work, Bennett et al. studied the ball-milling-induced amorphi-
zation of two benchmark Zr-MOFs: UiO-66, composed of dis-
crete inorganic nodes, and MIL-140, composed of inorganic
chains. The authors studied the loss of long-range order by PDF
analyses, observing that the PDF signals linked to the ZrsOg
within UiO-66 remained unaltered during amorphization. On
the contrary, PDF data of amorphous MIL-140 show significant
changes in the signals linked to Zr---Zr distances (3.3-3.5 A)
(Fig. 13), together with alterations in the medium-range order.

Another significant milestone in the field of non-crystalline
MOF materials was achieved through the formation of hybrid
glasses from MOF liquids, as reported by Bennett et al®®
Differential scan calorimetry experiments carried out on ZIF-4
reveal the co-existence of two glass phases after melting: low-
density amorphous (LDA) and high-density amorphous (HDA).
By comparison of the PDFs corresponding to ZIF-4, HDA the
melt-quenched glass (MQG), the authors identified a similar
correlation of these three systems in the short-range order. This
demonstrates that the local structure of ZIF-4 is kept in both
HDA and MQG (Fig. 14). A similar approach was applied to
related MOFs with Zn(Im), compositions, such as TIF-4 and
ZIF-62.%° Melt-quenched MOF glasses have huge potential in
terms of applications: they have shown permanent porosity,®”%®
and have been used to obtain MOF composites such as UiO-66/
ag-ZIF-62 MIL-53/ag-ZIF-62.%°

In 2017 Gaillac et al. studied the formation and structure of
liquid MOFs.?® Obtaining a liquid MOF depends on the balance
between the melting temperature and the decomposition tem-
perature of the organic linkers. In this ground-breaking work,
the authors reported an exhaustive characterization of melted
ZIF-4 by combining situ variable temperature X-ray and ex situ
neutron PDF experiments with modelling. The authors pro-
vided a detailed mechanism of MOF melting by applying first-
principles molecular dynamics. A remarkable aspect of the
liquid MOFs was that the local bonding environment of
the Zr centres was retained, as demonstrated by neutron PDF
experiments. This fact afforded permanent porosity in liquid
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Fig. 13 (a) PDF data for MIL-140B and the phase after milling. Labels of
peaks below 8 A correspond to the indicated correlations in the ZrO
inorganic chains (inset). (b) Two ZrO chains linked by 2,6-ndc, and the
distances corresponding to the longer r features in (a). (c) PDF data for
MIL-140C and the phase after milling. Labels of peaks below 8 A corre-
spond to the indicated correlations in the ZrO inorganic chains, as in MIL-
140B (inset). (d) Two ZrO chains linked by bpdc, and the distances
corresponding to the longer r features in (a). Zr-light green, O-red,
C-grey, H-omitted. Reproduced from ref. 84 with permission from the
Royal Society of Chemistry.

MOFs, making them a platform for gas separation.”® The
extension of the liquid MOF family has also allowed the
preparation of blended liquid MOFs, such as the case of
ZIF-4-Co/ZIF-62 (50/50).°> The understanding of liquid MOFs
has also afforded the preparation of glasses composed of MOFs
that do not melt, such as ZIF-8 and Co-bis(acetamide).”?

PDF analyses, in combination with spectroscopic techniques
and modelling, have also been utilized to elucidate the nature
of metal-oxo nodes in porous materials, as shown by Nguyen
et al.°* In this work, five different materials composed of Co,0,
nodes, which are active in oxygen-evolution reaction, are dis-
cussed: two based on carboxylate tritopic ligands, and three based
on tritopic pyridine ligands. In this case, PDF was a critical
characterization technique to suggest a structural model due to
the lack of long-range periodicity within the materials.

4.2. Thermal treatment of MOFs and MOF composites

Composites derived from MOFs have attracted more and more
attention in recent years because of the intriguing properties
that can arise from synergistic effects between two or more
chemical components. However, the complexity of the struc-
tural analyses of amorphous composites has hindered, so far,
an accurate understanding of their atomic structures. In this
context, PDF analysis is ideal for studying complex phases and
interfaces and has provided fruitful insights into the field.
Nanocasting has been applied to MOFs to obtain a variety
of nanostructured materials.”®> Malonzo et al. reported the
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Fig. 14 (a) The rings and imidazolate linkages in zeolitic topologies in the
ordered structure of crystalline ZIF-4 (left) and ZIF-8 (centre), and the
disordered HDA phase (right). Zn, orange; N, blue; C, green; and H, grey.
(b) X-ray PDF data measured for the MQG (green), ZIF-4 (broken black) and
the HDA phase (broken pink). Inset: Optical images of (left) ZIF-4 and
(right) MQG. Scale bars, 100 mm. Reproduced from ref. 85 with permission
of Springer.

formation of a zirconia@silica composite by nanocasting of
NU-1000 and subsequent calcination of the linker.”® The struc-
tures of both materials, Si0,@NU-1000 (nanocast material) and
Zrs@SiO, (nanocast material after calcination), were evaluated
using d-PDF analyses. These analyses identified the presence of
Zr-O (2.14 A) and Zr---Zr (3.47 A) distances characteristic of
Zr oxides. Rietveld analyses of PDF data were applied to identify
the presence of small cubic ZrO, clusters of approximately
0.6 nm size. Additionally, a minor component of bigger ZrO,
nanoparticles (approximately 3 nm) was also found to
be present on the pore surface. Related silica nanocasting
methods have also been adapted to other MOFs, such as
DUT-9 and (Ce)UiO-66, to incorporate pentanickel and hexacer-
ium oxide-based clusters.”” Beyond silica, these authors also
explored the potential of the nanocasting technique for the
preparation of nanostructured MOF composites based on TiO,
or carbon.””

