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Elucidating pore chemistry within Metal-Organic Frameworks via
Single Crystal X-Ray Diffraction; from fundamental understanding
to application.

Jorge Albalad,*? Christopher J. Sumby,® Daniel Maspoch** and Christian J. Doonan*?

Metal-Organic Frameworks (MOFs) have made inroads in diverse chemical sectors due to the essentially limitless
combination of building units and the ability to post-synthetically modify their pore chemistry at the molecular level. The
crystalline nature of MOFs permits the use of Single Crystal X-Ray Diffraction (SCXRD) to obtain crystallographic snapshots
of these transformations, providing invaluable information into the unorthodox chemistry that MOFs can potentially offer.
This highlight article aims to provide the reader with the most recent milestones in the use of SCXRD as a vanguard

technique to connect molecular-level pore engineering of MOFs with new application fields hitherto unexplored.

1. Introduction

Metal-Organic Frameworks (MOFs) are a class of solid-
state materials that are poised for application in diverse

industrial sectors."™ MOFs are assembled via a bottom-up
approach by linking metallic clusters, or cations, and
multitopic organic building blocks together into an extended
network. Indeed, the expansive variety of available inorganic
nodes and organic units gives rise to an essentially limitless
range of topologies and physical properties.® Furthermore,
MOFs are typically microporous and retain their structures

upon removal of internal guest molecules.®” This unique
collection of properties has encouraged researchers to explore

MOFs for application to catalysis,® molecular separations,®™
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gas sorption and drug delivery.

The modular approach to MOF synthesis affords the
opportunity to synthesize solid-state materials with bespoke
performance characteristics as the building-units provide
chemical functionality representative of their molecular
counterparts.’® Additionally, MOF structures can be selectively
modified under mild conditions by a strategy known as Post
Synthetic Modification (PSM).” The technique of PSM has
become increasingly widespread and we encourage readers
interested in the development of this area to consult reviews
dedicated to this topic.’®?* A remarkable feature of PSM is that
it allows for molecularly-precise engineering of the MOF pore
chemistry, and thus the materials properties, while, typically,
underlying scaffold unaffected.?® Although

have extensively explored PSM of MOFs,
insight into this chemistry remains

leaving the
researchers
molecular-level

challenging.? For example, many spectroscopic
characterisation techniques such as Induced Coupled Plasma
(ICP), Mass Spectrometry (MS), or some Nuclear Magnetic
Resonance (NMR) experiments are destructive and thus do not

provide in situ information.”” However, given that most MOFs
are highly crystalline, Single-Crystal X-Ray Diffraction (SCXRD) is
a powerful, non-destructive, tool for elucidating atomically-
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precise snapshots of MOF structures and providing global
structural information such as framework topology and

chemical functionality.”® In addition, SCXRD can be used to
identify the absolute configuration of entrapped molecular
entities within the frameworks’ lattice, including solution and

gas-phase guests.”’ In summary, SCXRD has been a crucial
technique to developing our fundamental understanding of

MOF chemistry,”® and will underpin future technological
advancements in the field.

This article aims to highlight the importance of SCXRD as a
tool for characterising MOF chemistry and advancing new
applications of MOFs by canvassing selected milestones in the
field. We begin by exploring how MOFs can be used as
crystalline matrices for structurally identifying and exploring
the reactivity of pore guests, as illustrated by the Crystalline
Sponge method developed by Fujita et. al. We then look at
how SCXRD can be used to identify physical adsorption
processes in MOFs focusing on the interactions of small gas-
phase molecules and the framework structure. Finally, we will
cover how SCXRD is crucial to providing in situ insight into PSM
chemistry and MOF-based catalysts. The examples in this
manuscript were chosen because they provide significant
insights into sample preparation/manipulation techniques.
While this step is usually omitted from highlight articles, a
proper handling of single-crystalline MOF samples is essential
for obtaining the best diffraction quality and we hope will be
useful for researchers interested in pursuing such chemistry.
This highlight article is not intended to be an exhaustive
review, rather to point the reader towards examples which
exemplify the importance of SCXRD to the development of
MOF chemistry. Further, we hope to give the reader an
appreciation of how the information gathered from subtle
structural insights, unobtainable by bulk characterisation
techniques, will enable new areas of fundamental MOF
research and facilitate practical applications.

