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of Chemistry Porous materials have many promising characteristics, including tuneable chemical and optical properties,
modifiable porosities and large surface areas. Long-range order frameworks have effective evaluation
methods as a result of their crystallinities and in this context, nanoscale analysis, namely single-crystal X-
ray diffraction, is a particularly useful approach for optimising the structure—property relationships.
Metal-covalent organic frameworks (MCOFs), synthesised by incorporating a metal complex into
a stable covalent organic framework (COF) backbone, have shown considerable promise for a variety of
applications. Nonetheless, their wide-scale implementation remains hindered due to difficulties in
structurally mapping them; their typically reduced crystallinities result in major challenges for their
structural determination. By classifying MCOFs as metalated COFs (MeCOFs) and metalloligand COFs
(MLCOFs), the characterisation of these lower crystallinity frameworks can be carried out according to
their distinctive architecture using a combination of complementary structural analysis techniques. This

perspective highlights examples of a synergistic approach to the structural elucidation of MLCOFs to
Received 20th May 2025 bstacl lated to thei talli t i tomi th h binati
Accepted 9th June 2025 overcome obstacles related to their crystalline nature, generating an atomic map through a combination
of nano and macroscale characterisation procedures supported by theoretical modelling tools. The

DOI: 10.1039/d55c03670d effective use of structural characterisation methods is considered in this perspective, which can reveal
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1. Introduction

Porous materials have garnered considerable interest in recent
years due to their attractive properties such as high porosity,
large surface area, thermal and chemical stability which make
them ideal materials for a wide range of applications, including
gas storage, sensing, and catalysis. In this regard, metal-
organic frameworks (MOFs) and covalent organic frameworks
(COFs), both archetypal porous materials, have been the subject
of much attention recently, owing to their tuneable structural
features and relatively facile synthesis, making them versatile
and multifunctional.** Furthermore, their characteristics
enable precise control and optimisation of their electronic
properties towards more efficient and sustainable processes,
including hydrogen evolution, carbon dioxide reduction and
photocatalysis."?

Despite their unique properties, limitations have reduced
their efficiency and hindered their applicability. For instance,
MOFs often degrade upon exposure to harsh chemical envi-
ronments or high temperatures.®> Conversely, although COFs
feature strong covalent bonds improving the systems' stability,
the absence of metal reactive sites demotes their applicability.
In terms of light-driven catalysis, MOFs have exhibited
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key information regarding the structure—activity relationships as they relate to MLCOFs.

limitations in light absorption, in addition to rapid recombi-
nation of photo-generated electron-hole pairs and poor elec-
tronic conductivities.® Whereas COFs have shown improved
electron transport throughout their networks due to their well-
known conjugation system and stacking arrangements,
quenching processes have been described owing to non-
radiative competing pathways, diminishing their usefulness.”
Despite the fact that transition metals have been integrated into
porous networks to enhance the materials' catalytic activity, the
desired efficiency and stability have not been achieved yet.®

Tailored novel frameworks that combine the properties of
both MOFs and COFs, complementing each other’s shortcom-
ings while retaining their applicability, are highly desired.
Metal-covalent organic frameworks (MCOFs) arise as break-
through versatile porous materials, which incorporate the
advantageous properties of MOFs and the structural stability
provided by COFs into a unique network.” These materials
demonstrate enhanced optical properties compared to their
individual counterparts, as well as improved electronic
communication, advancing their potential in diverse areas,
such as energy storage and catalysis.'®** Nevertheless, along-
side MOFs and COFs, their continuous development and mul-
tifunctionality are intrinsically related to the understanding of
their structure-property relationship.

Different definitions have been given to the MCOFs, making
them difficult to explore and evaluate,'® recently Dong et al.,
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have simplified its description, defining an MCOF as a porous
COF that incorporates metal ions into its network.” MCOFs can
be classified based on their synthesis procedure, which gener-
ally falls into three categories: direct synthesis, subcomponent
self-assembly and post-synthetic metalation.

Nonetheless, details regarding their formation requirements
and structural definition are not yet completely accounted for. It
is relevant to notice that the presence of metallic species is not
always imperative for generating the frameworks, such frame-
works being categorised as metalated covalent organic frame-
works (MeCOFs). Conversely, when a coordinated covalent
bond is essential for the material's formation, it can be classi-
fied as metalloligand covalent organic frameworks (MLCOFs)
(Fig. 1). MeCOFs can be formed either via pre- or post-synthetic
metalation, without significant structural change regardless of
the synthetic procedure. These materials resemble that of COFs,
and under suitable conditions, their crystal structures can be
obtained, facilitating their description at the nanoscale.
Although it still remains a challenging task, Peng et al., have
demonstrated the growth of large-sized 2D COF single crystals
up to hundreds of micrometres.'® Metalated macrocycles and
linkers with available chelating ligands are the building blocks
usually used to form MeCOFs. On the other hand, MLCOFs can
only be formed in the presence of metal-coordinating units."”
The structures of these materials are highly dependent on the
metalloligand building block, and the complexity of coordina-
tion compounds in terms of geometry and flexibility, introduces
an additional degree of freedom, creating further challenges in
obtaining crystal structures.

Nanoscale structural characterisation has been pivotal for
the design and development of porous materials. However, in
contrast to MOFs, this has proven to be particularly challenging
in the case of MCOFs due to their low crystallinity, resembling
the COF systems which do not often present solvable crystal
structures. The presence of covalent bonds within the frame-
work characteristic of COFs and MCOFs leads to issues
controlling the structural regularity of the material, resulting in
the formation of small crystalline domains. In addition,
dynamic bonds commonly present in both materials can
undergo hydrolysis or isomerisation, making the growth of
single crystals significantly more difficult.”® As a result, long-
range disordered materials containing defects rather than
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Fig. 1 Classification of MCOFs according to the formation require-
ments and structural definition.
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highly ordered systems are produced, making it a demanding
task to obtain solvable crystal structures.*

Being able to design better MCOF materials can be accom-
plished with a thorough understanding of their structure-property
relationships at both macro and nanoscale dimensions, making it
plausible to engineer more efficient materials, allowing their
properties to be harnessed for the development of enhanced
multifunctional systems. Nevertheless, due to their complex
nature, obtaining a detailed structural atomic map is an ambitious
task. Therefore, a combination of traditional characterisation
techniques, in addition to advanced microscopy methodologies
and computational tools should be used to obtain a comprehen-
sive characterisation, especially in the case of MLCOFs.

In this perspective, we aim to establish an overview of char-
acterisation techniques and computational methodologies uti-
lised in synergy to produce beyond doubt, an accurate structural
atomic map of the MCOFs, thus overcoming the obstacles for
generating solvable crystal structures. We address the importance
of using advanced and emerging characterisation methodologies
to provide noteworthy insights for the structural determination of
these materials. By recognising their similarities with MOFs and
in particular, with COFs, we intend to point out the benefits of
having a well-understood structural characterisation for
improving their applicability and implementing this approach in
the design of more functional MCOFs.

2. Structural determination of porous
frameworks

Due to their inherent properties including porosity, large
surface area, good electronic communication, thermal and
chemical stability, MCOFs share many structural similarities
with MOFs and COFs. When considering their development,
a detailed atomic-scale characterisation has been fundamental.
Therefore, a comprehensive understanding of the process of
structural determination of MOFs and COFs is important for
the future advancement of MCOFs towards more individualised
and specialised applications.