Direct calcination of MOFs has been demonstrated to be an
excellent methodology for the preparation of complex metal
oxides. In 2019, Day et al. reported the preparation of a mixed-
valence Fe-doped carbon by thermal decomposition of Fe-PCN-
250 under different gas flow environments (air, nitrogen and
D,0)°® (Fig. 15). The carbon-NP composites were studied by
combining PDF of neutron scattering data. The neutron PDFs
showed contributions of both graphite and Fe oxides, as
demonstrated by Rietveld analyses. While the carbon ordering
is very similar under the three conditions studied, the authors
showed that the carbon content, magnetic behaviour, and
oxidation state of the Fe oxide species within the samples, are
very different depending on calcination. Magnetic PDF (mPDF)”’

This journal is © The Royal Society of Chemistry 2024
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Fig. 15 PDF of the neutron scattering data for PCN-250 calcined under
(a) air, (b) D,0O, (c) N». Each data set shows raw data (blue circles), the oxide
fit (red line), the graphite fit (green line), the mPDF fit (orange line), with the
final difference curve shown below (purple line). Reproduced from ref. 98
with permission from the Royal Society of Chemistry.

can be obtained from neutron scattering cross-section data and
reveals both short- and long-range magnetic correlations in real
space within a material. By analysing the residual mPDF of
Fe-PCN-250 calcined in air, the presence of magnetic Fe(i)
oxide was identified. Under a D,O atmosphere, a mixture of
Fe(m) and Fe(u) oxides was observed. mPDF data showed the
occurrence of an inverse spinel structure of Fe(i) and Fe(u),
where the tetrahedral Fe(ur) sites align antiferromagnetically
with the octahedral Fe(u)-Fe(i) sites. Additionally, the carbon
content of the sample increases from 0.16% w/w (air calcined)

This journal is © The Royal Society of Chemistry 2024

View Article Online

Chem Soc Rev

to a 31.6%. Finally, the N, calcined sample showed both Fe
structures, that is Fe(mr) oxide and Fe(u)/Fe(m) mixed-oxides.

4.3. Stacking disorder

The main structural characterization challenge of COF materi-
als arises from their limited crystallinity, which typically hin-
ders the use of conventional crystallographic approaches.
This is especially true in those systems based on stacked layers
(2D-COFs). In this context, PDF is a suitable technique for
addressing structural studies of these materials without having
single crystals.

Ascherl et al. were the pioneers in applying a PDF study to
COFs, thereby marking a significant milestone in this research
field.*®® The authors developed a strategy for preventing stack-
ing faults and dislocations during the COF growth by tuning
the core unit of the building block. This method allowed the
COF building blocks to adopt a propeller shape, guiding the
building blocks to a very ordered stacking process. In this case,
experimental and simulated PDF were compared to study the
structural models proposed for the COF.

Piitz et al. reported another interesting example of PDF
o1 This type
of stacking analysis was previously performed on other layered
porous materials by Schlomberg et al., providing interesting
insights into the stacking conformation of layered materials.'
In this work, the authors synthesized an imine-linked 2D-COF
under room temperature (low temperature, LT) and at 120 °C
(high temperature, HT). They proposed four structural models
to explain plausible stacking scenarios: eclipsed, randomly off-
set, unidirectional slip stacked, and alternating slip stacked
(Fig. 16). Interestingly, further insight into the latter case
(LT material) was performed using PDF analysis, demonstrat-

analyses to target stacking disorder in 2D-COFs.

ing the appearance of a complex disordered stacking. Thus,
when the PDF of the LT material was fitted against different
models (eclipsed, unidirectional and randomly slip-stacked),
a good fit of the PDF beyond 10 A was only found for the
randomly slip-stacked conformation. The authors further com-
plemented the PDF analyses with stacking fault simulations,
thereby providing a good model for a random off-set COF. This
stacking was in agreement with the PDF data of the LT system.
In particular, a model with a lateral off-set of 1.6 A improved the
fit quality by explaining the PDF signals of these COF materials
seen in the intermediate range order (above 10 A).

This interesting approach to assessing the interlayer stack-
ing within COF materials by applying PDF analyses has also
been applied to amine-linked systems. In subsequent work,
Grunenberg et al. studied the reduction of imine bonds to
amine within a family of COFs.'®® Using high energy synchro-
tron X-ray total scattering data, the authors determined the PDF
of the imine COF PI-3 (1,3,5-triformyl benzene-4,4',4"-(1,3,5-
triazine-2,4,6-triyl)trianiline) and its reduced form rPI-3.
The PDFs for this COF, before and after reduction, were very
similar in the medium range (5 A to 20 A) and exhibited two
primary oscillations: one of high frequency associated with the
ordering of the stacked layers and a low frequency that corre-
sponded to the pore apertures. Additionally, the occurrence of
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an amorphous phase upon reduction of the COF by protonation
of the amines was also studied by PDF analyses. While ss-NMR,
FTIR and other complementary characterisation techniques
were used to study the chemical composition of the disordered
COF phase, they failed to elucidate the structural differences
between the amorphous and the crystalline networks. Interest-
ingly, the PDFs of both crystalline and amorphous phases for
the reduced COF showed similar local structures. However,
from 12 A onwards, the PDF of the amorphous phase turned
flat, in agreement with the lack of order among stacked layers.
Finally, the authors compared the specific stacking offset
for each material, which are 1.0, 1.2, and 3.3 A for the imine-
linked PI-3, the amine-linked rPI-3 and the disordered rPI-3
respectively. This structural feature determined by PDF ana-
lyses explained the differences and similarities in textural
properties observed for this COF upon reducing its imine
linkages to amines.

4.4. Node transitions and defects

In 2016, Platero-Prats et al. reported a structural transition of
the ZrsOg nodes within Zr-MOFs that could be tracked by PDF
analyses.'* Variable-temperature PDF data collected on NU-
1000 showed significant changes in the correlations linked to
the ZrsOg nodes upon heating up to ca. 130 °C. In particular,
the original Zr- - -Zr distances at 3.5 A linked to the octahedral
ZrsOg nodes split into new distances at 3.3 and 3.7 A (Fig. 17).
Additionally, the distance related to Zr-O bonds shifted to
shorter values, indicating a contraction. The authors combined
PDF data with computational studies to unveil that the metal
oxide clusters, acting as nodes within MOFs, possess the ability
to undergo localized structural transitions. Remarkably, these
transitions occur without affecting the overall lattice symmetry
over extended distances. Such structural alterations parallel
those observed in bulk metal oxides at elevated temperatures.
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Fig. 17 Representations of the structures of (a) cubic and (b) monoclinic
ZrO, and (c) the corresponding PDFs simulated for these bulk phases. Red:
oxygen atoms, blue: Zr atoms, green: symmetric and distorted Zrg octa-
hedra. (d) d-PDFs simulating the cubic-to-monoclinic transition in bulk
ZrO,, closely match the differential PDFs obtained experimentally for the
Zrg node distortion transition in Zr-NU-1000. Reproduced with permission
from ref. 104. Copyright 2016 American Chemical Society.

