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The thirty spokes unite in the one
nave; but it is on the empty space,
that the use of the wheel depends.

Clay is fashioned into vessels;
but it is on their empty hollowness,
that their use depends.

The door and windows are cut
out to form an apartment;

but it is on the empty space,
that its use depends.

Therefore, what has a positive
existence serves for profitable
adaptation, and what has not that
for actual usefulness.

Dao De Jing



Introduction

0.1 - Metal-Organic frameworks

“I am not afraid to consider the final question as to whether, ultimately -
in the great future- we can arrange the atoms the way we want.
The very atoms, all the way down!” !

Being about to give a brief description of what Metal-Organic Frameworks (MOFs) are, |
love to recall the words of an enthusiastic, almost impatient Richard Feynman while giving
an inspiring talk at the American Physical Society meeting in late December 1959'. At those
times, materials were mostly considered as solids obtained from raw materials by means of
mechanical treatments (grinding, engraving, assembly, etc.), or by melting and solidifying
into moulds.

This approach, called “top-down", differs substantially from the synthetic chemistry
approach, which uses molecular or atomic precursors to assemble its final substances on
an atomic scale. Predicting this change, the legendary Feynman imagined a “great future”
when materials themselves could be created by assembling their component in a controlled
manner, atom by atom (or molecule by molecule), thus allowing a fine tuning of their
structure and composition (“bottom-up” approach). A few decades later, this revealed to
be much more than a mere daydreaming of an outstanding Nobel laureate physicist, and
a brand-new branch of materials science came to light: Nanotechnology.

At this point, an outsider may point out: where can we place MOFs in this panorama? Since
we synthesize these materials by selecting their building blocks, i.e. the atomic or molecular
constituents, and providing the convenient conditions for them to assembly in an
engineered way, we can surely state that MOFs are one of the most glaring example of
arranging atoms and molecules “the way we want”, exactly as Prof Feynman foresaw. Thus,
we are truly in the real depths of Nanotechnologies, and we are navigating in a precise
region, namely Crystal Engineering.

To conclude this prelude, I think a short yet clear definition of this peculiar combination of
terms is due, and | leave such a responsibility to Professors Desiraju, Ramanan and Vittal by
quoting the starting sentence of their book on the subject?:

"Crystal engineering is the understanding of intermolecular interactions in the
context of crystal packing and the utilization of such understanding in the design
of new solids with desired physical and chemical properties.”
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0.1.1 - Definition and major features

Metal-Organic Frameworks are functional materials, usually crystalline, formed by a 2- or
3-dimensional network of coordinative bonds between organic molecules and metals or
metal oxo-clusters. By giving this very flexible definition, we set aside some other
requirements that are considered crucial by some eminent researchers in the field.

As an example, the most controversial and discussed one is the presence of accessible voids,
which should be proven by gas sorption isotherm measurements. The latter is subtly
supported by the International Union of Pure and Applied Chemistry since, in a dedicated
paper dated July 20133, Batten S. R. et al stated: "A metal-organic framework, abbreviated
to MOF, is a coordination network with organic ligands containing potential voids.”

To date, the definition of MOF remains rather vague and very close to the one of
"coordination polymers”, the main difference being the dimensionality of the coordination
network, which should be higher than 1-D in the case of MOFs (Figure 0.1).

For our purposes, we can consider a MOF as an infinite alternation of organic molecules
and metal centres or oxo-clusters, extending in three dimensions and resulting in a
crystalline material with proven porosity. Bearing this in mind, we define “Secondary
Building Units” (SBUs) the inorganic clusters present in the solid phase, and “linkers" the
organic molecules bridging together the SBUs.

Coordination compound

/ \ Coordination compound

Bridgin ligands giiing Discrete (with carbon containing ligands)

an extended structures: compounds

Coordination polymer / \
/ \ 1D structures: Discrete
1D structures: 2D or 3D structures: 1D Coordination compounds
1D Coordination Coordination network polymer
polymer / 2D or 3D structures:

Metal-Organic Framework
Organic ligands “frames”
(criteria to be specified):

Metal-Organic Framework

Figure 0.1. Tentative hierarchies of coordination polymers and Metal-Organic Frameworks, as presented
by Batten et al * (left) and O'Keeffe et al ® (right).
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So far, we justified the term "metal-organic” and explained what “framework” is supposed
to mean, but there is much more to be said about MOFs, aside from their structural
arrangement. The first and most important feature of MOFs is the possibility to engineer
their composition and structure and confer to the final material the properties needed for
a certain use. This means that it is virtually possible to use any linker and SBU desired for a
target MOF, and this is done by designing, synthesising and functionalising the organic
ligands, and choosing the metal that will form the final SBUs.

However, in reality, these possibilities are limited by three important factors. First: the linker
attainment relies on organic synthesis, and, after having designed a promising molecule
inspired by its potential use for a novel MOF, its synthesis may be more or less difficult.
Another even more strong limitation is given by the fact that there is much less freedom in
the design of the SBU than there is with the linkers. As a matter of fact, the list of metal
aggregates occurring in MOF chemistry is not very long, and while using a certain metal, it
is likely to observe one of these SBUs in the final material (Figure 0.2).

-
Single metal Paddlewheel Linear chain Planar trigonal
Zn(imidazolate), Cuy(-COy), [Mg4(-CO,),(H,0)al? [Crs0(-CO), (H,0))*

Tetrahedron Octahedron Ring
Zn,0(-CO,)6 [Zrs04(OH), (-CO.)] AlgOHg(-COs)6

Figure 0.2. A few examples of the most remarkable SBU types in MOF chemistry. The examples are only
indicative of the SBU geometry; several example of similar geometries with metal centres different from
the represented ones can be found.
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The third aspect that limits the possible affordable MOFs is the required synthetic procedure.
First of all, it takes place under kinetic control and therefore some forms or polymorphs of
certain MOFs are not easily affordable, especially if metastable.

Furthermore, MOFs are classically synthesized under solvothermal conditions and this could
give more weigth to this aspect by limiting the number of synthesizable phases.

Additional limitations are given by the linkers solubility, which is generally very low in the
vast majority of available solvents. In fact, the syntheses are often carried out in N,N'-
dimethylformamide or similar media and, importantly, usually require heating (up to 393K).
All these challenging aspects however fail in discouraging passionate researchers whose
aim is to develop and study new materials in this field. This is not only because of the
researchers inherent attraction for hard tasks and scientific exploration.

As already mentioned, MOFs are currently among the most promising functional materials.
Therefore, research efforts in this field are mostly focused on their applications, which
constitute the main driving force and funding source. A general overview on this topic will
be provided in the following paragraph.

0.1.2 - Functional properties and applications

While discussing about materials and considering porous solids, the attention inevitably
shifts from the crystalline phase towards its voids, either they belong to the periodic
structure itself or to defects and other deviations from the ideal perfect crystals.

This does not mean that the crystal phase structure and composition is irrelevant for the
material application, but that its behaviour (and therefore the application itself) depends on
both the crystalline and the cavities part. After some examples, this will become immediately
clear.

What follows is not intended to be an exhaustive overview on MOFs applications, since it
would require much more than one chapter to cover every use, describe it and give an up-
to-date point of view on this topic. This is neither the aim of this part, nor is strictly related
to the subject of the present work. Therefore, only some indicative examples are presented,
just to give an idea on how versatile these materials are and to understand why nowadays
so much attention and research efforts are paid to them.

0.1.2.1 - Catalytic applications

In 1999 Li et al. reported the synthesis and structure of MOF-5°, a robust MOF with 61%
porosity and a Brunauer-Emmett-Teller (BET) surface area of 2320 m?/g, substantially
higher than the ones commonly found for zeolites and activated carbon’.
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Since this research was published, the number of new reported MOFs suddenly increased,
and the pursuit of a higher internal surface area became one leitmotif in this field (Figure
0.3), because of the central importance held by the surface area in heterogeneous catalysis.
This theme remained an evergreen in MOFs chemistry.

The first example of catalysis in an extended framework dates back to 1994, when a Cd-
based framework [Cd(4,4'-bipyridine),(NOs),] was used for an effective cyanosilylation of
aldehydes as a result of axial ligand removal, highlighting at the same time the size-
selectivity of MOF catalysts, which are able to exclude large substrates from the pores®.

In this case, the lead role in the MOF structure is played by the organic part, but there are
manifold papers describing MOF-based catalysts acting by accepting additional
coordination to the SBU metal centres, especially if coordinatively unsaturated.

Usually such sites act as Lewis acid catalysts, and the mother of all examples in this case is
[Cus(benzene-1,3,4-tricarboxylate).], known as HKUST-1°. This was indeed found able to
catalyse isomerisations, cyclisations and other rearrangements thanks to its coordinatively
unsaturated paddlewheel-like SBUs.

By going deeper in the literature, MOFs are found to catalyse also methane oxidation™
hydroxylation and epoxidation of olefins', Michael addition and Henry reaction?, water
splitting™®, and many others.
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Figure 0.3. Some noteworthy data regarding MOFs research popularity and performances through the
last decades, as reported by Furukawa et al*. On the left, the graph shows the increase of MOFs
reported structure from late '70s to 2010, highlighting the impact that the discovery of MOF-5 had on
the shift of the scientific community to these solids. On the right, some outstanding MOFs adsorption
performances compared to those of conventional inorganic porous materials.
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0.1.2.2 - Environment-oriented applications

In the present times, mankind is facing an overall change of the earth behaviour caused by
human activities on the environment. This change is so dramatic and its effects so serious
that many geologists usually refer to it with a specific term: Anthropocene™ . The most
renowned effect belonging to this phenomenon is a global-scale climate change whose
main and most dangerous feature is the raise of the earth atmosphere temperature with a
worrying exponential-like trend". In such a context, the Scientific Community must have a
firm position and the moral duty to work towards a solution. Since the main responsible for
this problem has been identified by manifold studies in the increasing amount of carbon
dioxide (Figure 0.4) due to human abuse of fossil fuels for energy production, the main
target of the current scientific fight against climate change is to find feasible ways to sieve
this pollutant from the atmosphere and to satisfy the energy demand of human society by
means of combustion-free technologies.
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Figure 0.4. Above, CO> concentration trends during the last decade (a) and from 400.000 years ago to
the present year (b). Below, the global land-ocean temperature index. The data was recorded by the
US National Oceanic and Athmospheric Administration and are freely available on the NASA web-site'.
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In this panorama, MOFs could really make the difference. For instance, high surface area
MOFs can trap a remarkable amount of CO; in their cavities”. In this manner, they can act
like sieving materials, but also potentially convert the guests or store them for a further
conversion in non-polluting chemicals®.

Furthermore, MOFs also contribute to pursue more sustainable and carbon-free sources of
energy. The most remarkable example of their contribution in this regard is the use in
hydrogen-fuelled engines and power supplies. This is due to MOFs potential high
hydrogen storage capacity at moderate and more safe pressure conditions, thus limiting
the main concerns regarding hydrogen-powered energy sources’??.