Although atomic mapping of MCOFs is challenging, it can be
achieved through a mixture of cooperative characterisation
methodologies. Yet single-crystal X-ray diffraction (SC-XRD)
remains as the most preferred technique, as it provides
precise information relating to the electronic environment,
bonding and atomic arrangements of the material. However,
structural disorder and low crystallinities found in MCOFs
makes them wunsuitable candidates for developing single
crystals.

In the upcoming sections, we will discuss the character-
isation of framework materials that exhibit long-range or short-
range order, demonstrating the practicality of unveiling their
structures to improve their properties and design more
advanced materials.

2.1. Long-range ordered frameworks

Structural determination of long-range ordered porous mate-
rials is achievable due to their repetitive units' directional

© 2025 The Author(s). Published by the Royal Society of Chemistry
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growth, enabling a single crystal of the material to be formed.
MOFs, a prime example, consist of metal ion nodes successively
linked via organic bridging ligands to produce dynamic coor-
dinate covalent bonds successively arranged until becoming
thermodynamically stable. These highly ordered networks
possess large surface areas, significant porosity and structural
diversity, along with unique characteristics and functionalities
derived from both the metal nodes and the organic building
blocks.>***

Redox properties, coordination preferences and overall
framework geometry are influenced by the metal centres, which
govern the surface properties and functionality of the MOFs.
Likewise, the organic linker selection can greatly impact the
functionality of MOFs by altering coordination preferences,
leading to variations in m-m stacking and geometry of the
network, thereby modifying their porosity and surface area.
Alterations in the m-electron arrangement by integrating
conjugated systems can facilitate charge transport through the
network and enhance host-guest interactions. Altogether,
MOFs are considered as highly tailored functional materials
due to their controllable porosity and topology. In turn, this
makes them desirable for applications in sensing, gas adsorp-
tion and separation, alongside a variety of catalytic processes,
namely CO, reduction (CO,RR), hydrogen evolution (HER) and
photodegradation of organic pollutants.>*~*

The highly ordered nature of MOFs makes crystal engi-
neering plausible, allowing the synthesis of materials suitable
for analysis through various XRD techniques. This offers an
accurate atomic-scale mapping and a better understanding of
the structure-property relationships of these frameworks.>®

Ghobakhloo et al. demonstrated the usefulness of powder X-
ray diffraction (PXRD) analysis in confirming the anchoring of
a Schiff-base-Cu complex to the MOF and identifying, to a large
degree, the primary region of attachment.”” In a similar vein,
understanding the MOF structure made it possible to obtain
higher catalytic efficiencies for the Knoevenagel condensation-
Michael addition-cyclization of a Zr-based UiO-66-NH, MOF
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Fig.2 (a) One-dimensional inorganic subunit of the metal oxide chain
in MIL-140-14F. (b) Ilustration of the crystal structure and pore
chemistry of MIL-140-4F. (c and d) The Hirshfeld surface with d.
(electrostatic potential) and binding sites in Ce'V- (c) and Zr'V-MIL-140-
4F (d) (red-to-blue color indicates the high-to-low transition of
electron density). (e) Experimental and simulated PXRD patterns of
CeV-MIL-140-4F. (f) Experimental (black) and Pawley refined (red)
PXRD patterns of Zr'V-MIL-140-4F. Reproduced from ref. 29 with
permission from Wiley-VCH, copyright 2021.
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modified with copper ions when compared to the non-
functionalised MOF.*” Reports from Elcheikh Mahmoud et al.
highlighted the importance of tackling structural character-
isation challenges to perform SC-XRD, achieving structural
modulation by incorporating Ru-polypyridine complex into
a Zr-MOF system and improving its photocatalytic ability
towards CO, reduction.”® Furthermore, detailed atomic
mapping regarding pore size, shape and sorption behaviour was
achieved using XRD techniques by Zhang et al. to fine-tune
a Ce"-based MOF, successfully augmenting the selectivity for
CO, adsorption (Fig. 2).*°

2.2. Low-crystallinity frameworks

In contrast to higher crystalline porous materials, less ordered
frameworks, such as COFs, are significantly more demanding to
characterise at the atomic level. Structural elucidation by SC-
XRD is often not possible due to structural irregularities and
the presence of defects in some instances.*® However, a combi-
nation of various characterisation techniques is regularly used
to determine their structure at the nanoscale, making it feasible
to tailor the frameworks to improve their properties.

2.2.1. Covalent organic frameworks. COFs are a distinct
class of porous materials, consisting of repeating organic
building blocks interlinked through strong covalent bonding,
providing them with high chemical and thermal stability, while
their extended conjugation enables efficient electron transfer.
Precise topological control provides large surface areas, allow-
ing effective host-guest interactions, and their tunability makes
them ideal for tailoring their properties for applications in
catalysis, gas separation and storage, and optoelectronics.**?
Although there are numerous reports in the literature about
crystalline COFs, their bond rigidity makes it difficult to obtain
single crystals. In this regard, a comprehensive and extensive
characterisation should be applied to gain a deeper under-
standing of these less crystalline porous materials, with the aim
of enhancing their performance.

Nevertheless, in recent years, novel synthesis methodologies
have enabled the growth of single crystals of COFs suitable for
SC-XRD. Ma et al. produced a single crystal of an imine-based
COF-300 along with its hydrated form, allowing for complete
structural elucidation by SC-XRD. Notably, hydrated COF-300
experienced distortion, a feature which would have not been
noted using only PXRD, underscoring the significance of the
technique.®*

Properties of COFs can be strengthened when a deeper
understanding of their structure is obtained, as demonstrated
in the work of Zhang et al that utilised a variety of organic
linkers to modulate the pore size of Schiff-base COFs (specifi-
cally COF-SDU1, COF-SDU2 and COF-SDU3), significantly
improving their CO, storage capabilities. At the nanoscale
range, materials were characterised by combining insights
gained from PXRD and computational simulations, as single
crystals were not produced (Fig. 3).** Furthermore, in the
context of catalysis, the structural comprehension of the COFs’
extended m-conjugation facilitated network modifications to
augment their performance, as illustrated by Bi et al. The
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COF-SDU1

COF-SDU2 COF-SDU3

Fig. 3 Schematic structures of COF-SDU with different building units.
Reproduced from ref. 35 with permission from Elsevier, copyright
2019.

authors developed three variants of 2D COF with trans-disub-
stituted C=C bond linkages (g-C40N3-COF, g-C31N3-COF and
2-C37N3-COF), showing superior properties of the most conju-
gated system, g-C40N3-COF, for photocatalytic water splitting.
The systems' porous nature and atomic arrangements were
unveiled by a combination of methods and techniques,
including PXRD and high-resolution transmission electron
microscopy (HR-TEM), as well as Fourier-transform infrared
(FT-IR) spectroscopy, the latter of which was employed to
investigate the bonding and extent of polymerisation within the
frameworks.*®

2.2.2. Metalated covalent organic frameworks (MeCOFs).
Despite COFs having appealing structural characteristics, an
improvement of their functionalities is greatly desired to
expand their applicability. Incorporating metal ions into the
existing COF backbones has been shown, in certain cases, to
enhance or promote new properties.’” COFs designed with
chelating sites can accommodate metal species through
complexation reactions, either pre- or post-synthetically,
allowing a controlled incorporation of ions while preserving
the structural features and tunability of COFs (Fig. 4). Since the
resulting MeCOF essentially retains the same backbone as its
COF analogue, its characterisation and atomic mapping are
also alike.