Notably, these transitions occur under significantly milder
conditions (T < 150 °C), including conditions commonly
encountered in practical MOF applications.

The structural differences between PCN-224, PCN-221 and
MOF-525 have been recently addressed by Koschnick et al.**®
The inorganic clusters in PCN-221 were originally described as
ZrgOg clusters. However, by combining different atomic resolu-
tion techniques, the authors revealed the true nature of this
inorganic building unit. Contrary to the original model, the
clusters in PCN-221 are better described by the superposition of
four disordered Zrg(j13-0)4(13-OH), metal clusters. To corrobo-
rate this theory, the authors prepared a set of different PCN-
MOFs starting from other Zr precursors (e.g. ZrCly, ZrOCl,, and
pre-formed Zrg—oxo-benzoate clusters). PDF experiments were
performed to assess the structural features of the inorganic
clusters present in each sample. Surprisingly, in all cases, the
PDF signals linked to the Zr-O and Zr---Zr distances match
with those expected for a Zrg(us-O),(n3-OH), cluster. The
authors also performed a detailed study based 'H-, **C- and
"N-ss-NMR spectroscopy to understand the coordination
environment of the Zrg clusters in PCN materials. Furthermore,
single crystal diffraction experiments PCN-224 evidenced an

This journal is © The Royal Society of Chemistry 2024
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Fig. 18 (a) Experimental pair distribution functions (PDFs) of MOF_ZrCl,,
MOF_ZrOCl,, MOF_Zrg, and experimental PCN-224 (left). The star highlights
the Zr---Zr distance of 269 A in PCN-221 (right). (b) Zrg cluster (teal)
determined from SCXRD data, with a flat disk-shaped ellipsoid of the Zr atom
(left) and a truncated cube created by the overlap of four different orientations
of ZrgO4(OH)4 clusters (blue, green, red, and orange), each occupied by 25%
(right). Reproduced from ref. 105 with permission of Springer.

electron density pattern that can be explained by overlapping
four Zre clusters (Fig. 18). The authors proposed a disordered
structural model for PCN-224 that would ex plain the observed
discrepancies with the former PCN-221 model.

5. Nucleation and growth mechanisms

The PDF is an interesting tool to address the local structure of
the metal nodes in MOFs, even at the early stages of crystal-
lization. Through such an approach, a series of metal-oxo
clusters were studied by Sava Gallis et al. in a study related to
the use of lanthanide MOFs for bioimaging applications.'*® The
authors prepared a set of isostructural MOFs containing hexa-
nuclear nodes of Eu, Nd, Yb, Y and Tb. PDF analyses were key to
identifying similar M-O and M- --M distances in all cases,
thereby demonstrating similar local and long-range structure
for the whole family of MOFs. These studies demonstrate the
feasibility of PDF analyses to track the formation of metal-oxo
nodes and open the possibility for more advanced studies to
follow nucleation and growth in situ.

Elucidating the structural nature of nucleation species
formed before the crystallization of the MOF network is chal-
lenging when traditional diffraction methods are applied. PDF
analyses can represent an alternative, provided the potential of
this technique to assess both amorphous and crystalline
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phases. One of the first examples of PDF analyses applied to
understand MOF nucleation and growth was a contribution by
Terban et al.’®” In this work, the authors performed in situ PDF
experiments combined with mass spectrometry, electron micro-
scopy and DFT calculations, to monitor the formation of ZIF-8.
The PDF measurements are sensitive to low-concentrated ana-
Iytes, which was capital for measuring samples in conditions
relevant to nucleation processes. Additionally, the atomic resolu-
tion scale of the technique with rapid acquisition times allowed
the visualization of local transformations, as previously demon-
strated in in situ experiments, which were already applied to phase
transition processes'®®'* and nanoparticles formation."'® Under
the reaction conditions studied, a Zn(2-methylimidazolate),
cluster was rapidly formed. At the beginning of the reaction,
PDF is dominated by peaks at 1.37 and 2.17 A, which were
associated with correlations within the organic linker. Upon ZIF-
8 formation, demonstrated by long-range signals corresponding
to ZIF-8 phase, the occurrence of new correlations at 2.01 A was
rapidly seen, which were linked to Zn-N bond. The in situ PDF
experiments revealed the presence of Zn(2-methylimidazolate),
clusters during long periods, even after the crystallization.

Xu et al. reported"'" another interesting example of MOF
nucleation followed by PDF analyses for the archetypical Zr-
MOF UiO-66.""* In this case, the inorganic node of the frame-
work consists of a multi-metal ZrsOg Zr-oxo cluster.'’® The
presence of polyatomic nodes adds more complexity to the
MOF nucleation process since the node has to form before
forming the framework. The mechanism observed for UiO-66
was similar to that of ZIF-8. First, the ZrsOg nodes were formed
during the reaction, followed by the formation of an amor-
phous phase with the connectivity of UiO-66 and structural
coherence of ca. 23 A. This amorphous phase subsequently
transformed into the crystalline structure of UiO-66.

More recently, Firth et al. studied the nucleation of Hf-UiO
MOFs.'** Hf-MOF analogues are typically used for PDF studies
since they present isostructural frameworks to that of Zr-MOFs
with the advantage of offering higher sensitivity to X-rays. In
this case, the authors assessed the formation of Hf-oxo clusters
during MOF synthesis with different reaction conditions (sol-
vent and temperature). The in situ monitoring of the reaction
mixture by PDF experiments was compared to simulated pro-
files of M4, M6, M9, M11 or M12 clusters (Fig. 19). By applying
this strategy, the authors demonstrate the aggregation from
small clusters (M6) characteristic of hep UiO-66 to double-
clusters (M12) before the formation of hep Hf-UiO-66. This
work corroborated the potential of in situ PDF methods to track
the formation of several MOF clusters with atomic precision as
demonstrated before for other metal nanosystems.*>

6. Post-synthesis chemical
modifications
6.1. Metal nanoparticles

Stabilizing nanoparticles inside a porous material support is an
intriguing approach to creating novel functional materials.
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Fig. 19 PDF study of the nucleation of Hf-UiO-66. The diagram shows
cluster options and the simulated PDF patterns, with key peak areas
highlighted, as well as an in situ data set of a linker-free reaction at
150 °C for comparison. Cluster structure colour scheme: Hf, blue; O,
red; H, white. Reproduced from ref. 114 with permission of the American
Chemical Society.