0.1.2.3 - Biomedical applications

It is not surprising that, among the main research fields looking at MOFs potentialities,
pharmaceutical chemistry occupies an important space. In this field, these materials can be
a "transport shuttle” or a “showcase” for target drug molecules.

As for the “transport shuttle” application, this is basically a drug storage and delivery. Target
drugs can be trapped by means of weak forces (electrostatic, H-bond or 1 interactions,
coordination to an unsaturated metal centre, etc.) inside MOF crystals. Then, these could
be taken as ingestible powder, and the drug released with a certain rate, which is achieved
by designing the inner chemically active sites of the solid?*=°.

Obviously, the chosen MOFs should be biocompatible, therefore allowing the use of only
a few types of metals, mostly Zr, Fe, Mg or Zn, and low toxicity linkers®":2.

Another interesting application of MOFs in biomedical research is more strictly related to
the characterisation of new drugs. The determination of the absolute configuration of a
drug is a well-known major issue in pharmaceutical research, since undesired enantiomers,
even in small quantities, could have dangerous effects on the patient.

As a matter of fact, the identification of a specific drug enantiomer usually relies on the
structure determination by SCXRD or NMR spectroscopy. However, not rarely the
enantiomer assignment by NMR can be complicated, and no single crystal suitable for
SCXRD can be grown.

In these cases, MOFs can be used as a “showcase”. The target molecule can be trapped
inside the pores of the material, where it will be adsorbed to specifically designed sites.
This method became renowned in recent years with the name of Crystalline Sponge
Method??. In this way, the desired molecule remains immobilised and most likely ordered
throughout the solid phase, and can be “observed” by performing SCXRD on the loaded
MOFgO'BT
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0.1.2.4 - Chemical sensors

One last application to be mentioned concerning MOFs is their use as chemical sensors.
Given the exceptional tunability of their structures, it is easy to realise the potential use of
MOFs as containers where a molecular guest can enter and trigger a chemical or physical
response®. This reaction can be therefore detected to provide information on the nature
and quantity of trapped molecules. In this field, the main aim is to design and synthesize
MOFs with remarkable sensitivity, selectivity, response time, structural stability and
reusability.

Without going into specific details, usually the signal sent by the material after having
trapped a target molecule can be a change in the absorption of light of the MOF
(solvatochromism®, vapochromism3#3°, field effects®®) or alterations of peculiar
luminescence behaviours (quenching/enhancement®’, radioluminescence®#3%). In  this
regard, many devices have been developed for the detection of organic molecules, as well
as ions and even radiations.

Further explored possibilities are also the design of chiral framework able to perform
preferential enantiomer sorption® or the construction of an array-based device containing
several different MOFs that collectively act as a chemical nose**#'. These are only a few
examples of this type of applications, whose number is constantly increasing together with
the type of the sensed analytes and the device architectures.
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0.2 - Post-Synthetic Modifications

Given the huge MOFs potential, the mentioned difficulties concerning their synthesis can
be easily accepted as promising challenges. However, as a matter of fact, there are
limitations to the possible range of materials we can synthesize. For this reason, crystal
engineers found a way to circumvent this unavoidable disadvantage: the use of Post-
Synthetic Modifications** (PSM, Figure 0.5). All PSM techniques can be grouped into two
main classes: framework functionalisation and linker/cation exchange.

The first is the most obvious one, since it is easy to imagine of using the chemical species
constituting the framework as reagents for a functionalisation®. In facts, what is commonly
done in this regard is to adopt, for a MOF synthesis, a linker with a certain functional group,
which will not play any structural role in the final solid. In this way, it is possible to introduce
in the synthesized MOF molecules able to react with the mentioned functional group, thus
binding irreversibly to the framework. Eventually, these molecules will remain in the cavities,
ready to interact with potential incoming guests.

Metal ions or Organic “linkers"
oxo-clusters

P IR o

Encapsulation Functionalisation

Metal-Organic
Framework

Transmetalation

Figure 0.5. Graphical simplification of some noteworthy Post-Synthetic Modifications in MOF chemistry.
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The post-synthetic exchange of metal centres or linkers in a MOF without any alteration of
its arrangement might be considered as an improbable phenomenon.

Actually, MOFs are much keener to this behaviour than a general coordination chemist
could expect, and this becomes an important advantage while dealing with synthesis of
phases that are not affordable for kinetic reasons.

The most studied transformation of this kind is the Post-synthetic lon Metathesis (PSIM),
also known as Transmetalation*, which is basically the exchange of the starting framework
metal centres with external ones coming from the surrounding environment (Figure 2.1,
Chapter Il). Obviously, the coordination geometry of the substituting metals should be
compatible with that of the native ones, otherwise the substitution will not be isostructural
and the phase integrity will not survive the transformation.

Transmetalation is not only captivating for the phenomenon itself, but is a useful strategy
to achieve materials whose properties are due to the presence of one specific metal (e.g.,
magnetic properties) or improved after the cation substitution, as in the cases of better gas
absorption exhibited by Cu or Co substituted analogues of Zn-based MOFs#46,

All PSMs usually come with more or less severe damages to the treated materials. Therefore,
XRD studies are not always feasible, both for possible losses of crystallinity and the creation
of static disorder. This aspect will have an important impact on the described work.

i
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0.3 - Structure determination: noteworthy aspects

Since the structural characterisation by Single Crystal XRD (SCXRD) will constitute an
important part of the present work, some aspects regarding the use of this analysis on
Metal-Organic Frameworks are discussed below. This will come in useful when some
peculiar features of the diffraction patterns are considered, and therefore the general
behaviour of MOFs in XRD measurements should be a common basic knowledge.
Assuming that the reader is familiar with SCXRD performed on molecular crystals, in which
aspects is this analysis on MOFs different and which are the main difficulties that a
crystallographer working with these materials usually face?

0.3.1 - Effects of porosity

The first important peculiarity in this regard is due to MOFs structure and, more precisely,
to their porosity. The presence of voids has two detrimental effects on X-ray diffraction
experiments. First, in a highly porous MOF the number of atoms contributing to the
coherently diffracted intensities is much lower with respect to a non-porous solid with the
same chemical composition. This is caused by the fact that the ordered fraction of the solid
has a volume which is remarkably lower with respect to the total, and therefore big-size
single crystals usually diffract much worse than expected by only considering their volume.
Together with the difficulties in growing decent MOF single crystals in terms of size, this
makes the use of synchrotron radiation sometimes necessary to have high resolution data
from MOFs.

Another negative effect of the voids presence is caused by their content. In facts, MOFs are
usually full of molecules (gases or solvents), and these are, in most cases, disordered or
short-range-ordered without any relevant structural correlation with the host crystalline
phase. This results in incoherently scattered X-rays, whose presence contributes to the total
intensity found in the Bragg peaks. As a result, the agreement between the intensities
calculated from the modelled structure and the measured ones gets unavoidably worse.
One widespread practice, which is used by crystallographers to limit the effect of the voids
content, is the use of the "SQUEEZE"” command of the crystallographic program PLATON*/
or similar analogues from other structure refinement software (the "Mask” function in
Olex248). These tools start by defining a region where only disordered unmodeled species
are present, i.e., all the space which is not occupied by any assigned atom. Then, a back-
Fourier transform is performed on the electron density belonging to these regions to obtain
the void content structure factor. Eventually, the latter is used together with the structure
factor of the modelled phase to describe the total measured Bragg intensities.

12
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In this way, a new set of reflections is written and used for the structure refinement, resulting
in a better agreement between the calculated intensities and the new “masked” ones. Since
the measured intensities are not used anymore, the R-factor value decreases significantly,
and the goodness of fit improves. However, it should be considered that by adopting this
strategy we are choosing to use artificially tailored reflections while throwing away a non-
negligible part of the measured scattered intensities, which are the information provided
by the experiment.

0.3.2 - Effects of static disorder

The second aspect of MOFs structure which confers to these solids a peculiar behaviour in
XRD experiments is the presence of static disorder. Defects are an essential part of every
crystal phase, but while in most cases it can be ignored because of their low amount and
the poor contribution to the total scattered intensities, in MOFs the deviations from the
perfect crystalline state are usually far from being insignificant. However, until now, not so
much attention is paid to the careful characterisation of static disorder in these materials.
There are two major causes of defectiveness in MOFs. One can be found in their synthesis,
during which the chemical availability of the reagents or the fast kinetics of the phase
growth after the nucleation may result in substitutional disorder events, e.g., missing linkers
or missing metals/SBUs**". The second cause can be found in post-synthetic treatments,
which are rarely safe for the solid phase, and might cause both substitutional and positional
disorder.

Lately, disorder in MOFs has become a relevant topic, although very complex and delicate
to deal with, and an increasing number of research studies are focusing on the so called
"Defect engineering”>?, the purpose being to design and achieve specific concentrations
and types of defect, to influence the final properties of the target material in a reproducible
way.

Returning to XRD analyses, defects are the reason why MOFs diffraction patterns usually
exhibit a remarkable amount of diffuse scattering. This also contributes, along with the
scattering from the cavities content, in altering the Bragg measured intensities, and
sometimes causes serious problems during the structure refinement. If the incoherent
component is strong and the disorder in the solid has an important influence on its
properties and behaviour, a total scattering approach is of undeniable importance to give
the most complete possible description of the material.

13
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0.4 - Thesis outline

In this last part of the introduction, some basic information regarding the thesis work are
briefly provided. As already mentioned, the performed activities have been strongly
devoted to accurate structural elucidations by SCXRD. The synthesis of functional new
MOFs is thereby not present, nor is the characterisation of known MOFs functional
properties, e.g. surface area, optic or magnetic behaviour, etc. At this point, the reader may
rightly ask: if no new MOF is synthesized and most of the activities regard structural studies,
what are the objects of these analyses and what is their purpose?

0.4.1 - The target and the real purpose

The performed activities aimed to modify a MOF by post-synthetic treatments, and to
characterise the obtained phases. Overall, two PSM will be described: a transmetalation and
a functionalisation of the MOF by the synthesis of Ti oxide nanoaggregates in its pores. The
used solid is IRMOF-9, a renowned Zn-based MOF whose description will be provided in
the next chapter.

The structural studies will focus on the starting and the final material, as well as on its
intermediate stages during the modification. This special look at the evolving solid can be
considered the real purpose of the work, since accurate structural information regarding
MOFs during PSMs are rarely found in the literature. The most important benefit of the
chosen approach is not so much the detailed description of the obtained material, which is
essential to understand any of its functional features. What really makes the difference in
this regard are the achievable information concerning the behaviour of the starting one
during the PSM.

Any possible insight on the evolution of the solid could help in rationalising the reaction
mechanisms and how the material reacts to the ongoing post-synthetic treatment. This is
of special importance when dealing with MOFs, whose structures are all but fixed and inhert.