Organic building blocks, such as porphyrins or phthalocya-
nines, can be metalated before the MeCOF assembly, yet

Macrocycle/Chelating

Ligand Organic Linker
+
+ Pre-synthetic
Metallation
Assembly Assembly

O -
1 1 . © 1 1
ooy B o oma

Metallation
Fig. 4 Design and synthesis of MeCOFs; pre- and post-synthetic
approaches.
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limitations can arise during the framework formation attrib-
uted to the often harsh conditions applied to synthesise the
materials, causing metals to leach from the networks.*® Alter-
natively, post-synthetic metalation is commonly preferred as
a procedure to construct MeCOFs, as it allows for a broader
range of synthesis conditions when forming the COF back-
bone." Typically, COF metalation is carried out in the presence
of chelating species, like macrocycles and nitrogen-base pincer
ligands, through either ligand exchange or direct coordination
of the metal ions into the framework.

Chen et al. applied a pre-synthetic metalation approach to
their porphyrin-based COFs (MPor-DETH-COF; M = H,, Co, Ni,
and Zn).** Their structural analysis and photophysical
measurements showed that the photo-redox properties could be
altered through the incorporation of different metal ions,
tuning the structure-property relationships towards optimised
light-driven HER. Consequently, the ZnPor-DETH-COF was
identified as an ideal material for the photocatalytic reaction
due to its improved electron movement and suitable band gap.
The structural determination at the macroscale was initially
done by FT-IR and solid-state NMR (nuclear magnetic reso-
nance) spectroscopy (ss-NMR), confirming the formation of the
hydrazone bond, meanwhile, ultraviolet-visible spectroscopy
(UV-vis) and X-ray photoelectron spectroscopy (XPS) results
illustrated the formation of extended conjugated networks
within the MeCOFs.

The post-synthetic metalation approach was employed by
Xiang et al. to produce a highly m-conjugated sp®c-COFdpy-
based (dpy = 2 2'-bipyridine) MeCOF capable of photo-
catalytic reduction of CO,.*” A comparative study was con-
ducted by embedding a variety of metals (Fe, Co, Ni, and Cu)
into the COF structure, showing an enhancement in catalytic
activity, particularly when introducing copper. The formation
of the frameworks was confirmed using PXRD, revealing the
retention of a high degree of crystallinity after metalation and
in addition, the structural analysis was further supported by
3C-NMR and FT-IR measurements. Morphological effects on
the materials were investigated through HR-TEM, energy-
dispersive X-ray spectroscopy (EDX) and scanning electron
microscopy (SEM), displaying homogeneous distributions of
the catalytically active metal sites throughout the framework

(Fig. 5).
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Fig. 5 (a) Synthesis of sp?c-COFdpy and (b) sp?c-COFdpy-Co. (c)
Schematic CO, photoreduction on the as-prepared sp?c-COFdpy-
Co. Reproduced from ref. 40 with permission from Elsevier, copyright
2020.
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Whereas metalation of COFs has proven to be a convenient
method for improving their properties, these materials still
experience limitations including poor stabilities and control
difficulties when polymerising, hindering their large-scale
implementation.** Exploring the structural properties of COFs
through an effective use of characterisation techniques has
provided valuable insights for designing upgraded materials,
enabling future advancements in the field. Nevertheless,
increased complexity arises when lower crystalline MCOFs are
explored, such as MLCOFs. Consequently, it is necessary to
employ a synergistic combination of experimental methods and
theoretical tools beyond the traditional ones to obtain a precise
atomic map and gain deeper knowledge of the properties
exhibited by these materials.

3. Metalloligand covalent organic
frameworks (MLCOFs)

MLCOF networks are formed by assembling a functionalised
metal complex (metalloligand) with organic linking molecules
(Fig. 6). Unlike MeCOFs, which can be produced either pre- or
post-synthetically, the structural integrity of the MLCOFs relies
on the presence of the metalloligands and the absence of metal
entities results in the decomposition of the network.*®

The electron withdrawing or electron-donating nature of the
metalloligand is utilised to adjust the structural and electronic
characteristics of the MLCOFs, and in addition, varying the
metal centre is often responsible for altering the geometry of the
framework. In a similar vein, the choice of organic building
blocks should be considered carefully, as it directly affects the
m-conjugation of the framework, modifying the movement of
electrons within the framework, the interlayer m-m relation-
ships in the z-direction and changing the electronic and pho-
tophysical properties of the system.*

The nature and spatial arrangement of the building blocks
make MLCOFs low crystalline materials, and in various cases,
the obtention of single crystals is unattainable. In such
instances, a wide range of complementary characterisation
methods should be employed to represent their structure
precisely at the nanoscale level. Overcoming the challenges
associated with uncovering their atomic disposition provides
deeper knowledge for advancing the understanding of MLCOFs
structure-property relationships and expanding their applica-
tion scope.***

MLCOF

Organic building + + +
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Ligand Ig: unit
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Fig. 6 Design and synthesis of MLCOFs.
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3.1. Resolving the structure of MLCOFs

To effectively modulate the properties of MLCOFs or to design
new structures, their atomic arrangement should be resolved.
In this context, we aim to highlight various characterisation
methods, as well as denote potential future advancements for
MLCOFs across three sections: macroscale techniques, nano-
scale tools and theoretical modelling methodologies. The
synergistic use of these characterisation methods will subse-
quently be explored to obtain a thorough understanding of the
MLCOFs' properties and how the structural insights gained
could be harnessed to improve their efficiency and applicability.

3.1.1. Macroscale characterisation. Structural information
regarding the bonding nature within the frameworks, its nuclei
chemical environment, and electronic transitions of MLCOFs
are provided through macroscale characterisation techniques,
including FT-IR, NMR, UV-Vis, fluorescence, thermogravimetric
analysis (TGA) and cyclic voltammetry (CV).

Qualitative investigations assessing the network formation
are often initially deduced using FT-IR spectroscopy, where
vibrations of newly formed functional groups are registered.
Distinctive linkage, such as imine bonds characteristic of Schift-
base MLCOFs, can be recognised, along with information
regarding the polymerisation of the framework.*** Alterna-
tively, ss-NMR techniques are commonly used to support FT-IR
findings, recognising changes in the nuclei chemical environ-
ment of the building blocks, confirming the network formation
due to the presence of new bonds.

Liu et al. demonstrated the convenience of utilising FT-IR
and ss-NMR to validate the imine bond formation in their
Schiff-base copper-MLCOF (COF-505), supporting the findings
from SC-XRD.*® FT-IR analysis showed new vibrational peaks
attributed to the C=N functional group. Additionally, **C-ss-
NMR indicated the absence of aldehyde signals corresponding
to the starting material, nonetheless, the cross-polarization
magic angle spinning (CPMAS) technique was unsuccessful in
differentiating the imine group signal from the phenanthroline
building unit. Cross-polarisation and polarisation inversion
(CPPI) methodology was performed to isolate the CH=N signal
and corroborate the presence of the imine group (Fig. 7).