2. The Crystalline Sponge method: MOFs as
nanoscale molecular flasks



In 2010, Fujita’s group introduced the Crystalline Sponge

method,? which employs both discrete and extended porous
materials as Crystalline Molecular Flasks (CMFs) to occlude and

structurally characterise liquid guests by SCXRD.3*** A feature
of CMFs is that their framework architectures are flexible, and
thus accommodate structural rearrangements of their guests

while maintaining crystallinity.?**®* Since the first report of
CMFs, Fujita and co-workers continued to develop the

technique,® designing guest-selective CMFs for the SCXRD
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elucidation of chiral natural products, volatile
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and even to track in situ

chemical transformations.*® In these examples, the
experimental parameters (i.e. guest solution concentration,
temperature, incubation time, solvent) were carefully
optimised, and were critical to ensure the highest
encapsulation efficiency on each CMF system without losing
crystallinity.

substrates, chiral molecules,

The first CMF systems had clear limitations, including
structural fragility, incompatibility with polar/aqueous media,

and moderate levels of guest encapsulation.”” However,

researchers have developed alternative protocols that
overcome these restrictions. As a result, the Crystalline Sponge
method has advanced from niche academic interest to

showing potential use in industrial analytical chemistry,*®*’

becoming a reliable technique to determine the absolute
configuration of important substrates which are difficult to
crystallise on their own.

Recently, more sophisticated CMF systems have been
designed in an effort to make the crystalline sponge method
compatible with polar solvents. As an example, in 2019 de
Gelder and co-workers developed a new family of water-stable
lanthanide MOFs (RUM-1 to -3) that behave as promising and
robust alternative hosts to allow application of the Crystalline
Sponge method in polar media. These materials demonstrated

a)

long-term stability in a wide range of polar, protic, and
coordinating solvents, unlike Fujita’s counterparts, and were
able to accommodate both hydrophobic and hydrophilic

guests alike.®®

The field of CMFs has matured significantly since its
introduction ca. ten years ago. Behind the simple idea of
trapping liquid substrates within nanoscale sponges lies a
beautiful complexity of host-guest chemistry, preorganisation
and structural design that permits to capture the interaction
between CMFs and occluded substrates by SCXRD. Although
the field still has some limitations, the Crystalline Sponge
method has emerged as a very important tool for the
structural analysis of trace compounds, in situ detection of
reaction intermediates and to resolve the absolute

configuration of natural and chiral products.* While not
entirely alike, the Coordinative Alignment method presented
by Yaghi and coworkers shares important points with the
Crystalline Sponge, and precisely represents the level of
structural information that can be gathered from interactions
(in this case, covalent bonds) between host frameworks and
guests.”® It is anticipated that SCXRD will continue to drive
advances in this area and be integral to facilitating its adoption

in commercial analytical chemistry.**

3. Characterisation of gas-phase adsorption
isotherms in MOFs via SCXRD

Understanding how gas-phase molecules interact with
different parts of a framework has proven fundamental in the
design of MOF-based adsorbent materials for potential
application in industrial-scale adsorption and separation

processes.®>* Initially, SCXRD was mainly used to identify
preferential adsorption sites in as-synthesised MOF
structures.®®> This study significantly advanced our

understanding of the chemistry underpinning physisorption

Liquid Guest

Single-crystal

Inclusion
. Crystal

Figure 1. (a) Schematic for the preparation of a guest-included CMFs via the

Crystalline Sponge method: a single-crystal piece of a CMF is treated with a drop of
liquid guest and subjected to X-Ray data collection after incubation. (b) Absolute
structure determination of a liquid guest by SCXRD (ORTEP drawing at 30%
probability level) using the Crystalline Sponge method. Reproduced with
permission of Reference 42.