14



Chapter |

IRMOF-9

"All the kids were playing in the field and one kid said to me:
- See that bird, what kind of a bird is that? -
And | said: - | haven't the slightest idea what kind o f a bird it is -
He says: - It's a brown throated thrush, your father doesn't tell you anything -

But it was the opposite: my father had taught me.

Looking at a bird he says,
- Do you know what that bird is? It's a brown throated thrush.
But in Portuguese it's a Jontelapero, in Italian a ciuttera pichidda,
in Chinese it's a Chung Long Ta, in Japanese a Potara Tokodacha - et cetera.
- Now, you know in all the languages you want to know what the name of that bird is and
when you've finished with all that, you'll know absolutely nothing whatever about the bird. -*

Richard P. Feynman

"The Pleasure of Finding Things Out”
1981
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1.1 - Introducing IRMOF-9

The whole thesis work is focused on IRMOF-9, a renowned material whose entrance in the
MOFs family dates back to 2002°3. The reasons for this choice lie in a few but relevant
advantages.

First, it can be grown in large and single crystals with a regular and thick shape, sometimes
reaching more than 1T mm in length. This involves obvious advantages in Single Crystal X-
Ray Diffraction (SCXRD) and Scanning Electron Microscopy (SEM) analyses, especially when
laboratory instruments are used instead of synchrotrons and when separate analyses of
different regions of the same crystalline domain are needed. Moreover, the synthesis is
straightforward and relatively fast, and the structure is at the same time robust and flexible.
This will become clear as soon as its characterisation will be described.

Concerning the name, IRMOF-9 stands for Iso-Reticular MOF-9, and this material is part of
a series of MOFs with different organic linker but same topology and SBU. In the article
where its structure has been described®, Eddaoudi et al presented the systematic design
and synthesis of iso-reticular MOFs as a proof-of-principle. For this reason, the related
structures are reported without further investigations on possible presence of defects,
instabilities to temperature changes/solvent exposure, or any other peculiar behaviour.
The present chapter describes the work done to reduce this gap, since information in this
respect is of extreme importance while facing post-synthetic modifications and therefore
the behaviour of the material to be modified is the first aspect to be known as much as
possible.

1.1.1 - Synthesis and average structure

IRMOF-9 synthesis has been designed and optimised to obtain high-quality single crystals
in terms of size, low amount of intergrown domains and crystallinity. The optimal procedure
(paragraph A.1.1, Appendix), consists in a solvothermal reaction in N,N-dimethylformamide
(DMF) of biphenyl-4,4'-dicarboxylic acid and Zn(NOs), - 6H,O. The product phase appears
as colourless prismatic crystals (Figure 1.1, left).

If the synthesis is prolonged beyond 3 days, IRMOF-9 starts to disintegrate and another
phase appears as colourless crystals with a hexagon-like shape (Figure 1.1, right). This phase
has already been reported by Sapchenko et al** and its composition, which differs from
IRMOF-9 in the presence of dimethylammonium ions (CCDC 769432°), suggests that the
decomposition of the DMF during the synthesis plays a crucial role in the formation of this
secondary phase.
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Figure 1.1. From the left: sample images of the crystals formed in the IRMOF-9 synthesis after 2 (a) and
3 (b) days. In the second image, the presence of the parasite phase is clearly recognisable.

As long as IRMOF-9 structure is concerned, its network is the result of the connection of
Zn4O SBUs by means of biphenyl-4,4'-dicarboxylate (BPDC) ions (Figure 1.2).

Each SBU is coordinated by six linkers, resulting in an octahedral building block (Figure 1.2,
b). Consequently, the resulting framework should have a cubic symmetry, as in the case of
MOF-5, which is made of the same SBUs bridged by terephtalate anions.

However, the system optimises the packing by forming a double interpenetrated lattice. For
this reason, the final crystal system of the phase is not cubic but orthorhombic, and the
space group is Pnnm.

The two involved networks interact with each other by performing a linker-embrace
interaction between adjacent octahedral building blocks. This results in a slight but
recognisable distortion of the cubic symmetry of the two single networks to a rhombic
prismatic one.

The structure of IRMOF-9 is characterised by the presence of different kind of voids. The
most important ones are the channels developing with a zig-zag trend along the a
crystallographic axis. The channel aperture has a triangular shape, whose dimensions are
214 and 12.8 A (Section A.3.2 Appendix), thus allowing the entrance of molecular guests of
suitable size. Other minor cavities are present, which have smaller dimensions, but still large
enough for the passage of light solvent molecules like H2O or DMF. The smallest ones are
those formed by the adjacent SBUs belonging to the two interpenetrated networks. These
voids, however, are not accessible and contain a DMF molecule which is observed to be
disordered in four positions (paragraph 1.1.2).
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Figure 1.2. The structural features of IRMOF-9 are summarised. From the upper left corner, the Zn4O
SBU (a), the basic building block (b) and its arrangement in a single network (c) are shown. In the
second line, the interpenetration is described by considering the cage formed by the connection of
different SBUs in a single network (d). These pseudo cubic cages interlock (e), yielding the double
interpenetrated lattice (f). Below, the complete unit cell is shown along the a axis, together with the

external surface mapping along the b and a directions, performed using the "Display voids” function of
the Mercury software®.
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Overall, the hollow volume amounts to 6884.11 A%, which constitutes the 68.9% of the total
solid volume (details on the voids calculations can be found in paragraph A.3.1.1, Appendix).
It is of fundamental importance to keep in mind that this space is always occupied mostly
by disordered DMF molecules, and, in minor quantity, by H>O, dimethylamine and formic
acid, which are disordered as well.

The last three species are present because solvent used for the synthesis was not anhydrous,
and therefore in the adopted conditions (383 K) DMF tends to decompose by reacting with
water traces. This presence, which is not observable by means of XRD, will constitute an
important active part of the material and will strongly influence its chemical and physical
behaviour.

1.1.2 - Crystal quality and defectiveness

IRMOF-9 crystals usually appear as orthogonal prisms, not rarely truncated, and their size
can range from 0.5 to more than 1 mm (the values are relative to the synthesis reported in
paragraph A.1.1, Appendix).

The crystallinity is another virtue of this material, since the specimens feature a few damages
after the synthesis. To confirm this qualitatively, some crystals have been soaked in DMF
solutions of Methylene blue and Rhodamine 101 for 30 days (paragraph A.1.2, Appendix).
The two molecules were chosen because of their strong colour and different molecular
sizes. Although this difference is not dramatic, the effects on the inclusion capability of
IRMOF-9 are easy to recognise: Methylene blue is able to enter in the channels and disperse
in the solid, whereas Rhodamine 101 only remains adsorbed in the very external layers, thus
confirming that the possible damages of the crystal does not affect significantly its effective
porosity (Figure 1.3).

Concerning SCXRD analyses, IRMOF-9 pattern shows a rather low resolution when
measured at room temperature. This is likely due to the non-crystalline fraction of the solid
(the pores content), which scatters the X-rays incoherently.

The overall reciprocal space, evaluated by considering precession images calculated from
the diffraction data (Figure 1.4), shows no remarkable sign of high mosaicity, as can be
inferred from the outcomes of the soaking trials in the organic dyes solutions.

One very distinctive trait, which is clearly visible in the precession images, is the modulation
of the Bragg intensities. Such a feature is not unusual in MOFs diffraction patterns, especially
while dealing with interpenetrated networks. The reason lies in the presence and position
of the SBUs and is due to the intensities scattered from their metal atoms. This aspect will
be addressed in chapter Il
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Methylene blue

Rhodamine 101

Figure 1.3. The dye molecules used for evaluating the defectiveness of IRMOF-9 and optical microscope
pictures of the MOF after the soaking treatment (R1 and R2 for Rhodamine 101, M1 and M2 for
Methylene blue). The external appearance of the treated crystals (B, R1) and their cut sections (M2, R2)
are shown separately.

As already mentioned in the Introduction, “MOFs structures” and “disorder” are two tightly
bound concepts. IRMOF-9 constitutes no exception, even though its structural situation is
more ordered than many others.

In this phase, there are two main disordered components: the solvent molecules and the
linkers. Apart from the molecules inside the channels, the DMF trapped in the isolated
cavities between the closest SBUs shows four equilibrium positions, where they weakly
coordinate four different Zn atoms (bond distance 3.093(19)A, Figure 1.5, a).

As for the linkers, the ones disposed along the channel axis are affected by a static disorder
involving the phenyl rings (Figure 1.5, b).

This disorder is probably correlated to the site chosen by the disordered DMF. No static
disorder is observed for the SBUs, and this agrees with the fact that the XRD pattern does
not show a significant amount of diffuse scattering.
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Figure 1.4. Image of the (0,k,() plane of IRMOF-9 reciprocal space calculated from SCXRD images using
the "Unwarp precession images" function of the CrysAlisPro software®’.

Figure 1.5. The two kinds of disorder in IRMOF-9 are displayed by using the Olex? software*®. The
positional disorder of the DMF molecule trapped between two SBUs is shown so that the four positions
superimpose progressively from the left (a). Below, the disorder affecting the phenyl rings of the linkers
disposed along the channel axis (b).
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1.2 - Peculiar behaviours

Since in the next chapters IRMOF-9 post-synthetic treatments will be described with special
regard to its response to the external environment changes, some peculiar behaviours of

this phase have been investigated.

121 - Stability at low temperature

The low temperature stability of IRMOF-9 has been evaluated. Hence, to have high
resolution data, most of the SCXRD analyses have been carried out by using synchrotron
radiation at 100K. The DSC profile recorded on IRMOF-9 crystals kept in a DMF droplet
shows a broad and intense peak centred at 238K (DSC1, Appendix). This signal is observed
both by lowering and raising the temperature around this point, thus confirming the
reversibility of the transition.

SCXRD data have been collected at 100K, after a fast-freezing treatment in liquid nitrogen.
The former single crystal is observed to be twinned in at least four recognizable domains,

two dominant and two minor ones (Figure 1.6).
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Figure 1.6. Reciprocal lattice of a former IRMOF-9 crystal after the fast-freezing at 100K, as shown by
the "Ewald Explorer” function of the CrysAlisPro software>. The four domains are highlighted with
different colours and separated in two pairs shown in the two upper quarters of the picture. The
displayed view is along the b* reciprocal direction, which is the same for every crystal domain.
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Consequently, the 3 angle changed from 90° to 95.149(4)°. Given the symmetry of the
starting solid, this can occur towards the positive or the negative direction of c. For this
reason, the final crystal shows two main domains related to each other by a rotation of ~
180° about the a crystallographic axis. The causes of this dramatic change become clear
after a first look at the IRMOF-OLT structure. Besides the difference in the linkers
arrangement, the most notable change is the presence of two additional DMF molecules
bound to the Zn atom, which points towards the channel centre (Figure 1.7).