(a) | AN @

(b)

Fig. 7 (a) FT-IR spectrum of activated COF-505, (b) solid-state *C-
CP/MAS NMR spectrum of COF-505 and its molecular analogue and
(c) schematic representation of COF-505. Reproduced from ref. 46
with permission from AAAS, copyright 2016.
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Chemical composition and photophysical and electronic
properties of the MLCOFs can be evaluated using UV-Vis spec-
troscopy, as has been observed with MOFs. Particularly in cases
where SC-XRD is optional, optical spectroscopies can be helpful
for data validation and photoelectronic investigations. In this
context, photoabsorption analyses were conducted by Nguyen
et al. on a titanium-MOF (MOF-901), synthesised through the
imine condensation of benzene-1,4-dialdehyde and titanium
oxo cluster.”” UV-Vis diffuse reflectance spectroscopy (UV-Vis-
DRS) argued the presence of the framework's building blocks
by studying its absorption properties in the visible region,
moreover, a Tauc plot was generated, and its band gap was
calculated to be 2.65 eV. In parallel analyses, structural char-
acterisation techniques, namely PXRD, FT-IR and ss-NMR, were
also utilised to corroborate the formation of the framework and
the presence of the building blocks.

Likewise, fluorescence spectroscopy methodologies can be
applied to examine the excitation and emission profiles of
MLCOFs. Photophysical effects associated with the incorpora-
tion of new metal sites or fluorophores, whether through new
metalloligands or organic linkers, can be investigated. In
addition, fluorescence techniques such as fluorescence lifetime
imaging (FLIM) can be used to assess the purity and stability of
MLCOFs as demonstrated by Martins et al., revealing the effects
of metal incorporation on the electron transfer processes within
the photo-MOF.**

Thermal decomposition processes of MLCOFs are frequently
studied to recognise the coexistence of the frameworks' units
and to evaluate their thermal stability. TGA is often used for this
purpose, as shown by Han et al., who presented a Ru/Re-MCOF
stable over 320 °C suitable for photocatalytic CO, reduction,
demonstrating the presence of its monomers and its workability
across a wide temperature range.*®

Oxidation state and confirmation of the presence of redox-
active metal entities within the backbone of MLCOFs can be
distinguished using CV. Furthermore, insights into the elec-
trochemical stabilities and recyclability of the frameworks can
also be assessed. As demonstrated in the electrochemical
characterisation of Ag/Ag,0O doped Co-MCOF conducted by
Wang et al., who distinguished the metallic species in the
network and described its efficiency for the oxygen reduction
reaction (ORR) by carrying out testing in N, against O,-saturated
solutions. The peak densities of the CV curves were evaluated,
exhibiting better efficiency of Ag/Ag,0 doped Co-MCOF catalyst
compared to others.**

Technological advances have made in situ characterisation
techniques both feasible and increasingly important for
studying porous materials. Unlike standard methods like ss-
NMR or FT-IR, which offer only structural information per-
taining to the final product, in situ NMR, IR, and XRD tech-
niques provide real-time insights into dynamic processes,
including framework formation and crystallisation processes.
Additionally, host-guest interactions can be described by in situ
methods, allowing to see structural changes not otherwise
observable.

L. Jones et al. have emphasised the value of in situ method-
ologies by monitoring the formation MOF networks with in situ
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liquid-state NMR, which effectively showcased its use to analyse
the formation and crystallisation process of a nickel-based MOF
(MFM-500(Ni)).>* Two nuclei, 'H and *'P NMR were recorded in
situ to monitor the reaction progress at fixed temperatures
ranging from 60 to 100 °C (Fig. 8). A comparison of resulting
spectra revealed key insights relating to the aggregation of the
1,3,5-benzene-tri-p-phenylphosphonic acid (BTPPA) linker,
which was attributed to being promoted by a thermal process.
Furthermore, in situ *'P NMR offered a deeper understanding of
the reaction progress by showing the gradual decrease of the
phosphonic acid-based linker signals in the solution phase as
the insoluble product, the MOF, formed. In addition, 'H in situ
NMR was also able to identify the timescale for metal coordi-
nation by observing downfield shifts of the aromatic protons
over the course of the reaction.

In situ NMR has also been used to monitor framework
materials under working conditions by assessing host-guest
interactions to identify structural alterations. The research
conducted by Roztocki et al. illustrates a combination of in situ
solid-state **C NMR, FT-IR and PXRD on a zinc-based JUK-8
MOF to infer a structural map of the framework indirectly by
using CO, as a guest molecule.” Shifts in CO, characteristic
NMR signals indicated that the adsorbed molecules existed in
two distinct chemical environments within the framework's
pores due to a breathing and swelling phenomenon that
occurred in the polymer, later on corroborated by FT-IR and
PXRD. The authors identified the acylhydrazone pockets as
regions for CO, adsorption, outlining the selectivity of the
network when studying the MOF's specificity in a CO,/CH,
mixture.

Time / hr

Time / hr

5 g O T
'H Chemical Shift / ppm

o [ g T 2
H Chemical Shift / ppm

Fig. 8 Intensity contour plots of the 1H NMR spectra recorded as
a function of time in the in situ NMR study of MFM-500(Ni) synthesis,
and individual spectra selected at specific times (indicated by hori-
zontal dashed lines in the contour plots), at (a) 60 °C, (b) 70 °C, (c) 80 °
C, (d) 90 °C and (e) 100 °C. Assignments of the three peaks due to
aromatic 1H environments (denoted Ha, Hb and Hc) in the BTPPA
linker are shown in (f). The spectra are shown without normalization.
Reproduced from ref. 51 with permission from RSC, copyright 2021.
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Although in situ NMR is a powerful tool for real-time moni-
toring of the framework formation, it faces significant chal-
lenges, limiting its widespread use for the analysis of MLCOFs.
One major issue is the complexity of the technique, which
requires reaction temperature windows appropriate for the
NMR probe and suitable deuterated solvents. Another limiting
factor relates to restrictions regarding the sensitivity of the
instrument when monitoring reaction intermediates and
product formation, therefore, small-scale reactions should be
conducted to prevent oversaturation of the solvent.

Alternatively, Raman spectroscopy is an effective tool for
uncovering structural information concerning key functional
groups. Additionally, in situ applications of this technique can
enable the frameworks' host-guest interactions with other
molecules or reaction processes to be observed. As evidenced by
Embrechts et al. who utilised Raman spectroscopy to uncover
structural information about functional groups and to monitor
the reaction kinetics in the formation of a MOF (MIL-53).> By
using in situ Raman spectroscopy, the reaction progress was
tracked over a temperature range of 60 to 100 °C, identifying
three new bands assigned to the vc_¢, ¥c_u, and ring breathing
of terephthalates in the MOF, proving the polymerisation of the
framework. Applying in situ methodologies to address some of
the current limitations that hinder deeper insights into the
formation of MLCOFs and their structural transformations
when implemented in real scenarios is highly desired to
improve their feasibility.

While macroscale analysis methods provide detailed
insights into the structural bonding and optical, thermal and
electrochemical properties of MLCOFs, further detailed char-
acterisation is still needed to show the atomic spatial arrange-
ment of these materials. In this context, nanoscale analyses and
their combination with previously described techniques are
essential for obtaining a precise structural elucidation of
MLCOFs.