Understanding the mechanism of the formation of metal
nanoparticles inside the structure is crucial for the design of
the material systems, however, traditional characterization
approaches often fail to elucidate this task. For example, PXRD
is not sensitive enough to nanoparticles because the Bragg
peaks generated are extremely wide, making very complicated
to generate distinct diffraction profiles. Electron microscopy is
powerful for discerning the local formation of nanoparticles,
but it only studies limited areas and does not give comprehen-
sive information on all the nanoparticles formed inside the
support. In this context, the PDF provides information about
local and average structure simultaneously. This conveniently
allows to study both the early stages of nucleation, charac-
terized by nanoparticles exhibiting signals only in the local
range, and the subsequent growth processes, during which
long-range signals begin to emerge.

We can find one of the very first examples of PDF analysis
applied to the study of metal nanoparticles embedded into a
MOF matrix in work by Pascanu et al.'*® The authors used X-ray
PDF to determine the size of Pd-nanoparticles incorporated
inside the mesopores of Cr-MIL-101-NH,. (Fig. 20) To assess the
role of palladium loading in the nanoparticle size, Pd-Cr-MIL-
101-NH, was prepared with 4, 8, 12 and 16 wt% Pd. Rietveld
refinement of the experimental PDF data of Pd-Cr-MIL-101-NH,
showed an increase in the nanoparticle size in parallel with
palladium loading. Interestingly, nano-sized palladium clusters
are observed in the samples with low palladium loadings,
which were untraceable by powder diffraction. Furthermore,
palladium aggregation inside the mesopores of Cr-MIL-101
was ruled out by comparison of the experimental PDFs with
simulated data of a palladium nanoparticle of 25 A size.

Rivera-Torrente et al. applied PDF analyses to study how the
presence of long-range defects within a porous support affects
the stabilization of Pd nanoparticles.'’” The authors compared
two porous materials containing trimeric iron-oxo clusters with
the same chemical composition: MIL-100(Fe) and Basolite
F300. The local structure of both materials was elucidated by
PDF analyses, which showed they presented the same features
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Fig. 20 PDFs of Pd MIL-101Cr-NH, samples, compared with the calcu-
lated PDFs of MIL-101Cr (bottom) and of a Pd nanoparticle (diameter: 25 A,
top). For the sake of clarity, the PDFs are vertically stacked by 10 A.
Reproduced from ref. 116, with the permission of John Wiley & Sons.

at low r values, indicative of an identical local structure.
However, MIL-100(Fe) presented medium and long-range order
while Basolite F300 lacked an ordered structure beyond 8 A.
The intrinsic structural disorder found in Basolite F300 shelters
Lewis acid sites from water, yielding a more hydrophobic
structure than MIL-100(Fe), and affects the following impreg-
nation of Pd nanoparticles in terms of the amount and particle
size distribution. This work is a good example of how the PDF
technique bridged the relationship between structural disorder
and metal nanoparticle formation.

PDF studies have been proven to be a very powerful
approach to characterizing the atomic structure of metal nano-
particles in situ formed in MOFs. In a relevant work by Platero-
Prats et al.,''® studied the evolution of Cu species loaded into
NU-1000 under pertinent conditions for catalyst activation by
combining PDF and difference electron density (DED) maps to
assess the local structure and the location of copper. (Fig. 21)
After copper-metalation of NU-1000 using atomic layer deposi-
tion (ALD) methods (or AIM, ALD in MOFs), the material was
exposed to reductive conditions, yielding the formation of Cu®
species active in reducing ethylene to ethane. Structure refine-
ment of the d-PDF data obtained after activation demonstrated
the presence of 4 nm nanoparticles and the formation of few-
atoms nanoclusters of metallic copper. This PDF study demon-
strated the presence of two types of Cu’ nanostructures inside
the NU-1000 framework: sub-nanometer clusters and 4 nm nano-
particles. Similar studies were extended years later to other Zr-
MOFs with different topologies, such as NU-901 and NU-907.'*°

The approach shown by Kim et al. to explore metal nano-
particles and nanoclusters in MOFs set the basis for the
comprehension of similar systems. Based on PDF analyses,
the same authors studied the stabilization of platinum nano-
clusters into NU-1000."2° Pt-AIM was performed at two different

This journal is © The Royal Society of Chemistry 2024
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Fig. 21 PDF studies on the incorporation of Cu into NU-1000, including
fits of models for Cu® (sub-nanometer clusters and 4 nm nanoparticles).
Features in the residual reflect unmodelled species and changes to the
framework. (inset) A residual (green) to a fit where only the 4 nm nano-
particles were modelled and the PDF for the Cu® cluster model (red).
Reproduced from ref. 118, with the permission of Royal Society of
Chemistry.

temperatures (115 °C and 160 °C), yielding two new MOFs: LT-
Pt-NU-1000 and HT-Pt-NU-1000 respectively. d-PDF analyses of
the LT-Pt-NU-1000 system showed the presence of Pt-O and
Pt---Zr at 2.05 A and 3.00 A, respectively. Furthermore, a group
of distances between 3.33 and 3.68 A was also determined,
which can be linked to Pt- - -Pt distances. Based on PDF experi-
ments, the local structure suggested for the platinum sites
varies in each case. In the high-temperature Pt-AIM, nanoclus-
ters predominate, whereas in the low-temperature Pt-AIM,
single atom species constitute a significant portion. This was
also in good agreement with those observed by EXAFS.

The PDF has also been applied to better understand the role
of pore-templated growth of catalytic metal nanoparticle into
MOFs. In this context, PDF analysis was found to be a powerful
method to understand how the chemical modification of the
organic backbone in a MOF affects the growth of gold nano-
particles inside the pores of NU-1000."*" Another interesting
case study was reported by Butson et al., where they present the
growth modulation of palladium nanoparticles inside the flex-
ible AI-MIL-53 following two methods: gas-phase reduction and
electrodeposition.'*® Small-box structure refinements to PDF
data collected on these materials demonstrated that the nano-
particle size depends on the synthetic procedure followed.