IRMOF-9 (298K) IRMOF-9LT (100K)

Figure 1.7. Comparison between the IRMOF-9 and the IRMOF-9LT structures (left and right columns
respectively). Above, the SBUs situation is represented highlighting the change of the coordinative
environment in terms of number of DMF molecules (marked with a blue colour) bound to the involved
Zn atom. Below, the unit cells are displayed along the a and b direction, highlighted with a dotted line.
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Two of these molecules coordinate the metal centre with bond distances 2.19(2) A and
2.49(2) A (Figure 1.7, upper right corner), and a third lies between the coordinated ones
bridging them by means of H-bonds. The DMF present in the small cavity between the
SBUs is still disordered in the same positions found in the IRMOF-9 structure (Figure 1.5).
The reason of the phase transition can be found in the competition between the lower
energy of an ideal coordination geometry of the linkers around the SBUs and the energy
gain resulting from an additional coordination of DMFs coming from the channels. Above
238K, thermal motions of these molecules in their disordered state prevents a stable
coordination, which it may be present as fluxional. Once the temperature is lowered under
this limit, the entropic contribution is not strong enough to avoid the stabilisation of the
coordinative bond, and the framework adapts to the highly populated coordination sphere
of the interested Zn atom.

It is important to mention that the chemical occupancy of these DMFs has been fixed to 0.5
to have a decent similarity between the Atomic Displacement Parameters (ADPs) of the
solvent molecules and those of the linkers. However, since in a model refinement ADPs and
occupancies correlate to each other and the data quality is low because of the phase
transition, it is not sure whether the possibly higher ADPs of the DMFs are due to their real
partial presence or to static/dynamic positional disorder.

To confirm the necessity of DMF for this phase transition, DSC analyses in the temperature
range 223-263K were performed on IRMOF-9 after soaking in isopropanol for two weeks
at room temperature. The thermal profile shows no distinguishable signal (DSC4, Appendix),
thus confirming that the material, once DMF molecules are washed away by isopropanal,
does not undergo any transition in the considered temperature range.

1.2.2 - Stability to solvents

IRMOEF-9 is sensitive to environmental moisture and readily decompose within seconds if
removed from DMF. This is a renowned weakness of Zn-based MOFs and causes a decrease
of porosity and inevitable change in the structure composition®. This behaviour has been
proven to be enhanced in cases of interpenetrated MOFs>?.

Solvent exchange is another aspect that should be considered carefully. The exchange of
DMF with dichloromethane (DCM) and acetone has been observed to have negative effects
on the quality of the crystals, and resulted in a collapse of the framework. In both cases,
although the solid remained crystalline, the structure solution was not possible since the
crystals were very damaged and the exposure to synchrotron radiation caused a fast
amorphisation, thus preventing the attainment of structural information. Only in the case
of DCM, one specimen survived long enough to provide reflections for the indexing of its
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unit cell. This can be considered the deformation of the starting one due to the voids
shrinking (table 1.1, graph 1.1). The volume, which amounts to 7117.2(9) A%, is dramatically
lower with respect to the starting one (9988(3) A® at 298K) and suggests that the overall
effect of DCM towards IRMOF-9 is to wash away the inner DMF without replacing it, yielding
a collapsed framework which is probably not porous anymore. A completely different
behaviour is observed after soaking IRMOF-9 in isopropanol (iPrOH). The crystals are stable
and do not show any remarkable decrease of crystallinity even after 1 month. Data collected
with laboratory source at room temperature showed no remarkable change in the cell
parameter and in the symmetry of the solid.

IRMOF-9 in DMF IRMOF-9in iPrOH  IRMOF-9 in DMF IRMOF-9 in DCM

(298K) (100K) (100K) (100K)
a (A 17.134(3) 17.1852(2) 17.1224(9) 14.337(4)
b (A) 22.456(5) 22.0643(4) 21.412(2) 17.2881(10)
c (A) 25.957(5) 26.1140(3) 26.6098(11) 28.7152(15)
o () 90 90.7490(10) 90 89.971(5)
B () 90 90 95.149(4) 89.964(6)
y (%) 90 90 90 90.154(6)
V (A3) 9988(3) 9901.0(2) 9716.6(13) NM7.2(9)

Table 1.1. Cell parameters and volumes of IRMOF-9 at room temperature and of IRMOF-9 at 100K
after soaking in DMF, iPrOH and DCM. In the case of iPrOH, the standard crystallographic axes
assignment has been changed to facilitate the comparison with the original cell parameters. The cell
axes are highlighted with different colours accordingly with graph 1.1.

a axis —— b axis —— Caxis
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Parameter value (A)

IRMOF-9 298K IRMOF-9 100K IRMOF-9 100K IRMOF-9 100K
DMF iPrOH DMF DCM

Graph 1.1. Cell parameters trend in IRMOF-9 from native crystals to the differently solvated forms at
100K (DMF, iPrOH and DCM); the plotted data is taken from table 1.1. The clear correlation between
the increase of the ¢ axis and the decrease of the remaining a and b axes is consistent with a
deformation of the unit cell.
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Synchrotron SCXRD data collected at 100K confirmed the absence of structural DMF, as well
as the presence of iPrOH in the framework (Figure 1.8). As in the case of IRMOF-9LT, the
phase is found to be twinned, the two domains are related by ~180° rotation about the a
axis, and the space group changed from Pnnm to P2i/n.

Figure 1.8. Some distinctive features of IRMOF-9 structure after soaking in iPrOH (data collected at
100K). Above, the peculiar situation of the SBUs: an isopropanol molecules is stably coordinated toone
Zn for each SBU (a), pointing the alkyl groups towards the cavity formed by the two adjacent SBUs of
the two interpenetrated networks. The three other ordered iPrOH molecules are involved, together with
the coordinated one, in a head-to-tail H bond, which ends with a hydrogen donation to an oxygen
atom of a linker carboxylate group (b). The overall framework viewed along the channels axes (c), shows
the presence of this iPrOH ring pointing towards the centre of the cavity, while the Pmm symmetry
present in the starting solid in this direction is broken by the misalignment of the SBU pairs.
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This symmetry break brought the 8 angle value to 90.7490(10)°, as a result of the incline of
the g axis. In this case, however, the deformation does not involve the coordination
geometry of the linker molecules, but rather the movement of the two lattices of the
framework (Figure 1.8, c).

This is due to the coordination of isopropanol molecules on specific Zn centres, right where
the linkers perform their embrace-like contact. Since aliphatic groups of the solvent points
toward the SBU of the adjacent network, lowering the temperature forces the two nets to
adapt to the resulting bulk, thus breaking the Pmm symmetry present in the native IRMOF-
9 along the a direction. The coordinated isopropanol is involved in a 4-molecules OH--O
head-to-tail hydrogen bonds starting from its oxygen atom and ending on another one
belonging to a linker carboxylate group. Remarkably, no DMF molecule is present in the
small cavity between the closest SBUs. Therefore, the two interpenetrated lattices might be
able to move and possibly open this void at room temperature. This allowed the DMF to
be washed away and replaced by the isopropanol, yielding a penta-coordinated Zn.

1.2.2.1 - Zn-BPDC stable phases in aqueous solution

Given the strong instability of IRMOF-9 in humid environments, the reaction between Zn
and BPDC in aqueous solution has been carried out to observe the stable phases. Aiming
to use water-soluble reactants, the sodium salt of BPDC has been used. This makes the
molecule obviously more reactive towards the Zn®* ions and a direct mixing of the two
reagents (Na,BPDC and Zn(NOs),) would result in a massive precipitation. For this reason,
a gel medium was used to avoid convective motions and diffusive layer effects, and to slow
down the reaction of the two reagents, therefore decreasing the local supersaturation
rate®e!,

The synthetic strategy has been the counter-diffusion of the two reactant aqueous solutions
in a water containing agarose gel (paragraph A.1.3, Appendix). The experiments were
carried out in a “U" tube containing the gel in its horizontal section, and the two solutions
in the vertical extremities (Figure A.1.1, Appendix). Overall, the syntheses afforded two
phases appearing as parallelogramic and rectangular platelets (Figure 1.9), namely
ZnBPDCT and ZnBPDC2, both with composition Zn(BPDC)-3H,0.

Remarkably, these are found to grow in the same regions of the gel and sometimes
intergrown with each other, thus constituting a remarkable case of concomitant
polymorphism®.
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Figure 1.9. Optical microscope images of the two polymorphs grown suspended in the gel (a),

sometimes present as intergrown phases (b); the colours are due to the polarisation of the light.

ZnBPDCT structure has already been reported (CCDC 800389°%) by Tao et al®®, whereas
ZnBPDC2 one is unprecedented and isostructural with an already known Ca-based
analogue (CCDC 682688). Regarding the structures, the main difference lies in their
coordinative environment. In ZnBPDC1 the metal has an octahedral coordination geometry
(Figure 1.10, a), accepting coordination from two BPDC ions and four water molecules, the
latter bridging different metal centres (Figure 1.11). In the case of ZnBPDC2, the metal centre
is hepta-coordinated (Figure 1.10, b), since the carboxylate group binds three metal centres
(Figure 1.12).

Also in ZnBPDC2 water molecules are shared between different metals. As a result, both
structures consist of a close packing of 1D chains formed by Zn atoms, which are held
together by means of water and BPDC molecules. Remarkably, the latter behave like
monotopic ligands, being one of the two carboxylate groups always involved in hydrogen
bonds with water molecules without contacting the metal.

The XRPD pattern of IRMOF-9 crystals after the exposure to air moisture shows peaks
attributable to both phases (XRPD1, Appendix). Their simultaneous formation in the
degradation process agrees with their proven analogue kinetical stability.

28



Chapter | - IRMOF-9

Figure 1.70. Coordination sphere of the Zn atoms in ZnBPDCT (a) and ZnBPDC2 (b). Hydrogen atoms
are omitted and only the involved halves of BPDC molecules are shown for the sake of clarity.

Figure 1.11. The structural features of ZnBPDCT are displayed, hydrogen atoms are omitted for the sake
of clarity. Above, a fraction of the 1D chain is showed from two different points of view. Below, the
packing of different chains is shown along the three crystallographic directions. The layer alternation is
highlighted by changing the colour from one layer to the adjacent one (oxygen atoms belonging to
uncoordinated water molecules are marked in red.
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Figure 1.12. The structural features of ZnBPDC2 are displayed; hydrogen atoms are omitted for the sake
of clarity. Above, a fraction of the 1D chain is showed from two different points of view. Below, the
packing of different chains is shown along the three crystallographic directions, The layer alternation is
highlighted by changing the colour from one layer to the adjacent one.
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1.3 - Concluding remarks

IRMOF-9 structure has proven to be flexible and versatile. According to the experimental
data and its interpretation, this flexibility involves three different degrees of freedom held
by the overall framework.