steps in MOFs.***” However, most of these early studies did not

consider stimuli-responsive structural transitions.*® Indeed,

flexible MOFs can show drastic structural changes between
their as-synthesised (solvated), activated, and gas-filled

phases,* which has led to the discovery of unique properties

such as MOF breathing,%*®' gate opening,®*® hysteresis,®**

and more recently negative gas adsorption.®*"* Because of the

rapid nature of these transitions, their structural
transformations during gas uptake are characterised by in situ
high resolution X-ray and neutron diffraction, in combination
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with computational simulations or NMR spectroscopy.”
Though the collection times required for SCXRD are commonly
incompatible with these steps the collection of initial (closed
pore) and final (open pore) structures is crucial for obtaining
atomically-precise models for theoretical calculations.”

Very few examples have been able to capture SCXRD
snapshots of the critical inflexion points, such as intermediate

loading stages, or hysteretic desorption steps. In 2019, Barbour

et al. reported a molecular-level, SCXRD-based study of the
hysteresis breathing behaviour of an interpenetrated zZn (ll)-
based MOF (1) responding to CO, gas pressure. In this work,
the authors obtained crystallographic evidence of intermediate
states of the adsorption-desorption cycle, as well as structural
data of the interactions between CO, molecules within the
framework, by using an environmental gas cell during in situ
data collection. Complete crystallographic characterisation
facilitated the rationalisation of each phase transformation
during the slowly-triggered adsorption cycle, thereby providing
a molecular-level explanation for the plateau observed during

the desorption isotherm.”®
The majority of SCXRD adsorption studies between MOFs

and gas-phase guests are based on CO,*”7° and H,0%*
interactions due to their strong binding affinities. Thus, these
molecules give rise to more ordered structures compared to
weakly-coordinating gas-phase substrates such as N,, CH,;, O,
or Ar. Accordingly, while there is a large collection of SCXRD
data on the former, there is a paucity of data on the latter,

which have remained widely ignored.®*® Not only do such

weakly-coordinating guests exhibit disordered electron-density
reﬁles around adsorption sites, byt alsq face non-negligible
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The interactions between MOF and guests are not limited
to encapsulation processes. The latent reactivity of MOF
building blocks allows for the introduction of functional
groups, that may not be compatible with the MOF synthesis

conditions, via PSM.* The combination of organic chemistry
with MOFs has enabled an evolution in the synthesis of
functional materials, from rudimentary “shake-and-bake”
methodologies to sophisticated pore-engineering strategies.'®
2 Since the formal introduction of the field by Wang and

Cohen in 2009, the covalent PSM of MOFs has proven to be
an efficient and flexible way to tune the surface of MOF pores,
and quickly became the most widely-reported strategy due to
its simplicity and well-established chemistry. To date, MOFs
have been covalently modified in myriad ways, ranging from

single covalent condensations®

routes that generate multivariate MOF systems

to selective orthogonal
(MTV-

MOFs).***> A stunning example was reported in 2016 by Yaghi
and co-workers, who performed up to seven tandem covalent
PSMs within the pores of the multivariate MOF, MTV-IRMOF-
74-1l. The authors thus synthesised artificial enzymatic
systems based on introduction of complementary amino-acid

sequences periodically spaced within the MOF cavities.®®

Nuclear Magnetic Resonance (NMR) is arguably the best
routine characterisation for the structural elucidation of
organic moieties and their transformations. Since most
covalent PSMs have negligible effects on the framework’s
integrity, the evidence of functional group reactivity is clearly
reflected in the NMR spectra of the product. However, the
technique does not provide information of long-range
distribution in routine measurements. Solid-state NMR
measurements of MOF samples provide non-integrative or
averaged values of PSM yields, depending on the studied
nuclei, whereas digestion NMR is limited by the presence of
paramagnetic metal ions in the solution and by potential

fragmentation of the linkers.?”® While some new techniques
achieve long-range order quantification by NMR techniques,
these measurements require specialised equipment and large