3.1.2. Nanoscale characterisation. Deriving inspiration
from previous methods used for the analysis of COFs, studies
into the stacking arrangements and spatial disposition of
MLCOF building blocks can help to understand their electronic
properties.>* Valuable information about the crystal lattice,
including the size of the unit cell, the type of stacking, and the
specific parameters associated with it, as well as insights into
the purity and crystallinity degree, can be assessed by PXRD
analyses as with COFs. Zhou et al. employed this technique to
overcome the challenges associated with producing crystals
suitable for SC-XRD to characterise the structural trans-
formation undergone by CTU-based Cu-MCOFs (Fig. 9).*°
Specifically, modifications to the stacking arrangements of the
frameworks and their effects on its porosity, surface area and
catalytic activity were investigated. Variations in the interlayer
stacking between the Cu-MCOFs and the Cu-CTU monomer
units were monitored using PXRD with Pawley refinements and
were supported by theoretical simulations. The techniques
confirmed the transition between AA and ABC stacking after
exposing the framework to acid treatment. Furthermore, the
porosity of the systems was evaluated by the Brunauer-Emmett-
Teller (BET) theory, which corroborated the notable increase in
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Fig. 9 PXRD patterns of (a) INM-3-AA and (b) INM-3-ABC with the
experimental profiles in black, difference curve in light blue, and
calculated profiles of AA (orange) and ABC (purple) packing modes.
(Herein, the preferred orientation along with the (110) plane was
considered in the calculated ABC model). Top (c) and side (e) views of
the corresponding refined 2D crystal structure of INM-3-AA. Top (d)
and side (f) views of the corresponding refined 2D crystal structure of
JINM-3-ABC. (g) The pore-size distribution profiles of JNM-3-AA
calculated by nonlocal DFT modelling based on N, adsorption data,
showing a uniform pore size of 3.70 nm. (h) The N, adsorption (filled)
and desorption (open) isotherm profiles of JINM-3-AA and JNM-3-
ABC at 77 K. Reproduced from ref. 55 with permission from RSC,
copyright 2021.

surface area and porosity of the MLCOF with an AA stacking.
This increase was linked to improvements in its catalytic activity
for azide-alkyne cycloaddition reactions and chemical
stability.>® As emphasised in this work, monitoring structural
transformations is of high importance when considering the
surface properties and potential application of these materials.

Although PXRD and BET are advantageous tools for charac-
terising low-crystallinity MLCOFs, in most cases, a diverse
variety of microscopy techniques should also be utilised in
parallel to accurately determine their structure at an atomic
level. Techniques such as TEM, HR-TEM, SEM, field emission
SEM, scanning tunnelling microscopy, Raman microscopy, and
atomic force microscopy are commonly combined for assessing
the structural properties and nanoscale morphological details
of MLCOFs.*%%5%7

The usefulness of applying different microscopy techniques
was highlighted by Wei et al.*® In their work on Cu-MCOFs, SEM
was used to visually detect the synthesis conditions' effects on
the crystallinity and morphology of the frameworks, showing
that the produced films consist of either closely packed lamellae
with smooth surfaces or ball-shaped microcrystals, depending
on the MLCOF system (Fig. 10). As well, the formation of
micrometre-sized crystals based on synthesis conditions was
also observed by SEM, providing insights into the crystal growth
process of Cu-MCOFs. After sample exfoliation, HR-TEM was
carried out, suggesting that the 2D material exhibited long-
range order with a hexagonal honeycomb lattice morphology
in the [001] direction. Moreover, the porosity of the nanosheets
was indicated by periodic bright spots in the crystal lattice, with
a pore size estimated to be approximately 2.6 nm. The signifi-
cance of modifying the morphology of MLCOFs was stressed

Chem. Sci., 2025, 16, 12227-12241 | 12233
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Fig. 10 (a) SEM image of the film-like morphology of 2D-JNM-4. (b)
Enlarged image of area in the white box in part a. (c) SEM image of
JNM-4-Ns. Inset, Tyndall effect of INM-4-Ns dispersion in EtOH. (d)
Lateral size distribution histogram and Gaussian fit curve of JNM-4-Ns.
(e) AFM image of JNM-4-Ns. (f) Corresponding height curves for the
selective areas in part (e). (g) HR-TEM image of INM-4-Ns. Inset, fast
Fourier transform (FFT) image. (h) Enlarged image of selected area in
part (g). (i) Simulated TEM image of INM-4-Ns along the [100] direc-
tion. Reproduced with permission from ref. 58 with permission from
ACS, copyright 2022.

through catalytic testing of the systems in hydroboration reac-
tions of alkynes. Exfoliated nanosheets showed enhanced
catalytic activity attributed to the superior efficiency of contact
between the catalytic centres and the substrate, alongside the
increased exposure of the Cu(r) catalytic centres.*®

The importance of utilising nanoscale characterisation
methods was also demonstrated by Zhou et al. through their
effective application of microscopy techniques to support the
PXRD findings and modelling results for both AA and ABC
stackings of their aforementioned CTU-based Cu-MCOFs.*
TEM micrographies provided insights into the stacking
arrangements of the MLCOFs, revealing a hexagonal structure
associated with the eclipsed AA stacking model. In contrast,
a highly ordered striped structure was observed in the other
investigated Cu-MLCOF, suggesting the presence of a [110]
reflection plane attributed to the staggered ABC stacking
structure; both observations aligned with PXRD analyses.
Additionally, SEM showed nanotube morphologies or layered
stacking structures, depending on the MLCOF studied.
Furthermore, EDX confirmed the uniform distribution of
copper throughout the network in each system.

Real-time information regarding the development and
evolution of MLCOFs' crystallites can be obtained by moni-
toring the framework formation through in situ XRD analysis.
Despite these methodologies not yet being adopted for the
characterisation of MLCOFs, they have shown potential due to
their successful results with MOFs. Nevertheless, the technique
can only be applied to crystalline systems, which restrict its
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application for MLCOFs. The promising potential of in situ XRD
methodologies were illustrated by the work of Lyu et al., which
investigated the phase transitions of a zirconium-based MOF.**
Their study involved variable temperature PXRD (VT-PXRD) to
monitor the phase transitions that the framework underwent,
resulting in two distinct topologies (Fig. 11). The microporous
NU-906 was transformed into the mesoporous NU-1008 with
a cubic square (csq-net) and a simple cubic (scu-net) topology,
respectively, over time as different temperatures were applied.
During the characterisation, at lower temperatures, the
diffraction peak at 5° experienced a decrease in relative inten-
sity, which was assigned to a reduction in the crystallites of NU-
906; meanwhile, at 70 °C, a new signal at low angle (2.5°) was
detected, suggesting the formation of the NU-1008 MOF. Addi-
tionally, using in situ variable temperature liquid cell TEM, the
phase transition from the NU-906 MOF, characterised by oval
morphologies, to the NU-1008 MOF, which displayed a road-like
appearance, was identified. The images also showed a non-
negligible change in the lattice spacing of the MOF, expand-
ing from 1.7 nm to 3.5 nm, thereby confirming the phase
transition in the framework.