First, the rhombic disposition of the SBU-linkers arrangement is capable of deforming by
shortening the distance between the SBU pairs along the b direction. This results in a
"breathing” movement of the framework®, thus reducing the unit cell volume and, as a
consequence, the hollow fraction of the solid.

The occurrence of such a behaviour can be related to the type of solvent present in the
cavities. If able to substitute the linkers in the coordination sphere of the metals, the solid
disintegrates and transforms in a totally different phase. This is what has been observed
when IRMOF-9 is exposed to moisture or soaked in water.

A study by Liu et al*® analysed this case in particular and proposed a mechanism based on
Molecular Dynamics simulations, which revealed a water-assisted linker detachment from
the SBU by means of hydrolysis with formation of protonated BPDC molecules, and
coordination of hydroxyl groups to the Zn centres.

If the solvent does not substitute the linkers, but it is capable to enter in the coordination
sphere causing steric hindrance, the system responds by deforming the linkers disposition
around the SBUs. This leads to a distortion of the overall framework and, potentially, to a
symmetry decrease, as observed in the case of isopropanol.

A different behaviour is observed in the case of DCM and acetone, whose presence causes
a collapse of the framework. Given the negligible coordinative properties of these two
solvents, what has been observed might be related to a probable structural role of the
solvent dynamic coordination around the SBUs. In the case of DMF and iPrOH, their
fluxional coordination creates a hindrance on the SBUs and limit the linkers movements,
which can allow the solid to collapse. On the other hand, when a poorly coordinative solvent
is introduced in the framework, the mentioned hindrance is not present and the cavities are
free to deform and minimise the voids.

The second structural degree of freedom held by IRMOF-9 is the capability of moving the
two interpenetrated networks, allowing the opening of the small cavity formed by the SBU
closest pairs. Although not always observed, this behaviour emerged after exchanging the
solvent with iPrOH and lowering the temperature to 100K. This highlighted the possibility
that the two networks are capable to slide one on the other if any physical reason emerges.
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Lastly, another source of structural flexibility is the capability to accept additional stable
coordinative bonds to the metal centres without altering the overall linker-SBU topology.
This behaviour highlights the possibility to permanently increase the coordination number
on the metal centres, i.e., a functionalisation of the framework on the SBUs.
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Zn-to-Co transmetalation

"Pleasure to me is wonder.
The unexplored,
the unexpected,
the thing that is hidden and the changeless thing
that lurks behind superficial mutability.”

H. P. Lovecraft

"Collected Essays, Volume 5: Philosophy”
1921



Chapter Il - Zn-to-Co transmetalation

2.1 - General issues in transmetalation

Among all Post-Synthetic Modifications, transmetalations are maybe the easiest to perform
(Figure 2.1). The general procedure usually consists, for a certain MOF, in the choice of a
solvent where it is stable and of a metal whose coordination geometry is analogue to that
of the starting framework metals. Once appropriate candidates are chosen, the MOF is
soaked for a certain time span in a solution containing a salt of the selected metal in an
arbitrary concentration; all these variables obviously need to be optimised for each case.

At this point, the only thing to do is to analyse the trend of the cation exchange during
soaking time, and eventually characterise the material thus obtained. This easiness comes
with obvious drawbacks, above all the inability to use whichever metal is needed to
exchange in the framework, and that the yield is usually unavoidably lower than 100% .

Completely Isomorphous?

reversible?

Excess of

,
Reversible? Complete?

Figure 2.1. Graphical simplification of the transmetalation process and its performance possibilities.
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In case one of the main purposes is the accurate structural characterisation of the final MOF,
this could constitute a real problem since it produces disorder in the material and this would
negatively affect its diffraction pattern.

Indeed, in the probable cases in which the distribution of the metal substitutions is not
prevalently ordered inside the solid, this would cause a strong diffuse scattering in the XRD
pattern and the structure solution and refinement could become all but straightforward.

In even more unlucky cases, the framework may not be able to endure the necessary
structural changes in the SBU and the crystal might face a dramatic drop of crystallinity®®
or even amorphisation®.

In this respect, Zn-to-Co transmetalations have been described as particularly efficient in
preserving the MOF original architecture without damaging the solid’®. Moreover,
especially this type of PSMis observed to enhance gas adsorption properties of the material
for Hz, CHs and CO, 0. When the general phenomenon is studied, the mostly used material
is MOF-5 (paragraph 0.1.2.1, Introduction) because of its simple and cheap synthesis, the
quality of the crystals, and because it is unanimously considered as the “forefather” of all
the Zn4O based frameworks.

One of the structural close relatives of MOF-5 is IRMOF-9 and this is the reason why the
work regarding the transmetalation of this MOF focused on the Zn-to-Co cation exchange
in which, judging by the results, the “new generations” show promising improvements.
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2.2 - Transformation of IRMOF-9 into Co-IRMOF-9

The transmetalation procedure consisted in the soaking of IRMOF-9 in a high concentration
CoCl, DMF solution for one month (paragraph A.1.4, Appendix). After 7 days of soaking,
the crystals exhibited an intense blue colour. This colour is observed to follow the habit of
the solids, proceeding progressively towards its inner part (Figure 2.2). Remarkably, the
colour was maintained after having left some specimens in pure DMF for 7 days at room
temperature. This suggested that the colour change was not due to the trapping of Co®*
and CI" ions inside the MOF pores, but to a structural change of the framework itself.

Figure 2.2. Optical Microscope images of IRMOF-9 crystals at different transmetalation stages. The
crystals were cut in order to expose the internal section. The picture on the very left was taken after 1
week of soaking, and the subsequent ones progressively every 7 days.

Morphological and elementary composition analyses were performed by Environmental
Scanning Electron Microscopy (ESEM) on crystals after 3 weeks of soaking treatment (Figure
2.3). For these analyses, some specimens have been chosen, cut in half, and their section
has been exposed to the electron beam. EDX measurements provided qualitative
information on the presence of Zn and/or Co in the solid.

The composition of the solid in terms of Zn:Co ratio flips while going from the surface
towards its centre. Overall, the outer layers show a negligible amount of Zn, which is found
mainly in the core, where the presence of Co is detectable as well (EDX1, Appendix).

It is important to remember that crystals of various sizes in the same soaking solution are
likely to exchange a different percentage of their cations after a fixed amount of time
because of the differences in their area-to-volume ratios. For this reason, crystals at
different stages of transmetalation might be present in a single soaking batch.

By considering the morphology of the solid, the completely transmetalated part is
remarkably less damaged with respect to the central one, which does not look belonging
to the same crystalline domain (Figure 2.4).
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Normalised counts
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Figure 2.3. ESEM/EDX analysis of a partially transmetalated IRMOF-9 crystal; the presence of Zn and
Co metal centres (s displayed with a red and a green colour respectively. The crystal has been cut in
order to expose its section to the electron beam. Above, the overall metal composition map; below, a
linear scan of the composition performed in the middle of the section parallel to the smaller sides.
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Moreover, several holes with a shape resembling the typical crystal habit of the solid are
clearly visible in the transmetalated part, decreasing in size while going from the crystal
surface inwards (Figure 2.4-2.5).

Both these evidences could suggest that the transformation does not proceed by
exchanging metal by metal in the SBUs, but rather by a demolition-reconstruction of the
crystal phase. In this case, the observed um-sized holes might be due to interruptions
during the new phase growth. Their presence is concentrated in the outer regions of the
solid and their bigger size is due to the faster transformation occurring near the surface,
thus causing growth defects during the new phase formation.

Figure 2.4. ESEM image magnification of the crystal shown in picture 2.3, where the Zn- and the Co-
rich parts are recognisable. Remarkably, the transmetalated part (upper part of the picture) shows a
more homogeneous morphology, together with the presence of holes resembling the crystal habit.
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Figure 2.5. ESEM images of the external surface of a partially transmetalated IRMOF-9 crystal. On the
right, a magnification highlights the presence of holes decreasing in size while proceeding towards the
solid centre.

Aiming to observe the trend of the metal exchange, ICP-OES analyses were performed on
samples taken at different soaking times. For this experiment, the soaking temperature of
the analysed batch was set to 305K to speed up the cation exchange and shorten the time
required for transformation to reach completeness. The resulting data shows that the
process significantly decreases in speed during time, resulting in a pseudo-logarithmic
curve of the Co:Zn compositional ratio (paragraph A.8.1, Appendix).

This is coherent with the fact that the Co cations readily exchange with the Zn ones in the
superficial layers of the crystal. The deeper the transformation goes, the slower it becomes
due to the limited diffusion rate in the inner regions.

Further analyses performed on crystals of completely transmetalated crystals (Co-IRMOF-
9) left in a DMF solution containing ZnCl, confirmed the cation exchange reversibility.
However, in the latter case the process does not reach completeness after 30 days of
soaking, yielding a Zn:Co ratio of ~5.8. This difference can be attributed to the higher lability
of Zn* cation with respect to Co?*. Given the d’ configuration of the latter, the crystal field
energy stabilisation is theoretically more favourable to a stable coordination.
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Crystals of Co-IRMOF-9 were transferred into a capillary containing pure DMF, and their
XRPD pattern was recorded (paragraph A.2.4, Appendix). The same was done with IRMOF-
9, to allow a comparison between the two phases. While the two patterns clearly belong to
two isostructural phases, slight differences in the peaks position are consistent with subtle
changes in the cell parameters due to the transformation (Figure 2.6).

DSC profile of Co-IRMOF-9 was recorded to verify the possible occurrence of a phase
transition similarly to the one observed for IRMOF-9 (paragraph 1.4.1, Chapter I). Indeed,
also this phase thermal profile shows an analogue signal, but centred at 181.25K (compared
to 237.97K for IRMOF-9; DSC2, Appendix). Evidently, the coordination of additional DMF
molecules to the CosO SBUs is much less stabilising compared to the case of Zn4O.

—— IRMOF-9
—— Co-IRMOF-9

Intensity (c.p.s.)

|

Figure 2.6. Superimposed XRPD patterns of the IRMOF-9 and Co-IRMOF-9 phases (information
regarding the data acquisition and processing can be found in paragraph A.2.4, Appendix).
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2.3 - Co-IRMOF-9 structure

Since the crystals apparently retained the original crystal habit after the complete cation
exchange, SCXRD analyses have been performed, thus confirming the single-crystal-to-
single-crystal character of the transformation. The data were collected with synchrotron
radiation at 258K to avoid the low temperature phase transition and to allow a comparison
with the IRMOF-9 structure present in the literature (CCDC 175580°), the latter being
collected at this temperature condition. In the following discussion, the structural features
of IRMOF-9 are taken from the data published by Eddaoudi et al**.