amounts of sample.?*%

Although the PSM of MOFs has been done for roughly two
decades, to date, there are scarce reports of the study of these

transformations by SCXRD.' This is not surprising, considering

b)
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the numerous obstacles that researchers need to overcome to
obtain proper diffraction data of covalently-modified MOF
crystals, such as thermal motion of side groups, low
conversion, and their general fragility of single-crystalline MOF
samples. Additionally, most PSMs are performed on high-
symmetry MOF systems, which translate to excessive disorder

around the organic subunits.®

In 2015 Forgan and co-workers reported an example of
quantitative transformations within integral components of Zr-
and Hf (IV)-based MOFs via post-synthetic stereoselective
bromination of internal alkyne groups (Figure 3a). Single-
crystals of Zr(edb) and Hf(edb) (where edb = 4,4-
ethynyldibenzoic acid) were added to a 10 mL sample vial and
solvent exchanged with CHCIl; without stirring. A small amount
of Br, was pipetted into the mixture and the vial was sealed
and left to stand in the dark for 96h. The washed crystals
showed a change in hybridisation of the central alkyne groups,
which induced a mechanical contraction of the lattice in a
single crystal-to-single crystal (SC-to-SC) fashion, with a
concomitant decrease in cell volume of 3.7%.'* The same
technique was used to induce flexibility to a
stilbenedicarboxylate MOF, via generation of sp*-hybridised
linker cores. However, in this case, the newly acquired
flexibility in the framework precluded SCXRD data

collection.’®'* Nonetheless, both of these examples illustrate
how ligand functionalisation by PSM can markedly affect the
mechanical properties of MOFs, and how such modifications
can yield otherwise inaccessible materials that exhibit high
conformational freedom.

A more recent example of covalent PSM with subsequent
characterisation by SCXRD was described by Maspoch and co-
workers, who reported the first example of SC-to-SC
transformation within a UiO-66-type MOF via solid/gas phase

reactivity.’® In a typical experiment, a solid mixture of bulk and
single-crystal ZrEBDC (where EBDC = 2-ethenylbenzene-1,4-
dicarboxylic acid) was packed inside a U-shaped Pyrex tube
and immersed in an acetone:CO, bath at -78 2C. By flowing a
constant ozone stream through the tube, the authors achieved
quantitative transformation of the pendant olefin chain
substituents into 1,2,4-trioxolane rings in less than 30 minutes
(Figure 3b). Here, the main limitation of covalent PSMs (vide
supra) was obviated, as the gas-phase diffusion of O; proceeds
without kinetic restraint. In this study, SCXRD was the most
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Figure 3. (a) Schematic of crystalline structures of the post-synthetic bromination of a Zr(IV)-based MOF, transforming the central alkyne groups in the ligand to the bromination
product. (b) Schematic of the crystalline structures of a two-step post-synthetic ozonolysis of an olefin-tagged Zr(IV)-based MOF. First step: solid-gas phase ozonolysis to obtain 1,2,4-
trioxolane intermediates. Second step: oxidative(H,0,) or reductive (Me,S) work-up processes to obtain CHO- and COOH-functionalised MOFs, respectively. Reprinted (adapted) with
permission from References 102 and 105 - Copyright 2015/2018 American Chemical Society.



precise technique to verify the formation of metastable
trioxolanes within the porous matrix. NMR studies required
the digestion of the samples under acid media, which
fragmented the trioxolanes into a mixture of solvated species
(specifically, metathesis cross-ozonation and oxidative
cleavage by-products), precluding a direct study of the reaction
evolution. In contrast with the volatile nature of molecular

trioxolanes, the MOF-confined counterparts
synergistically stabilised within the backbone, even under
standard activation conditions. Further work-up in liquid phase
(diluted DMF solutions of Me,S or H,0,, respectively) enabled a
second SC-to-SC transformation into either aldehydes or
carboxylic acids, the latter in quantitative yield. As a mild
selective chemistry, properly understood by SCXRD, solid-gas
phase ozonolysis has been implemented in applied MOF
research for generating hierarchical porosity in engineered
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MOF systems.'®' These studies further demonstrate how
SCXRD can provide invaluable structural insight on pore-
engineering, and how an in-depth understanding of MOFs
chemistry can advance elegant chemistry from proof-of-
concept to practical applications.