Metal nanoparticle growth can also be achieved in situ by
controlled heating treatments of the MOF itself. In a recent
example by Chen et al, the authors demonstrated this
approach with the pyrolysis of MOFs containing two metals
to obtain bimetallic nanoparticles'** Samples of PCN-250 were
prepared containing different metal clusters (Fe;, Fe,Co,
Fe,Ni). In situ PDF data was acquired during pyrolysis to follow
the formation of the bimetallic nanoparticles inside the MOFs.
Before the pyrolysis, variations of the PDF signals below 3.3 A
are observed in all the samples, indicative of distortions of the
trimeric MOF clusters (Fig. 22). Additionally, a broadening and
a shift to shorter distances are seen in the long-range, which is
related to a higher disorder in this region (including thermal
disorder) and a negative thermal expansion. After the formation of
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Fig. 22 PDFs of PCN-250 with (a) Fes, (b) Fe,Co, and (c) Fe,Ni nodes that
reflect (d) changes in local structure preceding nanoparticle formation.
Reproduced with permission from ref. 123. Copyright 2021 American
Chemical Society.

the nanoparticles, PDFs of the different systems were compared to
simulated data for fcc, bee and rock-salt structures. Following this
methodology, the authors correlate the presence of a rock salt
phase in all three types of nanoparticles, as well as an fcc phase in
the Fe,Ni nanoparticles and a bcc phase in the case of Fe,Co
nanoparticles.

6.2. Metal nanoclusters and single sites

The chemical modification of MOFs and COFs with metal
nanoclusters and single sites has been widely explored by
applying PDF analyses. The variations in the PDF signals of a
given material seen before and after chemical modifications
with metals are correlated to new atom-atom distances because
of the added functionalities.

Benseghir et al. studied the co-immobilization of a PW12
Keggin polyoxometalate (POM) and a Cp*Rh(bpydc)Cl, catalyst
into the Zr-Ui0-67 MO'** (Fig. 23). The authors ascertained the
structural integrity of the PW12 inside the material by applying
d-PDF analyses and comparing the experimental signal against
the simulated data of the isolated POM. This POM-MOF com-
posite exhibited a synergistic effect between the PW12 and the
Cp*Rh UiO-67 catalysts, resulting in a material with promising
photocatalytic activity towards CO, reduction.

Duguet et al. performed a similar study to assess the
immobilization of a [PW,040]°" MOP into a Zrs(Fe)TCPP
MOF."*® This MOF structure exhibits three possible structures:
MOF-525, PCN-224 and PCN-222. The more stable thermo-
dynamic phase is PCN-222, while MOF-525 and PCN-224 are
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Fig. 23 (a) POM components with refined distances: the PO tetrahedron,
the WOg octahedron, the trimer of WOg octahedra, and within the full
PWj, polyoxometalate structure. WOg, blue octahedra; PO, pink tetra-
hedron; O, red spheres; W, grey spheres; P, pink sphere. (b) Experimental
d-PDFs (numbered 1 to 3) for PWy, in PW;, UiO-67 (blue), in (PW4,,Cp*Rh)
UiO-67 before catalysis (magenta), and in (PWy,,Cp*Rh) UiO-67 after
catalysis (navy blue) determined by subtracting the PDF of UiO-67 from
the PDF of PW;, UiO-67, (PW1,,Cp*Rh) UiO-67 before and after catalysis,
respectively. Reproduced with permission from ref. 124. Copyright 2020
American Chemical Society.

the kinetic phases. A detailed study of the structure of MOP
MOF composites was performed to determine how the immo-
bilization of the POM favours the formation of the kinetic
phases. In particular, two sets of materials were prepared
through the in situ immobilization of [PW,040]°": one at room
temperature to obtain the kinetic phases and a control one at
120 °C to obtain the thermodynamic phase. When the POM was
added during the MOF synthesis, a mixture of both kinetic
phases (MOF-525/PCN-224) was obtained even at high tem-
peratures. This evidence suggested a directing role of the
[PW1,040]°” immobilization in the topological construction of
the PCN network.

The post-synthetic functionalization of MOF clusters, parti-
cularly those containing the ZrsOg core, has been under the
spotlight of PDF analyses recently. Zr-MOFs exhibit great varia-
bility in terms of the saturation of their clusters. The variable

1792 | Chem. Soc. Rev,, 2024, 53, 11772-11803

View Article Online

Review Article

connectivity of the Zr-oxo cluster allows the presence of defec-
tive sites (missing-linker) within the structure, which are
rapidly filled with OH, and OH ligands. This interesting
behaviour turns Zr-MOFs into excellent scaffolds for tuning
the chemistry of their nodes. In this regard, different strategies
can be used for the expansion of the chemistry of this type of
cluster.

One synthetic approach to modify the chemistry of the Zr,Og
clusters is through metalation on the aqua-hydroxo defective
sites via atomic layer deposition (ALD) reactions. In 2015, Kim
et al. applied d-PDF analyses to study the structure of NU-1000
modified with trivalent cations (AI** and In*") through ALD."?®
NU-1000 presents intrinsic defective sites in the ZrsOg4 clusters
arising from its 8-fold connectivity. AI-NU-1000 showed limited
stability due to the strong Lewis acidity of the precursor AlMe;
(the synthesis of this material was fully optimised years later,
vide infra). The d-PDF of In-NU-1000 was governed by strong
signals, mainly In-O (2.12 A), and In---Zr (3.33 A), associated
with the deposition of indium-oxo single sites. In particular,
the lack of signals linked to In.--In distances indicated
the presence of site-isolated In atoms. The assignment of the
signals was made by a combination of theoretical calculations.
Specific distances from the models were compared against d-
PDF of the loaded material, assigning the related signals on the
d-PDF. The predicted structural model matched very well with
the experimental d-PDF data. The Al-NU-1000 was prepared
under milder conditions using Al(iPrO); as a precursor in a
related study.'”” A similar characterization approach was car-
ried out and complemented with XAS data. The authors could
conclude the presence of 4-8 Al atoms attached to the ZrOg
clusters within NU-1000. This characterization approach was
expanded to the study of metal sites containing transition
metals and lanthanides."®® In particular, Ni doping by ALD in
NU-1000 was thoroughly studied by Platero-Prats et al.'*’
Furthermore, a complementary analysis of EXAFS and PDF
data showed that the nickel is deposited as 4-Ni cluster within
an o-Ni(OH),-like layer (Fig. 24), bridging two ZrsOg clusters,
yielding heterobimetallic nanostructures.