Fast Fourier transform (FFT) analysis, when combined with
TEM, has proven to be an effective method for unveiling
structural features of framework materials, including MOFs and
COFs; it is envisaged to be also applied to MLCOFs in the
coming years. Castano et al. obtained detailed information
about nanoscale features, including point defects, orientations
and shapes of their 2D COF crystalline domains using this
combined strategy.®® An automated postprocessing Fourier-
mapping approach was applied to TEM images to determine
the arrangement of 2D COFs on a graphene substrate in various
orientations, where they presented as small crystallites with
irregularly shaped domains, resulting due to uncontrolled
growth and nucleation processes. Moreover, FFT-TEM mapping
of the COFs has also shown the overlap of 2D COF sheets and
provided insights into the tilt grain boundaries by analysing
variations in the FFTs across the mapped area. Nevertheless,
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=

L) x L j v L} v T x 4 T
2 4 6 8 10 12 14
Two theta (Degree)
Fig. 11 In situ VT-PXRD patterns from NU-906 to NU-1008 within

DMF/formic acid (3:1) taken with a Cu Kea radiation source. Repro-
duced from ref. 59 with permission from ASC, copyright 2020.
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this approach can also be applied when the domains in the FFT
pattern are tilted, reducing its practical application to other
frameworks.

Coupled techniques, such as atomic force microscopy-
infrared (AFM-IR), are powerful tools which leverage the
combination of absorption spectroscopy and the spatial reso-
lution of AFM.®* This method has been utilised with MOFs, to
study the growth of HKUST-1 films,* however, it is anticipated
to be used to characterise MLCOFs in the near future.

Non-destructive characterisation techniques are often tar-
geted due to difficulties encountered in the scaling-up process
of certain frameworks. X-ray Absorption Spectroscopy (XAS) has
emerged as a useful methodology for the analysis of both
crystalline and amorphous materials, holding significant
potential for the characterisation of MLCOFs. XAS techniques,
including extended X-ray absorption fine structure (EXAFS) and
X-ray absorption near edge structure (XANES), have been uti-
lised for the examination of electronic configurations and
structural determination of MOFs and low-crystalline COFs.
Romero-Muiiz et al. demonstrated the utility of XAS in
describing the coordination environment of palladium ions
embedded within a TAPB-BTCA COF, (1,3,5-tris-(4- amino-
phenyl)benzene  (TAPB); 1,3,5 benzene-tricarbaldehyde
(BTCA)).*® EXAFS analyses indicated that the bonding between
metallic species and COF (Pd-N) remained unchanged after
exposure to Suzuki-Miyaura catalysis, highlighting the inter-
action strength. In contrast, other ligands, namely halogens,
were found to be replaced during the reaction process. Then,
XANES methodology showed a shift to lower energy values
during the reaction process, revealing the reduction of palla-
dium ions to Pd(0) during the catalytic cycle. Additional find-
ings showed the presence of Pd-Pd bonding, suggesting the
nucleation and growth of Pd nanoparticles throughout the
reaction. With the advancement of modern synchrotron radia-
tion sources, in situ XAS monitoring is envisaged to be devel-
oped in the following years, potentially making it a cutting-edge
technique for understanding structural modifications and
working mechanisms of MLCOF materials.

Although a comprehensive structural analysis of MLCOFs
can be achieved through macro and nanoscale character-
isations, its combination has proven to be effective when
mapping the material, however, theoretical simulations can
also play an important role, corroborating experimental find-
ings with precise models.

3.1.3. Theoretical modelling. Modelling approaches based
on density functional theory (DFT), such as non-linear DFT (NL-
DFT), spin-polarised-DFT and periodic DFT, are frequently uti-
lised to explain or predict properties of MLCOFs. Atomic
arrangements, electronic properties and structure-activity
relationships of the frameworks are some of the insights given
by these theoretical tools.

Gao et al effectively conducted an atomic analysis of
MLCOFs using DFT; information obtained was employed to
explain the properties of a calcium-intercalated COF. H, storage
capacity was evaluated and accurately predicted for different
organic building units and covalent linkers. Interestingly, their
findings revealed that although calcium displayed strong
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Fig. 12 (a) Side and (b) top view of charge density difference after Ca
binding onto benzene. Isosurfaces with values of +0.005 e A2 are
shown. Red and blue clouds correspond to electron depletion and
accumulation, respectively. (c) Same as (b) but for both two Ca and
10H; binding to benzene. (d) and (e) Same as (a) and (b) but for Ca
binding on five-membered C5H5. (f) The H, binding energy as
a function of distance (z) between Ca and H, on CsHs. Reproduced
from ref. 64 with permission from Nature Portfolio, copyright 2013.

interactions with Cs;Hs, it does not necessarily correlate with
strong H, binding interactions, revealing the requirement for
high Ca-H, affinity (Fig. 12).** Based on the validated initial
DFT model, an optimised 3D CaCOF was constructed, identi-
fying the most promising framework for H, storage. This
research underscores the value of DFT methods in developing
new porous materials and predicting their properties.

DFT was also utilised by Ke et al. to investigate the structure-
activity relationships in both the node and linker of Ni-MLCOFs
with lithium depositions. The model was corroborated by
macro and nanoscale structural characterisation that were in
agreement with the simulated IR and XRD, as well as with its
pore size. DFT was further used to predict Li-deposition ener-
gies, exploring the differences between the metal complex sites
and benzaldehyde as well as the amine-based linking units.
Modelling showed that the primary Li-deposition sites were
located in the Ni-complex units, while the linking units behaved
as secondary deposition sites, highlighting the importance of
obtaining a detailed atomic map of the frameworks.®*

Theoretical modelling tools are highly useful to support
experimental findings and predict properties related to the
structure of the materials. Through integrating these methods
synergistically alongside macro and nanoscale characterisation
analyses, a precise and trustworthy atomic map can be gener-
ated, guiding in this way the design and optimisation of
MLCOFs systems to a superior level.

3.2 MLCOF atomic mapping: synergistic characterisation
techniques

Relationships between the structural characteristics of MLCOFs
and their attributed properties can be better understood by
using a combination of macro and nanoscale characterisation
techniques and theoretical tools in synergy (Fig. 13). Their

Chem. Sci., 2025, 16, 12227-12241 | 12235
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Fig. 13 Structure elucidation of MLCOFs, a synergetic approach.

application in parallel or in conjunction has facilitated the
design and development of new and improved MLCOF
materials.

Han et al. illustrated the effectiveness of this approach in
characterising three 2,2'-bipyridine-based Ru-MLCOFs by
a combination of experimental analyses supported by compu-
tational modelling to precisely elucidate the structure of these
materials. Initially, the polymerization of the network was
investigated using FT-IR alongside >C-ss-NMR, displaying
vibrational peaks and signals typically associated with imine
bonding. Following this, PXRD analysis showed a series of new
diffraction peaks not observed in the precursors, confirming the
formation of new materials. Pawley and Rietveld refinements
provided additional information on the unit cell parameters of
the materials, which was used alongside microscopy analyses to
generate reliable structural models. Geometrical energy mini-
mization was next utilised, indicating that the s¢p topology with
a P3 space group represented the most stable configuration for
all three of the frameworks. The simulations were in good
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Fig. 14 The SEM (left), TEM (right) and HAADF-STEM with corre-
sponding elemental mapping (bottom) images of (a) RUCOF-ETTA, (b)
RuCOF-TPB and (c) RuCOF-ETTBA. The PXRD patterns of (d) RuCOF-
ETTA, (e) RUCOF-TPB and (f) RuCOF-ETTBA: the experimental (red),
Pawley refined(black), simulated (blue), and difference between
experimental and refined (green). Insets: the structures, powders and
unit cell parameters of corresponding RuCOFs. Reproduced from ref.
8 with permission from Wiley-VCH, copyright 2022.
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agreement with experimental PXRD values and ordered lattice
fringes observed in HR-TEM analyses (Fig. 14).® The perfor-
mance of the materials was evaluated through HER photo-
catalytic testing, revealing that the Ru-MCOF that incorporated
(aminolphenyl)benzene-based building blocks exhibited supe-
rior catalytic activity among tested MLCOFs. Based on a precise
characterisation of the materials and the development of an
atomic map, it was concluded that an enhanced activity towards
HER is related to the availability and degree of freedom of the
Ru(bpy)** (bpy = 2,2"-bipyridine) photosensitizing units within
the materials, resulting in a more stable and efficient
photocatalyst.