The covalent PSM of MOFs is not limited to the insertion of
external moieties. When exposed to external stimuli (e.g.
temperature, light, pressure), some a-priori robust MOFs, with
chemically-stable linkers, can reveal latent reactivity. In these
cases, the diffusion of reagents is irrelevant, which in turn
enables higher and faster conversion rates. Here, the relative
orientation and preorganisation of the linkers is critical to
proceed correctly. An interesting example was reported in
2019 by Vittal et al., who explored the [2+2] cycloaddition
reaction between the pillaring 4,4'-bipyridylethylene (bpe)
linkers of a Cd (ll)-based MOF. In this MOF, the olefin bond
pairs in adjacent bpe ligands are aligned in parallel, thus
satisfying Schmidt's criteria for a [2+2] cycloaddition reaction.
Although cycloaddition reactions had already been reported in
MOFs, the work by Vittal and co-workers provided significant
insight into the use of photochemistry to create different
chemical patterns within a lattice. Their study, based on SC-to-
SC chemistry, elucidated that opposite reaction outcomes are
dictated by subtle modifications in the solvated state of the
MOF and crystal orientation. Thus, they were able to introduce
heterogeneous patterns in the MOF, without any concomitant

loss of characteristic long-range order.**

The reactivity of MOF linkers is expansive. From the
simplest condensations to multistep orthogonal pathways,
covalent transformations represent a powerful method for
finely tuning the physical properties of MOFs. However,
functionalisation proceeds through heterogeneous processes,
which lead to increasing levels of complexity and might favour

unexpected reactions.’™ Accordingly, limiting the study of
these steps to readily available techniques might lead to
inaccurate characterisation of the true composition within the
functionalised material. In this context, SCXRD has proven to
be an efficient technique for structural characterisation of
these molecular-level transformations, with an eye to potential
applications. Through covalent deprotection, the groups of
Telfer and Richardson exploited the use of PSM chemistry to

generate active moieties in situ within MOF pores.''® ' These
examples clearly show that such chemistry can advance fields

such as catalysis where precise control of active sites is
desired.

5. Crystallographic insights of catalytically-
active species within MOF pores



Industrial chemicals are typically produced via large-scale
synthesis faciltiated by inorganic and organometallic catalysts.
Understanding the mechanism of how these reactions proceed is
essential for the design of new or improved catalysts with better
activity, selectivity, and overall efficiency. Whilst laser-pulsed
techniques can track the dynamic evolution of solvated catalysts in

situ,’?”"1® SCXRD provides atomic-scale information and absolute

configuration of these highly-reactive species.''®'?° Diffraction

data can be obtained either by low-temperature isolation of
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intermediate species or by their occlusion within

crystalline matrices.’”® MOFs are attractive candidates for the
latter thanks to their tuneable structure, which enables the
insertion and site-isolation of catalytically-active species into
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their porous cavities, inorganic nodes, and organic

backbone.®3* |n the last decade, MOFs have been widely

used as solid supports for the accommodation and periodic
spacing of catalytic species, ranging from metal and metal-
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oxide nanoparticles to isolated coordination

complexes,* ™! with remarkable effects on their long-term

stability and reactivity. Additionally, the crystalline nature of
MOFs permits the examination of the catalyst structure post
reaction via SCXRD. An illustrative example is the work of
Pardo and co-workers, who synthesised naked [Pd4]%** clusters
within  the cavities of an anionic bimetallic MOF
(Ni{Nis[Cu,(L),]s}) via a three-step synthesis involving
quantitative transmetalation, stoichiometric ion exchange, and