In recent years, this characterization approach has been
used for other Zr-MOFs such as MOF-808."*° Castillo-Blas et al.
prepared a Fe-loaded MOF-808 by soaking the pristine MOF into a
solution of FeCl,. Fe-MOF-808 was obtained with two different Fe
loadings (i.e., Fe-0.5-MOF-808 and Fe-1.2-MOF-808). By combining
XAS, DFT calculations and quantitative analysis of d-PDF data
(Fig. 25), the authors could characterize the Fe species deposited
on the surface of the MOF nodes and confirm the presence of
Fe-dimers linking two ZrqOg clusters. This unique hetero-
bimetallic MOF was demonstrated to be active in removing
organic contaminants in water via Fenton reactions.

Doping MOF materials with metal sites is a promising
chemical modification to tune material properties. Howe
et al. explored the structure of mixed-metal Mg-Ni MOF-74
and Mg-Cd MOF-74,"*' composed of metal-oxo rods as build-
ing units. By combining PDF experiments with computational
studies, the authors demonstrated the homogeneous disper-
sion of the added metals within the Mg-O chains. Interestingly,
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Fig. 24 Proposed models of a Niy4 cluster attached to a MOF Zrg node and
a comparison of the corresponding simulated Ni K-edge EXAFS (left) and
PDFs (right, Ni—=Ni, Ni-O, and O-0O correlations) to the experimental data
(black). For both EXAFS and PDF, model C provides the best match to the
experimental data [C: light grey, O: red, Ni: green, Zr: greyl. Reproduced
with permission from ref. 129. Copyright 2017 American Chemical Society.
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Fig. 25 (a) Total PDFs of pristine and Fe-MOF-808 materials (up) and the

corresponding d-PDFs for Fe-0.5-MOF-808 and Fe-1.2-MOF-808. d-PDF
signals are obtained after comparing the PDF signal of pristine MOF-808 to
that of Fe-MOF-808 materials to highlight the correlations characteristic
of the iron clusters (down). (b) Simulated d-PDF signal of a hypothetical
binuclear iron cluster (up) and experimental d-PDF signal of Fe-0.5-MOF-
808 (down) fitted to Gaussian curves for quantitative analyses to estimate
the cluster size. Reproduced from ref. 130, with the permission of Royal
Society of Chemistry.

the authors demonstrated that doping with Ni(u) and Cd(u)
causes a local distortion of the Mg-O chains. Beyond MOFs,
COF structures are also ideal platforms for post-synthetic
decorations through stabilizing metal sites. In this context,
Romero-Muiiiz et al. studied the role of local defects within an
imine-linked 2D-COF to stabilize catalytic palladium centers.'*
In this work, the authors prepared two sets of materials: an
early-metalated material, for which metalation and COF for-
mation occurred simultaneously; and a late-metalated material,
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Fig. 26 d-PDFs obtained by subtracting the PDF obtained for pristine
COF, showing the contributions attributed to the palladium species before
and after catalysis for the different metalation methods used. (a) Range
from 0—6 A and (b) range from 0—35 A. Reproduced from ref. 132, with the
permission of John Wiley & Sons.

for which metalation was carried out on the crystalline COF.
Assisted by DFT calculations combined with d-PDF analyses,
the authors corroborated that palladium tends to bind the
defective sites present in the imine-linkages upon hydrolysis.
Therefore, the chemical functionalization of COFs is thermo-
dynamically favoured on the defects compared to the pristine
sites. Interestingly, although the local structure for both early-
and late-metalated COFs was related, major differences were
seen in their catalytic activity for Suzuki-Miyaura couplings. In
order to assess the structure of the palladium catalytic species
in these materials, d-PDF analysis was performed. When d-PDF
data of these COFs were analysed after catalysis, significant
palladium aggregation was determined for the late-metalated
COF material in contrast to the behaviour seen for its early-
metalated analogue (Fig. 26). Furthermore, the d-PDF analysis
also demonstrated the stabilization of discrete Pd (1) complexes
within the COF backbone under catalytic conditions. Similar
d-PDF approaches were also applied to assess the local struc-
tures of catalytic copper™®® and platinum*** sites incorporated
in COF materials.

7. Surface and molecular interactions

The study of host-guest interactions in adsorption and catalysis
processes is challenging but crucial for understanding struc-
ture-property relationships and helps in the design of novel
functional materials. SCXRD analyses have provided interesting
results,"*> but the prerequisite of obtaining single crystals
has sometimes limited its utilization. PDF analysis stands
out as a potential tool to follow host-guest interactions in
porous materials because (1) it has a versatile ability to deter-
mine the distance between guest molecules and framework;
(2) a combination of PDF and theoretical calculations can
provide a detailed structural model with an atomic resolu-
tion of the material, even of the defects; and (3) it is possible
to use in situ PDF analysis to track the mechanisms of adsorp-
tion and catalysis under conditions relevant for ultimate
applications.
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Chapman et al. have extensively studied the capture of
radioactive wastes such as I, using nanoporous MOFs."*
X-ray total scattering data were collected on ZIF-8 before and
after high-pressure-induced amorphization, during I, removal
upon annealing and redispersion of the material (Fig. 27). The
analysis of the d-PDF data suggested that the local connectivity
of the structure was maintained in the amorphous samples.
The occurrence of new atom-atom distances on the PDFs was
identified, which were explained by the orption of iodine
molecules on the pore surface. The main features seen in the
PDF data during I, capture were the sharpening and shift from
2.8 to 2.6 A of the signals corresponding to I-I bond, and the
increase in the intensity of the peaks around 4.3-4.4 and 3.85 A
that are associated with supramolecular interactions inside the
pores. This is representative of the I, molecules re-arrangement
within the pores of ZIF-8 upon annealing. The study concluded
that the amorphous annealed ZIF-8 retains more captured I,
and retards the loss of I, compared to crystalline ZIF-8.