The unit cell parameters deviate slightly from those of IRMOF-9, and the framework
arrangement is identical, although some differences in the SBU coordination geometry are
present. Concerning the M4O SBUs (M=Co/Zn), the O-metal bond distances are roughly
similar, since they range from 1.929 to 1.950 A in IRMOF-9, and from 1.918(4) to 1.970(4) A
in Co-IRMOF-9. The most recognisable difference involves the geometry of the linkers
disposition around the SBUs. To be accurate, not all the linkers are oriented differently if
compared to the Zn-based phase, but only those who are not involved in the embrace-like
interaction.

By observing the superimposition of two symmetry-equivalent SBUs (Figure 2.7), it is indeed
recognisable a more open disposition of these three linkers in the case of Co-IMROF-9
(Figure 2.7, b). This distortion causes an elongation of the ¢ axis, together with the
shortening of the b axis of the unit cell. The consequence on the arrangement of the SBUs
is an increase of the distance between SBU pairs, but not between SBUs belonging to the
same pair (Figure 2.8).

== |[RMOF-9
== Co-IRMOF-9

Figure 2.7. Comparison between IRMOF-9 and Co-IRMOF-9 SBU coordination geometries. The general
SBU coordination geometry is represented on the upper right corner (a). Aside, the two structural
situations are superimposed (b) to highlight the differences in the coordination geometry of three
carboxylate pointing towards the channel (the lower ones in the picture).
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Figure 2.8. Comparison between IRMOF-9 and Co-IRMOF-9 structures at 258K. The two lattices are
compared by superimposition to highlight the differences in the SBU coordination geometry and the
deformation of the unit cell. The cell dimensions are reported in a blue and a dotted black line for
IRMOF-9 and Co-IRMOF-9 respectively.

The average structure analysis shows a peculiar situation, being the linker molecules
disordered in two different manners. Along the channel direction (parallel to the a axis), the
phenyl rings of BPDCs are disordered by rotating about the molecule axis, whereas the
linkers constituting the “walls” of the channel exhibit a positional disorder along the b+c
and b-c crystallographic directions (Figure 2.9-2.10). This evidence agrees with the SBU
distortion described above, even though it does not provide any direct information
regarding the reasons of this distortion. No static disorder affecting the metals in the SBU
is observed.

Overall, the reciprocal space of the solid shows clear sign of mosaicity increase, since the
Bragg reflections are elongated in a concentric manner around the origin of the reciprocal
space. This is observed mainly in the (0,k,I) plane and therefore affects the a* direction of
the reciprocal space, which corresponds to the a direction of the crystalline domain. The
peak shape suggests that this loss of crystallinity led to the formation of four major domains
slightly displaced with each other (Figure 2.17).

A low but distinguishable amount of diffuse scattering is present very close to the Bragg
peaks, smearing them out in the b* and ¢* direction. This is linked to a disorder in the b and
¢ direction of the crystal and can relate to missing-metal defects which most affects the bc
plane where the framework is more flexible.
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Figure 2.9. A chain belonging to a single network is shown along the b axis, highlighting the two disorder
types dffecting the linker molecules in Co-IRMOF-9.

T
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Figure 2.10. The main features of the two disorder types involving the linker molecules in Co-IRMOF-9
are displayed by showing a SBU pair of the interpenetrated lattice along the a axis.
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Figure 2.11. Reconstructions of the (0,k,0), (h,0,) and (h,k,0) planes of the Co-IRMOF-9 reciprocal space
elaborated by using the "Unwarp precession images” function of CrysAlisPro software>. The (O,k,0) plane
contains a 3D plot of the above shown region (dotted line), showing the splitting of every Bragg peak
into 4 signals belonging to 4 major crystalline domains.
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2.4 - Co-IRMOF-9 direct synthesis attempt: CoBPDC1 and CoBPDC2

Since the structure of Co-IRMOF-9 has never been reported, its direct synthesis was
attempted by replacing Zn(NOs)»6H,O with Co(NO3),:6H,O in the IRMOF-9 synthetic
procedure (paragraph A.1.6, Appendix). As expected, Co-IRMOF-9 did not form and
another phase was obtained as prismatic violet crystals (COBPDC1). After the synthesis, the
system was left to reach room temperature, but after less than one minute the crystals were
observed to crush (Figure 2.12) yielding a mass of pink platelets (CoBPDC2).

Figure 2.12. Optical microscope pictures of the CoBPDCI crystals crushing in CoBPDC2 during the
temperature decrease (t=0,1 and 2 progressively).

Structural analysis of the different crystals conducted at 353K and 100K revealed two phases.
CoBPDCT transforms reversibly into CoBPDC2 at 328K, as demonstrated by DSC analysis
(DSC3, Section A.6, Appendix). Moreover, if the crystals of CoBPDC1 are removed from
DMF, the transition does not occur anymore, thus suggesting that the solvent plays a
determining role in the transformation.

CoBPDC1 consists of a 2D coordination polymer formed by bridging together linear
trinuclear Co clusters (Figure 2.13). Both the Co pairs recognisable in the cluster are kept
together by three BPDC anions forming, along the cluster axis, a 3-fold wheel. In this way,
each cluster is connected to six other ones by means of six BPDCs. The central Co of the
cluster features an octahedral coordination geometry, whereas the terminal ones have a
pseudo tetrahedral one. This explains the violet colour as a combination of the pink and
the blue colours typical for these coordinative environments when Co is involved.

The coordination bond only develops perpendicular to the Cos cluster axis, since every
terminal metal is coordinated, in the free axial position, by a DMF molecule. The resulting
layers pack together by filling the voids formed by a layer with the DMFs belonging to the
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next one, and so on. The final solid voids amount to 1260.95A° per unit cell, constituting
39.6% of the total volume, but these cavities are not connected with each other. Therefore,
this phase cannot be considered as porous.

The situation in CoBPDC2 is significantly different, in agreement with the observed phase
transition. The structure was determined by analysing a single platelet, whose diffraction
data quality was found satisfactory. However, the phase revealed to be affected by
merohedral twinning and this information has been integrated in the model to obtain an
optimal refinement.

In this case, the building block is the same constituting CoBPDCT, the only difference being
the coordination sphere of the terminal Co atoms of the Cos SBUs (Figure 2.14). In fact, in
CoBPDC2 each atom is coordinated by two DMF molecules instead of only one.

The coordination geometry of all the Co centres is therefore octahedral, ad this justifies the
pink colour of the solid. From a symmetry point of view, the transition comes with the loss
of the inversion centre in the network and, consequently, in the space group, which goes
from P2i/n to Pn.

Based on the structures of CoBPDC1 and CoBPDC?, it is possible to give a rationalisation of
the afore mentioned phase transition, which resembles the one observed at low
temperature for IRMOF-9. Indeed, the coordination number around the metals increases
under a certain temperature causing the breaking of the starting solid and a symmetry
decrease.

However, in the case of IRMOF-9, DMF is trapped in the voids, thus being able to trigger
the phase transformation from within. In the case of CoBPDC1 the framework does not
feature voids to accommodate the molecules of DMF and then the transition becomes
feasible only when the crystals are in contact with the solvent.
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Figure 2.13. The CoBPDCT structural features are briefly shown. From the upper left corner, the SBU
with the coordinated linkers are shown perpendicularly (a) and along (b) the Cos axis, the hydrogen
atoms are omitted and the linkers molecules halved for the sake of clarity. The resulting 2D networks
are reported beside the two building block pictures. Below, the layered disposition of adjacent network
planes is represented by showing neighbour planes coloured differently (c).
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Figure 2.14. The CoBPDC2 structural features are briefly shown. From the upper left corner, the SBU
with the coordinated linkers are shown perpendicularly (a) and along (b) the Cos axis (the hydrogen
atoms are omitted and the linkers molecules halved for the sake of clarity). The resulting 2D networks
are reported beside the two building block pictures. Below, the layered disposition of adjacent network
planes is represented by showing neighbour planes coloured differently (c).
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2.5 - Concluding remarks

The unsuccessful direct synthesis of Co-IRMOF-9 proved that this is a metastable phase.
This evidence agrees with the rarity of tetrahedral Co-based SBU of the type M4O
(M=metal), very common in the case of Zn instead. Indeed, to date, only two examples of
coordination polymers featuring analogue SBUs have been reported in the literature’".
However, in these examples two different Co4O SBUs are bridged by linear carboxylate-
pyrazolate ligands, causing an alternation of O-containing and N-containing SBUs.

The transmetalation process is isomorphous, reversible and capable of reaching
completeness in a relatively short time. By comparing these performances with those
reported for MOF-5%, it appears that IRMOF-9 is more prone to undergo transmetalation.
In fact, in the case of MOF-5, the optimised Zn-to-Co exchange ratio does not exceed 25%,
which means one metal for each SBU, and the attainment of single crystal specimens were
never feasible. In a paper investigating the transmetalation phenomenon in MOFs based
on Zn4O SBUs, Brozek et al studied the importance of DMF dynamic binding through a
combined experimental-computational approach’. Their Molecular Dynamic simulations
showed, for the Zn atoms, a variable coordination number, which ranges from 4 (no DMF
on the metals) to 6 (2 DMFs coordinating the metals). The authors claimed that this fluxional
behaviour allows a structural flexibility which enables the cation exchange.

The phenomenon and its explanation can be transferred also to the case of the Zn-to-Co
transmetalation of IRMOF-9. Its capability of exchanging completely the metal centres can
be due to the bigger size of the pores and to the presence of the two mobile
interpenetrated networks, which confers, at the same time, additional structural flexibility
and stability. The SBU coordination distortion caused by the presence of the
interpenetration might indeed result in a more labile bond of the linker molecules, therefore
making the SBUs more accessible to solvent binding and cations substitutions without
dramatic damages to the overall framework. Furthermore, the distortion of the linkers
disposition in Co-IRMOF-9 and their peculiar type of disorder corroborates this hypothesis.
All these deviations from the starting solid could indeed be attributed to a relevant
hindrance present on the Zn exposed to the hollow part of the framework, where DMF
molecules can establish dynamic bindings during the solid assembly.
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Chapter I

Synthesis and structural analysis of

TiIO@IRMOF-9

"Any increase in knowledge anywhere
helps pave the way
for an increase in knowledge everywhere.”

lsaac Asimov

“Isaac Asimov Book of Science and Nature Quotations”
1988
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3.1 - MOFs and nanoparticles

In the introduction, MOFs have been presented as one outstanding class of materials in the
current nanotechnology panorama. This definition was given by considering the bottom-
up approach used to synthesize these solids, whose size scale can vary from nm to mm
and therefore does not confer them the nanomaterial qualification by itself.

On the other hand, if we consider their porosity and the scale of the chemical reactions
MOFs are used for, it is reasonable to say that these materials perform their functions at
the nano-scale.

Going back to nanomaterials, MOFs can be related to this field in two ways. Firstly, their
size can be tuned to the nano-region, thus yielding MOF nanoparticles (NP), which have a
special potential in drug storage and in catalysis’>~°.