A similar synergetic methodology was undertaken by Sun
et al. to study the photocatalytic activity towards HER of Schiff-
base Ni-MLCOFs, noting differences based on their
morphology, either rod-like or spherical-like. These insights
were derived from the elaboration of detailed atomic maps of
the materials. Structure elucidation began by proving the
formation of an imine bond; FT-IR showed a significant
decrease in the characteristic vibrational bands of the starting
materials (amine and aldehyde), while new imine signals were
identified. The results, which were corroborated by '*C-ss-NMR,
confirmed the presence of the imine. Diffraction patterns cor-
responding to a preferential AA stacking were obtained by
PXRD, a finding further validated by theoretical models. Lattice
stripes were also identified through TEM, suggesting a long-
range ordered material. Nevertheless, the complete map at
different scales was obtained by SEM. The surface analysis
revealed that the choice of organic building blocks, pyrene- or
benzene-based molecules, led to the formation of either rod-like
or spherical-like morphologies, which influenced their catalytic
behavior.*® Comparisons drawn by using this approach gave
important information regarding the structure-activity rela-
tionships of Ni-MLCOFs, enabling, in this way, its future
development.

In a fundamental study, Hennessey et al. reported the
complete atomic mapping of a Ru-based MCOF composed of
pyrene units covalently linked via an imine bond to
a [Ru(tpy).]”" (tpy: 2,2/,6,2"-terpyridine) metalloligand by stra-
tegically combining experimental and computational method-
ologies.” The synergetic approach not only displayed the
structural composition of the framework but also provided
information about the stacking arrangement of the material.
Initially, the identification of the imine linkage was conducted
using FT-IR and "*C-NMR. This was followed by photophysical
investigations that demonstrated the presence of both photo-
active building units and a broadening effect on the light-active
window by integrating light-active units into the framework,
highlighting its potential for photocatalytic applications. PXRD
data exhibited the low-crystalline nature of the MLCOF, which
was further validated through HR-TEM measurements. Inter-
estingly, scanning tunneling microscopy (STM) analysis showed
an ordered material at the nanoscale; however, the measured
distances between building units could not be fitted within
a monolayer model. Subsequently, optimised DFT models were
built to find stable configurations of the material wherein
a multilayer model was plausible, revealing that the MCOF

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15 Scanning probe microscopies characterisation of the Ru-
pyrene MCOF. (a) High-resolution STM image showing the Ru-pyrene
MCOF imaged at the heptanoic acid/HOPG interface. The measured
distances and angle between repeating units obtained from calibrated
STM images are: @ =17 £ 0.1 nm; b =18 £ 0.1 nm; y = 80 + 3°.
Imaging parameters: Vijas = —0.4 V, Iser = 150 pA. (b) Molecular models
of the Ru-pyrene MCOF and Ru-metalloligand 3 (inset). Relevant
intramolecular and intralayer distances between Ru atoms are given
in nm. The STM pattern is overlaid in grey. (c) AFM image showing the
layered morphology of the Ru-pyrene MCOF. (d) Line profile across
one of the islands in (c) showing the step height of ca. 0.6 nm.
Reproduced from ref. 67 with permission from Wiley-VCH, copyright
2025.

formed a shifted-stacking AB bilayer, results that were corrob-
orated by microscopy analyses, including AFM, HR-TEM and
STM (Fig. 15). The authors evidenced the advantages of carefully
combining macro and nanoscale experimental analyses along-
side theoretical calculations to generate a comprehensive
atomic map of low-crystalline MLCOFs, revealing important
structural features for improved material design.

3.3 Cutting-edge advanced characterisation technique

Pair distribution funtion (PDF) has emerged as an effective tool
for analysing low crystalline porous materials using synchro-
tron X-ray or neutron radiation. This method allows the
obtention of key information, including atomic distances,
coordination number, and particle size, among others, offering
data about materials' structures and crystallisation processes.
The method calculates atom-atom distances based on Bragg
peaks and diffuse scattering signal from X-ray radiation, fol-
lowed by fitting the information using computational methods
to generate radial distribution plots.*®

Although it has not yet been widely applied to MLCOFs, the
applications of PDF analysis have been demonstrated by the
characterisation of MOFs and COFs, as highlighted by C. Ash-
worth,* who achieved the structural determination of an
amorphous MIL-100 MOF and compared it to its crystalline
analogue. The atomic map of the short-range ordered frame-
work, Fe-BTC MOFs (1,3,5-benzenetricarboxylate (BTC)) was
described firstly with XAS, identifying trinuclear building
blocks; however, the data was limited to the first coordination
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sphere of the framework. To overcome this, the authors
employed advanced electron microscopy techniques followed
by PDF analysis using total scattering experiments with
synchrotron X-ray radiation. The results allowed a thorough
examination of the long-range structure of both the amorphous
and the crystalline MOFs, showing that, in contrast to the
amorphous material, 39% to 64% of the trimers form tetra-
hedra structures but with low long-range order being the reason
for the material crystallinity.

Crystallinity defects formed during the synthesis of
palladium-loaded COF systems were demonstrated by Romero-
Muiiiz et al. through PDF analyses.” Initially, the short-range
order of the frameworks and their local chemical environment
were characterised using EXAFS studies. Nonetheless, to assess
the longer-range order of the modified COFs, a PDF method-
ology was conducted. Notably, the effects of the loaded Pd on
the atom-atom distances within the COF could be assessed by
subtracting the PDF data obtained from the non-metallated
COF from that of the loaded material. The results showed the
evolution of the framework when metals were embedded,
finding two atom-atom distances assigned to the coordination
of Pd with chlorine and nitrogen atoms. Moreover, the value of
PDF was also shown after catalysis (Suzuki-Miyaura coupling),
where face-centred cubic (fcc) Pd(0) diffraction peaks, corre-
sponding to the formation of nanoparticles, were detected. This
information was then confirmed by TEM analysis. A similar PDF
analysis was performed on Pd-COFs synthesised using different
methods, showing that in situ metallation led to the stabilisa-
tion of Pd nanoparticles within the pores of the COF rather than
on the surface of the framework.