Furthermore, the mechanism for the I, capture inside the
ZIF-8 pores was also explored by combining PDF experiments
and molecular simulations."®” In this study, radial distribution
functions (RDF) derived from computed models were calcu-
lated and compared to the experimental d-PDFs obtained upon
iodine loading. Distances corresponding to I.--H and I.--C
linked to the interaction between iodine and the organic linker
were observed. An interesting behaviour of the material was the
loss of long-range order (i.e. r > 20 A) upon high loading of
iodine while the short-range order was retained. The authors
presented ZIF-8 as a promising candidate for the uptake of I,
and demonstrated the utility of PDF for studying the structural
integrity of MOFs in scenarios where other crystallographic
techniques would rather fail. Following the work on ZIF-8,
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Fig. 27 (a) PDFs for the crystalline and amorphous ZIF-8 materials, and

(b) differential PDFs corresponding to -1 and |- - -framework interactions in
the pressure-amorphized materials. (c) The intensity and position of
features in d-PDFs for crystalline, amorphous, and as-loaded and annealed
samples are compared. Reproduced with permission from ref. 137.
Copyright 2011 American Chemical Society.
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other MOFs have been tested for the capture of I,. Years later,
the same authors studied the preferential capture of I,
and water vapour in the archetypical Cu-MOF HKUST-1."*®
By combining Fourier maps and Grand Canonical Monte Carlo
(GCMC) simulations (i.e. a Monte Carlo simulation where
chemical potential, volume and temperature are fixed values)
they could suggest atom-atom distances linked to I, interac-
tions with both the metal cluster (3.23-3.30 A) and the organic
linker (3.47-3.92 and 4.09-4.51 A). These distances were indeed
further corroborated by d-PDF. These types of studies were also
extended to other nanoporous materials beyond MOFs."*°

The study of molecules, even the simplest ones, containing
weakly scattering elements represents a challenge for X-ray PDF
analyses. This can be overpassed by using neutrons, for which
the scattering is not proportional to the atomic number but to
the scattering length of each atom. Kanoya et al. studied the
adsorption of D, within IRMOF-1 by neutron total scattering,
RMC and molecular dynamics simulations.'*® The authors
described four types of interaction sites, three for the inter-
action of D, with the zinc-oxo cluster (06, O3 site, and O2 site)
and one for the ligand (C6 site) based on the simulations. By
comparison of the experimental d-PDF obtained upon D,
sorption at 1 MPa with a weighted sum of simulated d-PDF
data, the authors concluded that positions O6 and O3 are fully
occupied, whereas positions O2 and C6 were only 1/3 occupied.

The use of d-PDF analyses to track host-guest interactions
between gas molecules and porous materials has also been
applied to study chemisorption phenomena on MOFs. A good
example was reported by Allan et al. to follow the capture of H,S
on the Ni-MOF (CPO-27)."*" d-PDF data obtained on CPO-27
with and without H,S loading showed characteristic features
corresponding to the formation of Ni-S bonds (2.55 A).

d-PDF analyses have also been applied to follow host-guest
interactions beyond the gas phase. Howarth et al. reported one
remarkable example of the adsorption of water pollutants by
different Zr-MOFs.'*? In this work, the authors discussed the
precise coordination of selenate and selenite species to the
ZrOg clusters within NU-1000 by using d-PDF methods. A few
years later, a similar approach was used to identify the capture
of [Sb(OH)e] ™ species in this MOF.'*?

UiO-67 has also been studied as a platform for the uptake
and degradation of dimethyl methylphosphonate (DMMP)."**
In this case, in situ d-PDF data of the UiO-66 samples, evi-
denced a cell contraction upon uptake of the pollutant. The
authors could track the degradation mechanism by comparing
the experimental PDFs with the calculated ones obtained from
computed models where DMMP is bonded to the cluster.

More recently, Sava Gallis et al. reported the structure/
property relationship of MOFs to understand the selective
adsorption of O, over N, in MIL-100 (Sc and Fe).**> By applying
d-PDF analyses, the authors identify subtle local structural
distortions of the metal clusters in MIL-100 depending on the
chemistry. In particular, d-PDF analyses highlighted differ-
ences in the M—(u3-O)-M angle within the metallic trimers that
could explain the differences observed in terms of O,/N,
selectivity. While in the case of Fe the O atom is contained

This journal is © The Royal Society of Chemistry 2024
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within the plane of the metals, in the case of Sc the O atom is
slightly out of the metallic plane. This local distortion of the
metal cluster, depending on the chemistry, could explain the
affinity of Sc-MIL-100 to capture of O, through the occurrence
of Sc---O2 interactions.

In 2019, Simons et al. combined PDF and EXAFS experi-
ments with theoretical calculations to explore the structure of
the inorganic clusters in MIL-100(Fe) under conditions relevant
to the activation of light alkanes in the presence of N,0."*°
Analysis of the PDF signals associated with the iron-oxo nodes
before and after the reaction revealed a decreasing number of
the Fe-O and Fe---Fe distances upon activation with NO,.
Interestingly, the local changes seen within the MOF node
during activation are reversed during alkene oxidation. This
indicates the partial reduction of the nodes during activation
and, therefore, of the role of the subtle local variations in the
MOF nodes during catalysed transformations.

8. Conclusion and outlook

In this review, we have thoroughly examined the current state
of the art of the PDF analysis applied to the structural studies
of porous materials, with a specific focus on covalent and
metal-organic frameworks. Through the compilation of works
discussed, we have provided a comprehensive overview in
Table 3, facilitating detailed meta-analysis.

Over the past 15 years, PDF analysis has successfully tacked
various challenges in MOFs and COFs, broadly categorized into
two types: structural transformations leading to unknown
structures and local-structure modifications while maintaining
the average structure. In the first category, studies employing
both small and large box approaches have been utilized to
refine the material structures compared to a proposed model,
often derived from DFT or RMC calculations. These analyses
have encompassed processes including complete structural
transformations such as topological alterations, phase trans-
formations or flexible materials, as well as MOFs with a lack of
periodic ordering, such as amorphous structures, glasses, or
liquids. The objective of these studies has been to elucidate the
final structure of the material or characterize intermediate
systems, as observed in nucleation processes.

In cases where changes occur exclusively at a local level, the
focus shifts to characterizing active sites, whether as catalytic
centres or for capturing guest molecules. Here, we observe a
prevalence of model-independent analysis, often employing
differential analysis to study signals associated with observed
changes. Complementary techniques such as EXAFS or ss-NMR
are commonly used to establish reliable models of active sites.