Moreover, MOFs can be used for the synthesis of functional NP by exploiting the solid as a
precursor or a mould. In the first case, the material is usually designed with a certain
composition (and, if needed, content), and its calcination is performed to obtain the final
material, which can be achievable as NP/, The second use is more connected to the
present work, and will be described in the following paragraph.

3.1.1 - MOFs as nanoporous moulds

The idea of exploiting the nanoconfined environment represented by MOFs cavities to
synthesize nanomaterials with a pre-defined size appeared in 2008, when MOF-5 was used
for the attainment of functional inorganic metal-NP such as Cu &, Ru ®', and ZnO .

Later on, the list of achievable materials was extended also to Ni, Pd, Pt, Ir, Au and Ag, the
main purpose being to achieve an outstanding catalytic performance in several chemical
reactions such as Suzuki coupling®, oxydation®-#, hydrogenation®° and reduction®.
Generally, in these cases the reaction can be considered a functionalisation of the
framework, since the final NP@MOF material is used without removing the NP from the
cavities.

On the other hand, it is possible to conceive the porosity of a MOF as one single mould
extending for the total length of the crystal. From this perspective, we can imagine of
obtaining a material whose porosity is strictly related to that of the starting solid, which, in
turn, can be eliminated by thermal or chemical treatment. This idea has not been
particularly explored and the papers inspired to this concept are rarely found in the
literature. In facts, only one paper, published in 2013 by Hall et al®!, mentions an analogue
idea.
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In this work, the authors described the synthesis of a TiOp-based material made by
replication of a MOF (HKUST-1 in this case). The characterisation of the final material by
XRPD and electron microscopy is reported along with the gas adsorption performances,
although without structural elucidation regarding the final and the intermediate products
are presented.

This chapter describes the work done by adopting the idea of MOFs as potential moulds
for the fabrication of a porous TiO;, (titania) replicate. However, the focus will be the
attainment of accurate structural information regarding the behaviour of the solid during
the synthesis process.

3.2 - TIO@IRMOF-9

As already mentioned, titania was selected as target material to be grown inside IRMOF-9
because of the manifold applications this material has in photocatalysis. As a matter of facts,
the performances of different titania phases in this field are known and exploited since
decades’*. The use of MOFs for this purpose was first proposed in 2009 by Mdiller et al*4,
but remained rather limited in the following years, especially with respect to the structural
information concerning the final phase.

In the following part, the synthesis and structural characterisation of the TIO@IRMOF-9
composite material is provided, aiming to gain precious insights regarding the behaviour
of IRMOF-9 in this post-synthetic treatment. This kind of information is crucial whenever
further procedure optimisations and extensions to other MOF systems are pursued.

3.2.1 - Synthesis and macroscopic behaviours

TIO,@IRMOF-9 was prepared by soaking IRMOF-9 crystals in pure titanium isopropoxyde
(Ti(iPrO)a4) for 30 days at room conditions (paragraph A.1.7, Appendix). This time span was
selected to reasonably ensure a complete dispersion of the precursor in the solid cavities.
The as-synthesized TIO@IRMOF-9 does not show any apparent differences with respect
to native IRMOF-9. SCXRD analyses confirmed that the crystals remained single after the
treatment; the relative structure will be detailed in the following paragraphs.

By exposing this material to air, the colour of the crystals changes from white to an opaque
yellowish white (Figure 3.1), as a sign that another titanium oxide based material (TIOxM1) is
obtained. Remarkably, TiO\M1 exhibits interference colours, since orangish reflexes appear
and fade out as the powder is rotated (Figure 3.7, b).
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The overall crystal habit is retained, but not the crystallinity of the material before the
exposure to moisture, since SCXRD analyses performed on TiOM1 showed no diffraction
peak. Further XRPD analyses confirmed the crystallinity of the material, whose structural
features can be related to IRMOF-9 (XRPD3, Section A.7, Appendix).

Figure 3.1. Optical microscope images of TiOM1. The mm-sized crystals are shown with a 10x and a

40x magnification (a and b respectively); the latter view is reported to better appreciate the orangish
interference colours featured by the material in certain orientations.
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3.3 - Total Scattering SCXRD analyses

To avoid the hydrolysis of Ti(iPrO)s present in the solid, TIOx@IRMOF-9 crystals were
washed with iPrOH prior to be subjected to SCXRD analyses; these were performed at 100K
with synchrotron light (paragraph A.2.2, Appendix).

Six crystals in total have been analysed; all of them was confirmed as single crystalline
domains. However, their structural nature has proven to be completely different with
respect to native IRMOF-9, being the XRD patterns marked by the presence of strong
diffuse scattering (Figure 3.2). This is a distinguishing feature of the so called complex
materials, i.e. crystalline solids whose structures feature both an average long-range
structure and a short range order distributed in the entire domain®.
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Figure 3.2. Comparison between precession images showing the reciprocal space (0,k,) plane of native
IRMOF-9 and TiOx@IRMOF-9 (one representative sample), the presence of strong diffuse scattering
passing through the Bragg peaks is clearly evident in the second phase.
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This evidence clearly shows that the post-synthetic treatment introduces disorder in IRMOF-
9 without remarkably affecting its crystallinity.

In such cases, the classical crystallographic approach, which only considers the coherently
scattered intensities, is not able to provide an exhaustive structural description of the
material. Therefore, a total scattering strategy is essential. This consists in facing the
problem based on the following actions:

) Classical structure solution by using the information contained in the Bragg reflections.
Il) Qualitative evaluation of the diffuse scattered intensities.

1) Monte Carlo simulations of disordered phases aiming to reproduce in calculated XRD
patterns the features observed in the experimental ones.

Although classical crystallography by itself is not sufficient to solve these kind of structural
problems, it is important to underline its crucial role in extracting from Bragg intensities
information relative to the disorder affecting the phase. It is true that this information is
present in an “averaged” form and, moreover, the quality of the data is deteriorated by the
presence of the diffuse scattering.

However, this averaged information contains potential indications on the nature of the
disorder affecting the solid. In case these indications are unveiled, they constitute the bases
for the interpretation of the phase complexity, which will be subsequently validated by
correlating them with the diffuse scattering qualitative analysis and, in the end, tested with
Monte Carlo simulations.

3.3.1 - Average structure determination

Each one of the six analysed samples has a different unit cell, always deviating from that of
native IRMOF-9 (table 3.7; graph 3.1). All of them maintain the space group of the starting
material (Pnnm) and, although the analyses were conducted at low temperature (100K), in
no case twinning was observed, differently from the starting IRMOF-9 (paragraph 1.2.1,
Chapter I).

The overall framework connectivity is retained as well as the relative disposition of the two
interpenetrated networks, which feature, for the “linker embraced” SBU pairs (paragraph
1.1.1, Chapter 1), an average SBU-SBU distance of 10.226+0.111A, not significantly lower with
respect to that of IRMOF-9 (10.594A at 258K).

As for the solvent molecules, only the disordered DMF trapped between the SBUs (Figure
1.6, a, Chapter I) was clearly recognisable.

56



Chapter lll - Synthesis and structural analysis of TiO,@IRMOF-9

a R
b (A)
c(A)

V (A3)

TiO,@IRMOF-9 TiO,@IRMOF-9 TiO,@IRMOF-9 TiO,@IRMOF-9 TiO,@IRMOF-9 TiO,@IRMOF-9

Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6
17.1172(3) 17.1424(2) 17.1127(2) 17.1249(2) 17.1229(2) 17.1689(3)
23.3182(5) 23.0158(4) 22.3852(5) 22.2575(4) 21.8088(5) 20.4106(14)
25.0552(5) 25.3071(4) 25.8191(4) 25.9268(4) 26.2024(4) 27.1330(10)
10000.6(3) 9984.8(3) 9890.6(3) 9882.2(3) 9784.8(3) 9508.2(8)

Table 3.1. Cell axes and related volumes of IRMOF-9 (258K) and the six TiO,@IRMOF-9 samples
measured at 100K. The cell angles are not reported and equal to 90°, the space group being Pnnm in

all cases. The samples have been organised in ascending order of deviation from the native MOF values.

Parameter value (A)
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Graph 3.1. TIO,@IRMOF-9 cell axes values for the six analysed samples. Above, the unit cell content

for each sample is displayed along the crystal axes a (the one that varies the least), to highlight the
distortion of the framework. The plotted data are taken from table 3.1.
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3.3.1.1 - Framework disorder analyses

The analysis of the difference electron density maps allowed to model a peculiar type of
disorder, which was found in every sample (Figure 3.3). As a matter of fact, every Zn atom
of the SBU has four additional positions along the b+c and b-c crystallographic directions.
Their occupancies refinement is not reliable due to the data quality; the values ranges
indicatively from 0.025 to 0.05. This effect is systematically present in each sample
regardless of the data resolution or the diffuse scattering intensity.

A positional disorder along the same directions and with analogue displacement length
affects every linker molecule lying perpendicular to the a crystallographic direction (Figure
3.4-3.5). These are four out of six for each SBU, the remaining two being affected by another
kind of positional disorder caused by different equilibrium positions of the rotating pheny!
rings, as in the case of Co-IRMOF-9 (section 2.3, Chapter II).

FTE

Figure 3.3. Difference electron density maps calculated and displayed by Olex2 software. Overestimated
electron density (blue colour) is present where the SBUs (a and b) and linkers (c and d) are modelled,
whereas underestimated electron density (red colour) can be found in the near surroundings, coherently
with the presence of additional positions for both SBUs and linkers.

~

Figure 3.4. The correlation between the displacement of the linkers and that of the metal centres is
highlighted; the linker molecules are halved and the hydrogen atoms are not shown for the sake of
clarity.
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Figure 3.5. The disorder dffecting the SBU and its linkers is displayed along different crystallographic
directions using Olex2 software. The linker-Zn bonds and the hydrogen atoms are not shown for the
sake of clarity.
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None of the analysed samples afforded any information regarding the cavity content,
except for one case (Sample 2 in table 3.1and graph 3.1), in which a titanium oxo-aggregate
was observed to be linked to the SBUs by means of an Ti-O-Zn bridge (Figure 3.6-3.7).
For a given occupancy value, the atoms composing this aggregate feature different thermal
parameters, which increase with the distance from the oxo-bridge keeping it anchored to
the SBU. Since occupancies and thermal parameters correlate to each other, a reliable
refinement of the two values has not been possible. The increased thermal parameters can
be due to a static disorder of the aggregate, which, in case of displacement, can occupy
different positions while remaining bound to the SBU, resulting in bigger shifts for the more
peripheral atoms. This disorder is probably the reason for the impossibility to model the
aggregate terminal groups, which appear as a shapeless electron density likely belonging
to isopropoxy groups.