Single-crystal to single-crystal metallation and subsequent reactions

[Rh(co),Cll, Ay
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Figure 4. (a) Perspective view of Pd,-loaded Ni{Ni,[Cu,(L),]; (left) and an enlargement
of the single channel along the a axis (right). (b) Crystalline structure of MNMOF 1 and
subsequent post-synthetic metalation and transformations of the newly-inserted
metallic centres. Reproduced with permission of References 142, 148 and 152 —
Copyright 2014/2017 Nature Publishing Group. Copyright 2017 Wiley-VCH.

in situ reduction (Figure 4a)." The robustness and high
crystallinity of the MOF played an important role in the
process. Immersing the parent MOF crystals in a diluted
aqueous solution of Pd(NHs),Cl,, followed by further reduction
with 26 successive aliquots of NaBH, generated Pd,; units
encapsulated within the ~2 nm hydrophilic octagonal pockets
of lattice. This work was the first report of a linear Pd, cluster,
and thus SCXRD proved to be unvaluable in the detection of
this new species. A similar approach was applied in different
MOF families to obtain the crystalline structure of important

reactive species ([Pt,]°, Pt'*, Au™/Au®, Ru®).'* Remarkably,
the resulting catalysts showed outstanding efficiency,
outperforming state-of-the-art competitors in vyields and
turnover numbers.

Apart from trapping reactive species within MOF
pores/pockets, the hybrid nature of MOFs permits the
incorporation of covalently anchored species within the
organic backbone. Through this strategy, MOFs have been
tailored with site-isolated coordination/organometallic
complexes. However, such systems proved challenging to
characterise by SCXRD, since the lower electron-density and
free rotation around MOF linkers generates disordered
electron density around the guest, particularly in MOFs with
high-symmetry systems. In 2014, the Sumby-Doonan group
reported a flexible Mn(ll)-based MOF 1 (1 = [MnsL,L']; where L
and L’ are crystallographically-independent forms of the ligand
bis(4-(4-carboxyphenyl)-1H-3,5-dimethylpyrazolyl)methane,
Figure 4b) with strong chelating properties that derive from
periodically-lined, vacant, bis-pyrazolate moieties within its
porous channels. 1 crystallises in a monoclinic, low-symmetry
group (P2:/c), in which each pore presents a full-occupancy,
framework-bound, L’-coordination site, poised for post-

synthetic metalation.® The inherent flexibility of MnMOF 1
has enabled the quantitative insertion of several metallic
species (e.g. Cu (ll), Co (Il), Zn (II), Mn (ll), Rh (I)) via post-
synthetic metalation in quantitative yields, with no significant
loss in crystallinity.*****® MnMOF 1 proved to be an excellent
platform for the structural elucidation of anchored catalytic
species via SCXRD: in such a low-symmetry environment, both
the primary and secondary coordination spheres around the
metal can be precisely elucidated — not only on its initial state,
but also after subsequent post-synthetic transformations (i.e.

ion exchange, oxidative addition, migratory insertion).****>
Indeed, covalently anchoring reactive species within the low-
symmetry bis-pyrazolate groups heavily reduces the degrees of
freedom of inserted species, thus reducing structural disorder
during SCXRD data collection. In their most recent example,
the group exploited the inherent crystallinity of MNnMOF 1 to
explore ethylene hydrogenation and butene isomerisation

cycles of anchored Rh (I) species.’ Their study, supported by
SCXRD and gas-phase NMR, demonstrated the strong influence
of the present counter-anion (second sphere) during the solid-

gas phase™ catalytic cycle. The presence of coordinating
anions (CI") gave negligible catalytic activity, inhibited by strong
interactions between allyl/propyl hydride intermediates and
Cl'. In contrast, the BF, species did not exhibit any interaction
with the metal core, thus rapidly catalysing the reaction with a
TOF of 2000 h™ over five cycles. Single-crystal manipulation
proved to be critical in this project in order to isolate the
reactive Rh'(C,H,),* and Rh'(NBD)* species and subsequent



intermediates within the MOF pores. Both the metalation of
MnMOF 1 and ion exchange steps were done in a SC-to-SC
fashion under a dry ethylene atmosphere (> 1 bar) in glass
pressure vessels fitted with a pressure gauge and Swagelok tap
assembly. These conditions favoured the insertion of single-
atom Rh(l) species within the bis-pyrazolate centers of MNnMOF
1 and avoided the formation of Rh (0) nanoparticles.