Table 3 shows that 45% of the examples employed the small-
box method for PDF analysis. Although this method is based on
periodic models, it effectively addresses structural challenges
that traditional Bragg scattering cannot, particularly in cases
such as nanoparticle growth where distinct Bragg peaks are
absent, limiting Rietveld-type analysis."'®''&11%1217123 gmga]]-
box refinement is also essential for studying nucleation, where

This journal is © The Royal Society of Chemistry 2024
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early crystalline domains are too small for effective Rietveld
analysis.107'111’114

In COFs, small-box refinements add complexity but comple-
ment, rather than replace, Rietveld analyses of PXRD data. For
example, laminar COFs often lack sufficient diffraction for
Rietveld analysis, making small-box refinement critical for reveal-
ing structural details like the crystallographic axes.'*"'** Addition-
ally, small-box PDF analysis is useful for comparing PDFs in
intermediate stages or mixtures, such as analysing defective phases
of Ui0-63% or comparing PDFs during bond rearrangement.”*

In the surface and molecular interaction section, most
examples used model-independent analysis, which provides
limited information.'?®138141,142,144-146 Thig limitation arises
from technical challenges, including accurately defining the local
structure around adsorbed molecules or surface atoms within the
porous frameworks of MOFs and COFs. Developing robust com-
putational models to simulate these complex interactions is
crucial for advancing our understanding of surface interactions
and improving the accuracy of analyses in this field.

The growing interest in PDF analysis within the MOF and
COF fields reflects broader trends in scientific communities.
This surge has already influenced several aspects of the field,
driving technical advancements, enhancing data evaluation
and shaping future research directions. Notably, PDF analysis
is becoming more accessible to standard users, reducing the
need for extensive crystallography training. Recent notable
advancements include the establishment of dedicated beam-
lines specifically designed for PDF acquisition’*’** and an
increasing interest among commercial companies in develop-
ing diffractometers compatible with PDF acquisition.

Today, acquiring PDF data of reasonable quality is feasible
using in-house setups with low-wavelength sources such as Ag
or Mo K,: 22.16 and 17.48 keV, respectively. This increase in
experimental accessibility for total scattering data acquisition
underscores the demand for user-friendly software facilitating
PDF data processing without compromising rigor. Numerous
programs with accessible graphical interfaces enable basic
processing to obtain PDFs,>"'>!713¢

The rising number of users and general interest PDF ana-
lyses are expected to generate substantial metadata for new and
previously known structures. This influx could be pivotal in
developing deep-learning-based tools that assist in PDF assign-
ments, addressing a key bottleneck in the technique. Notably,
techniques such as NMR,"”'*® and PXRD"'*® have made good
progress in applying deep learning to data interpretation. In
PDF analysis, studies are emerging using this methodology to
retrieve symmetry features'® and identify nanostructure
formation,'®" despite the fact that the application of these
methodologies is still far from being easily implemented in
highly complex systems such as MOFs or COFs. Data generation
could also be instrumental in creating open-access databases
containing reduced PDFs, enhancing comparative analyses'®*
and facilitating advanced studies such as phase identification or
multivariate analysis.'®*"%

Another significant advancement that is poised to revolutio-
nize the field the short term is the utilisation of electron
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diffraction for generating PDFs, often referred to as ePDF.>!'%%7'7°
Electron diffraction has already initiated a paradigm shift
in crystallography, particularly evident in the case of COFs.'”"
The main advantage of electron diffraction over X-rays is its
capability to analyse very small crystals and complex structures
with high resolution and sensitivity."”> Despite the associated high
costs, the increasing prevalence of transmission electron micro-
scopy (TEM) setups for electron diffraction underscores the grow-
ing interest in this technique. TEM, functioning as a local-probe
method, offers the unique capability to capture images and diffrac-
tion data from crystals or particles. This highlights ePDF as a
promising method for mapping structures,® even in challenging
cases involving non-periodic features or amorphous materials.

In addition to the technical advancements, the increasing
utilization of PDF analysis within the field of porous structures
is also specific to pave the way toward new research directions
and the development of more advanced materials. For instance,
it has significantly influenced the recent surge in the synthesis
and study of low-crystallinity/amorphous materials, such as
glasses or porous organic frameworks, given that PDF is one
of the few techniques capable of providing insights into these
structures. This has fostered a deeper understanding of designing
similar materials with intriguing properties, notwithstanding
their structural complexity. Furthermore, the substantial progress
in this field extends beyond synthetic advancements to notable
strides in applications and processing, indicating their potential
for real-world applications."”>™"” This is exemplified by the
development of increasingly intricate chemical composition fra-
meworks, resulting in enhanced properties vital for developing
commercially viable materials. For instance, in the case of MOF
and COF composites for the formation of membranes’”®™”® or
aerogels,"”””'®" these structures exhibit high complexity both
chemically, due to their non-homogeneous composition, and
physically/engineering-wise, due to their interphase-related
structure.'®" It would therefore be beneficial to establish open
databases of PDFs of already elucidated compounds, which would
allow for faster structure identification or tools like ePDF experi-
ments for structural mapping.

In conclusion, despite current limitations, we firmly believe
that the PDF technique will consolidate in the future as a
foundational probe, unveiling intriguing structural phenomena
occurring in these material classes. As we look to the future, the
advent of advanced facilities like free electron lasers, enabling
femtosecond data collection to investigate catalytic mechan-
isms, and fourth-generation storage ring synchrotrons with
high-energy capabilities will undoubtedly propel the application
of PDF analysis into an abundance of technologically significant
areas. In other words, we are poised to unlock a multitude
of chemical phenomena relevant to materials, all thanks to the
powerful capability of the PDF technique.

Abbreviations

3D-APDF
ADP

Three-dimensional differential PDF
Atomic displacement parameters
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ALD Atomic layer deposition

BET Bruneauer-Emmett-Teller analysis
COF Covalent organic framework

d-PDF Differential pair distribution function
DED Difference electron density

DFT Density functional theory

DMMP Dimethyl methylphosphonate

DSC Differential scanning calorimetry
ePDF Electron pair distribution function
EXAFS Extended X-ray absorption fine structure
FT-IR Fourier transformed infrared spectroscopy
GCMC Gran Canonical Monte Carlo

ICP Induced coupled plasma

ILL Institute Laue-Langevin

MOF Metal-organic framework

NBED Nanobeam electron diffraction

NMF Nonnegative matrix factorization

OES Optic emission spectroscopy

PCA Principal component analysis

PDF Pair distribution function

PSI Paul Scherrer Institute

PXRD Powder X-ray diffraction

RDF Radial distribution function

RMC Reverse Monte Carlo

SCXRD Single-crystal X-ray diffraction

ss-NMR Solid-state nuclear magnetic resonance
TEM Transmission electron microscopy
TGA Thermogravimetric analysis

XAS X-ray absorption spectroscopy
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