The PDF methodology in combination with theoretical
simulations was successfully utilised by Han et al. for the
structural determination of a TiCOF-spn 3D MLCOF, which
consists of Ti(iv) complexes connected by TAPT (1,3,5-tris(4-
aminophenyl) triazine) linkers (Fig. 16).”* As with other frame-
works, initial investigations aimed to detect the formation of
new imine bonds, employing both FT-IR and "*C (CP/MAS) NMR
techniques. A deeper characterisation was then performed
using XPS to confirm the presence of both the Ti-O and C-O
bonds within the framework, followed by studies on the crys-
talline structure through a combination of PXRD and PDF
analyses. Theoretical calculations and structural models based
on PXRD measurements suggested that the TiCOF-spn adopted
a non-interpenetrated spn topology, which was further verified
through PDF analysis using synchrotron X-ray radiation to
calculate the atom-atom distances. The results showed
diffraction peaks related to Ti-O and Ti-Ti bonding, which
aligned with a non-interpenetrated spn topology, as predicted
by theoretical modelling. This example illustrates the advan-
tages of PDF analysis for the structural determination of low-
crystalline frameworks, emphasizing its usefulness in charac-
terising the long-range order of the frameworks, as well as
obtaining information relating to their bonding.

Although the PDF methodology has significant potential for
characterising a wide variety of low-crystalline materials, access
to high-energy radiation sources is imperative, which limits its
widespread adoption. X-ray synchrotron sources are often
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Fig. 16 (a) Representation of the (3,6)-connected eea and spn
topologies, which were deconstructed into trigonal antiprismatic and
planar triangle linkers with their corresponding chemical equivalents
Na,Ti(2,3-DHTA)3s and TAPT. (b) The experimental (black) and Pawley
refined (red) PXRD patterns of TICOF-spn, the difference between the
experimental and refined PXRD patterns (green), and the simulated
PXRD patterns based on eea net (purple) and spn net (blue). (c) The 2D
scattering image of TiCOF-spn was reduced to 1D data. (d) The PDF
data and calculated PDF pattern with spn net for TICOF-spn. Repro-
duced from ref. 71 with permission from Elsevier, copyright 2022.

preferred, as the frameworks need to be deuterated before using
alternative radiation sources such as neutrons. Despite the
current complexity of the technique, emerging technologies
which simplify the analysis are becoming more popular,
including differential PDF analysis (dPDF), which highlights
differences between PDF profiles by subtracting them.

3D electron diffraction (3DED) has emerged as another
promising method for determining the structure of materials
with low crystallinities, especially when used alongside PXRD
and ab initio calculations.” The technique has been effective in
comparing and confirming PXRD findings of MOFs and COFs
that typically form nano- and submicron-sized crystals. Addi-
tionally, 3DED can be utilised to monitor host-guest interac-
tions within framework materials by locating the positions of
the guest molecules.”” Nevertheless, challenges that limit its
application still remain. High guest molecule occupancy and
cryogenic conditions are generally required when using 3DED.
In addition, the technique is unsuitable for materials sensitive
to electron beams, such as MLCOFs.®® Moreover there is a need
for more advanced analytical software for 3DED, as the existing
programs were originally developed for SC-XRD.

The development of MeCOFs and MLCOFs is still an
emerging field; synthetic challenges, such as scalability, opti-
misation and control over the crystallinity hinder their appli-
cability. Consequentially, a more comprehensive
understanding of the structural impacts of synthesis conditions
is crucial when striving for a high degree of morphological
control over their properties, including porosity, crystallinity
and surface areas. Therefore, improvements in their structural
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characterisation and computational modelling are necessary for
the development of more accurate atomic maps of the frame-
works, which will enable better control over their properties. As
described, the combination of characterisation techniques, at
the macro and nanoscale, along with theoretical modelling is
the most appropriate approach to resolve their structures,
requiring the collection of a high amount of data. However, it is
necessary to better understand the structure-property rela-
tionships of the MeCOFs and MLCOFs, providing a starting
point for predicting their electronic and chemical properties,
resulting in the design of more effective materials for a wide
range of applications.

4 Summary and outlook

Advancements in porous material research have been progress-
ing rapidly, with applications in fields including gas adsorption,
catalysis and electronics. Despite the challenges faced for the
future development of MLCOFs, the repeating metalloligand
units, as well as the ability to alternate the metal centres, creates
a high degree of compositional variety to the frameworks. The
presence of both coordinate and covalent bonds can add an
element of enhanced stability in contrast with other MOF or COF
alternatives. The support of well-established structural mapping
techniques, specifically XRD analysis, has been hugely beneficial
for the establishment of structure-property relationships and
optimisation of such materials. The recent development of
porous materials with long-range order can be partly attributed
to the ease by which their crystallinities enable their accurate
atomic scale analysis, thereby offering key structural insights
which enable further advancements in their applications.
However, in some instances the use of SC-XRD or PXRD in
conjunction with structure refinement can lead to structures that
do not fully represent the nature of the material. Regarding
single crystals, they may only account for 1-2% of a sample,
whereas for PXRD, hidden structures in low quantities are diffi-
cult to identify and isolate. One such example has been eluci-
dated by using 3DED, where MOF structures of different atomic
arrangements were found on a sample, which was considered
pure using the traditional characterisation techniques.”
However, access to such facilities is still restricted and therefore
a combination of techniques is required to have a full picture of
the nanomaterials obtained when synthesising porous materials.
We investigated the emergence of MCOFs, classifying them
as MeCOFs and MLCOFs to describe a synergistic approach to
their structural evaluation. Specifically, we have highlighted the
challenges faced when carrying out structural determination on
MLCOFs which typically result in low-crystallinity frameworks.
The slow but steady rise in the development of MLCOFs is
drawing attention towards the need for a definitive method for
the atomic mapping of such materials. Structural determina-
tion plays a key role in establishing a fundamental under-
standing of the properties of framework materials. As many
examples have shown herein, the usual characterisation tech-
niques can be misleading when hypothesising atomic mapping
of porous materials, and the exact disposition of the monomers
is important when optimising structure-activity relationships.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Devising a more straightforward approach to structurally
mapping MLCOFs could progress the development and struc-
tural optimisation of these materials greatly going forward. By
highlighting the characterisation of MLCOFs from a macro and
nanoscale perspective, supported by theoretical modelling
tools, we illustrate how a combination of techniques can be
used to atomically map such materials using previous work on
MLCOFs as guiding examples. The discussed approaches could
bridge the gap in devising a synergistic approach to the struc-
tural elucidation of this rapidly developing area of materials
chemistry.

Although challenges remain to be addressed, particularly
regarding the synthesis of increasingly crystalline materials, we
have highlighted a pathway to overcome these obstacles. It is
evident that the priority should be to find synthesis methods
which result in materials with better crystallinity, however many
applications have demonstrated that amorphous or low-
crystalline materials may have even better properties in
certain applications. With the range of techniques at our
disposal, there should be no excuse not to attempt to provide
a better description of the materials synthesised, even if it
means using advanced techniques or a combination of thereof.

Emphasis was placed on carefully selecting a combination of
analysis techniques which work in synergy with one another,
providing a strategy for the atomic mapping of framework
materials. Advanced techniques are required for some of the
challenging materials, as illustrated by the examples shown for
MLCOFs, where the higher degree of flexibility of some of the
building units compared to the more established MOF and COF
facilities add the extra degree of difficulty to obtain the
complete structure of the material at the atomic level. As seen
throughout the perspective, theoretical tools provide further
insights by combination with experiments. However, theoretical
models are usually hindered by the lengthy calculations, which
lead to models that do not fully represent the experimental
materials. It is very important to validate any theoretical model
by supporting it with experimental data that represents the bulk
of the material. Overall, a better understanding of the structure-
property relationships will prompt significant progress for the
future advancement of MCOFs and their applications in gas
storage, catalysis and sensing.
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