These examples illustrate the value of SCXRD to gain
detailed structural insights on MOFs, their site isolation

capabilities and guest chemistry.” This technique has already
underpinned significant advances in homogeneous systems,
and by tailoring active species within crystalline MOFs, SCXRD
can finally compensate the lack of catalyst design in
heterogeneous catalysis.

6. Summary and outlook

With thousands of MOF papers entering the literature each
year, one could envisage that MOFs may slowly displace
zeolites, silicas or active carbons from sectors where they are
still the material of choice. Indeed, in recent years MOFs have
made significant inroads in niche applications, for example

atmospheric water harvesting.”*****” In reality though, the
production costs and poor recyclability are considered road-

blocks to their commercialisation.**® At present, MOFs have to
compete with qualities that cheaper alternatives lack to make
their manufacturing viable, such as the ability to engineer pore
size and functionality with molecular precision. Thus, structure
determination is arguably the most important characterization
technique for MOFs. Fortunately, most MOF research groups
have direct and routine accessibility to SCXRD data collection,
either via in-house single-crystal diffractometers or through
synchrotron facilities. However, SCXRD should not be seen as a
technique that exclusively provides conclusive and irrefutable
data. The quality, and thus interpretation, of the collected data
is affected by both by the size and stability of the mounted
crystal. Given that a general method to grow MOF crystals

suitable for SCXRD does not exist,*®*° many MOF structures
cannot be elucidated by SCXRD. However, recently, Three-
Dimensional Electron Diffraction (3DED) methods have been
applied to determine the structures of several microcrystalline
samples which are incompatible with the requirements for

SCXRD.™* Crystals that are several orders of magnitude smaller
than those required for X-ray analysis can be used for high-
resolution structural elucidation, which omits the arduous, and
potentially fruitless, step of growing micrometre-sized MOF
crystals. Recent reviews published by Zou et. al. describe the
development, advances and limitations of this young field for
162,163

collecting MOF structural data.

While significant advances in understanding the PSM
chemistry of single-crystal MOFs have been made, most of
these studies have been carried out on rigid, high-symmetry
lattices that limit the scope of the approach. The judicious
design, synthesis and crystallisation of low-symmetry MOF
platforms with inherent flexibility, torsional movement and full
occupancy around the newly-generated functionalities will
facilitate further progress. Furthermore, given the recent

developments in the areas of Reticular Chemistry,'®* geometry

mismatch,’® and orthogonal post-synthetic reactivity,*®® it can

be anticipated that structural characterisation will remain of
significant importance. It can be argued that the catalysis field
has benefited the most from the recent advances in MOF
chemistry. MOFs offer unparalleled versatility for the
encapsulation, site-isolation, and stabilisation of highly-active
organic and organometallic catalysts. As we have highlighted
MOF architectures have already been employed as crystalline
matrices for the visualisation of highly reactive and novel
catalytic species (Section 5) via SCXRD and we believe this area
of research will continue to provide valuable information for
catalytic processes.

The examples we have canvassed are not exhaustive but
point towards how the development of new areas in MOF
chemistry will be underpinned by SCXRD. Given that MOFs
show a remarkable structure-function relationship, atomic-
level information will remain crucial to understanding
fundamental aspects of MOF chemistry and developing future
applications. Lastly, we would like to note that although this
highlight is MOF-centred, the principles we have covered apply
to other crystalline porous materials such as Covalent Organic
Frameworks (COFs), Metal-Organic Polyhedra (MOPs), Porous
Organic Cages (POCs), or Hydrogen-Bonded Organic
Frameworks (HOFs). Despite the fact that their chemistry is not
as developed in terms of guest interactions, post-synthetic
modifications or industrial-scale application, all of these
materials possess similar potential to MOFs, and may be a
preferable platform for some applications.
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