The assignment of the atomic charges is not fully reliable as well, because the aggregates
are incomplete and more than one form might be present in the solid. At present, a
satisfying modelling of the electron density has not been possible with the available data.
Moreover, the geometrical features of the Ti-oxo-aggregate are not perfectly stable during
the structure refinement, and while the titanium positions do not vary, those of the p2
bridging oxygens tend to diverge. Hence, it is possible to conclude that the structural
analysis confirms the formation of a titanium oxide aggregate in the solid framework of
IRMOF-9, whose structural location was made possible by the construction of a Zn-O-Ti
bridge.

Figure 3.6. The titanium oxo-aggregate modelled inside the cavities of one TiOx@IRMOF-9 sample;
hydrogen atoms are omitted and BPDC molecules are halved for the sake of clarity. Around the Ti
atoms with vacant coordinative positions residual electron densities can be found, which are consistent
with the presence of isopropoxy groups, although not possible to model satisfactorily.
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To our knowledge, this is the first case of a MOF successfully used for the synthesis of a
metal oxo-cluster, whose attainment is only achievable in the MOF pores. Moreover, its
structural features are unprecedented in titanium oxo-clusters chemistry and have been
observed only in Mo %6, W %7, VV %899 Nb and Ta ' analogues.

Figure 3.7. The disposition of the modelled aggregate is displayed along the a, b and c crystallographic
directions. The framework is marked with a black colour to highlight the titanium oxo-aggregate, which
is doubled by symmetry.
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3.3.1.2 - Disorder hypotheses from Bragg analyses

The average structure analyses conducted on all six samples afforded three important
pieces of information, which led to three hypotheses for the origins of the diffuse scattering
found in the XRD patterns. For the sake of convenience, we will refer to these hypotheses
by numerating them, following their order of appearance.

1) The noteworthy variability of the unit cell parameters, attributable to contractions and/or
enlargements of the framework in a breathing-like movement, highlights the possibility that,
while the observed unit cell represents the average one, differently distorted situations are
present within the same crystalline domain. This would result in a positional disorder along
the two axes perpendicular to the channel, i.e., b and c.

2) The positional disorder affecting SBUs and linkers in every analysed phase develops along
the b+c and b-c crystallographic directions and might cause diffuse scattering.

3) The presence of the titanium oxo-clusters, whose partial presence could be
discontinuously localised near to different SBUs and along the channel, might cause an
occupational disorder along the a and b crystallographic directions.

3.3.2 - Diffuse scattering qualitative analyses

In order to evaluate the main qualitative features of the disorder affecting the phase, the
incoherently scattered intensities have been scrutinised by analysing several slices of the
reciprocal space, reconstructed by using the “unwarp” feature present in the CrysAlisPro
software® . Since the diffuse intensities are qualitatively similar in all the analysed samples,
in the following discussion the reciprocal space images of only one specimen (Sample 3 in
table 3.1 and graph 3.1) are considered as representative of the general situation.

3.3.2.1 - Precession images evaluation

The (Ok1), (h,0,l) and (h,k,0) planes have been considered to acquire a starting idea of the
dimensionality and directionality of the diffuse scattered intensities.

The (0.k ) plane (Figure 3.8) features diffuse intensities streaks along the b*+c* and b*-c*
directions, generally centred on the Bragg reflections. These smears affect both directions
for reflections with kil or Ik indices ratios higher than 1 or lower than -1. When these ratios
are close to 1, the intensities look broad along the b*-c* direction and sharp in b*+c* one.
If they are close to -1, on the contrary, the intensities are diffuse along the b*+c* direction
and sharp in the orthogonal one.
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Overall, the diffuse scattering follows the Pmm symmetry present along this crystallographic
direction, as well as the intensity modulations typical of the XRD pattern of pristine IRMOF-
9. Importantly, the coherent-to-incoherent scattered intensity ratio decreases with the
diffraction angle, since at very high 20 values the Bragg contribution is hard to recognise,
whereas the diffuse intensities are clearly present (Figure 3.9). This feature indicates that the
disorder affecting the phase has a major positional component and a negligible
occupational one.

A final remark regards the extra Bragg reflections present at low 26 angles. These reflections,
constituting ~ 14% of the total harvested by the software®’, have been successfully indexed
as an additional twin minor component, whose unit cell is related to the main one by a
rotation of ~124° about the -0.45 0.00 0.896 axis of the reciprocal space (-0.75 0.00 0.66 in
the direct space). Since no significative geometrical correlation between the two domains
has been found, and the presence of similar parasite phases affects also other samples, this
feature will be considered as the consequence of the crystal break due to the fast-cooling
to 100K or to the PSM itself. Therefore, no attention will be paid to this minor additional
domain in the following discussion.

For layers defined by non-integer indexes the diffuse intensities are still present, although
weaker with respect to the regions close to the Bragg reflections (Figure.3.8, bottom). These
signals can be considered as the tails ot the strong diffuse streaks observed in the (nk,l)
planes (n= integer number).

In the (h,0,l) plane the diffuse scattering is remarkably weaker, although present mainly
along the c¢* direction (Figure 3.10). Again, these intensities form lines and are stronger in
proximity to the Bragg reflections. The (h,k,0) plane features the same type of diffuse, this
time mainly present along the b* direction. By scanning the reciprocal space along b* or c*
it is easy to recognise that each Bragg reflection splits into two discrete traces while going
from an integer index plane to a non-integer one (Figure 3.10-3.11).

In the middle layer between two lattice planes each Bragg is spit along the vertical direction
(b* or c* depending on the observed plane) into two evenly spaced signals. Each discrete
signal joins an adjacent one while going back to the subsequent integer index layer, forming
another Bragg reflection. This is caused by the fact that this reciprocal space scan sequence
along b* or c*is slicing the diffuse “squares” present in the (n,k,l) planes. This correlates the
diffuse intensities observed in the (0,k,l) plane with those of the (h,0,1) and (h,k,0) planes.
For this reason, the (0,k) plane can be considered representative of the main features of
the diffuse scattering, and the following discussion, as well as the final simulations, will
consider only this slice of the reciprocal space.
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Figure 3.8. Above, reconstruction of the (0,k,) plane of the TiO.@IRMOF-9 reciprocal space. Below, a
section of the kl region is displayed at five different h values to highlight the diffuse intensities trend
between the lattice planes.

64



Chapter lll - Synthesis and structural analysis of TiO,@IRMOF-9

0.kl

[0,k,23]

[0,k,19]

[0,k,15]

[0,k,11]

[0,k,7]

=
No
w

Figure 3.9. Some remarkable features of the diffuse scattering are highlighted. The directionality and
anisotropic shape of the diffuse are highlighted by considering two reflections (a and b) in two different
regions of the (0,k,l) plane. Below, the intensity profiles of three different regions at increasing 26 angles
(1, 2 and 3) confirms that the diffuse intensities raise while the Bragg decrease.
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Figure 3.10. Above, reconstruction of the (h,0,l) plane of the TiO.@IRMOF-9 reciprocal space. Below, a
section of the hl region is displayed at five different k values to highlight the diffuse intensities trend
between the lattice planes.
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Figure 3.11. Above, reconstruction of the (h,k,0) plane of the TiO,@IRMOF-9 reciprocal space. Below, a
section of the hk region is displayed at five different [ values to highlight the diffuse intensities trend
between the lattice planes.

67



Chapter lll - Synthesis and structural analysis of TiO,@IRMOF-9

3.3.2.2 - Main information from diffuse scattering evaluation

The analyses of the precession images allowed an evaluation of the most significative
features of the diffuse scattered intensities. Most importantly, the diffuse-to-Bragg
intensities ratio increases with the diffraction angle, thus proving that the main disorder type
in TIOX@IRMOF-9 is positional. This suggests that the supposed contribution of the titanium
oxo-cluster in this regard has a negligible weight in the occurring of the diffuse scattering
observed in the sample XRD patterns. Therefore, the third hypothesis can be ignored in
drawing up the candidate models for the Monte Carlo simulations.

The diffuse streaks develop in the b* ad c* directions of the reciprocal space, which
corresponds to the b and c directions in the crystal domain. This means that the disorder
affecting the phase involves the b and c crystallographic directions, but not the a one,
consistently with the first and the second hypotheses. Moreover, the diffuse lines develop
along precise lattice directions, and the main intensities are very close to the Bragg peaks,
which suggests that the disorder type is strongly correlated with the average structure.

3.3.3 - Monte Carlo simulations

Monte Carlo simulations are among the most valuable tools for the study of disordered
crystal structures. In this regard, the main approaches can be grouped in direct Monte Carlo
(MC) and Reverse Monte Carlo (RMC)%2,

The first method consists in creating a real-space disorder model, based on realistic physical
and chemical criteria. This model is described by near-neighbour interatomic or
intermolecular interactions. The MC simulation then operates by creating several computed
crystal samples affected by the imposed disorder, while minimising the energy of the crystal
for the given set of interactions. Finally, the last step is a calculation of the disordered crystal
domains diffraction patterns, which are compared with the experimental data. The near-
neighbour interactions are adjusted and the disorder type adapted to minimise the
difference between the calculated pattern and the experimental one. RMC methods, on the
other hand, minimise the difference between the observed and calculated diffuse scattering
intensities as a function of the positions and occupancies of the atomic sites in the model
crystal, rather than the total energy of the crystal as it is in direct MC. In general, a RMC
simulation provides one real space structure consistent with the experimental data, leaving
to the operator any interpretation of the resulting structure which, in principle, might also
have no physical meaning. Constraints to the variables are often implemented in the RMC
scheme/algorithm to bound the solution within a region of the parameters space
corresponding to chemically sensible structures.
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Direct MC approach is more demanding, since it requires a previous interpretation of the
diffuse intensities and the formulation of hypotheses to choose a chemically and physically
sensible system as starting point. Nevertheless, this approach allows a deeper
understanding of the disorder origins, which are the key to set up satisfactory simulations
and solve the whole case with a critical eye.

In the present work, a direct MC approach has been adopted by using a dedicated software,
namely Zurich Oak Ridge Disorder Simulation (ZODS). Its features and usage will be
described in the following paragraph.

3.3.3.1 - Zurich Oak Ridge Disorder Simulation (ZODS)

ZODS™ is a software which uses direct MC methods to compute defected phases models.
The latter, in turn, will be used to calculate a diffraction pattern to be compared with the
experimental one. To work properly, ZODS needs to be provided with specific information.
The operator creates an input file and starts by specifying a cif file to be used as a reference
phase. Then, the chemical species with their own occupation probabilities are listed and a
set of alternatives (SOA) is specified. This consists in a list of the atoms or molecules
(according to the atom names present in the cif file) whose presence is exclusively related
to the other ones by a certain arbitrary probability.

Conceptually, the “alternatives” are the average position and occupation of the chemical
species in the perfectly ordered phase, and the position and occupation of those who
deviates from the average. For instance, if in a real sample we have an atom X(x,y,z) which

AN

is sometimes disordered in a secondary equilibrium position X'(xy,z'), we include atom
X(xy,z) and an atom X'(x'y’,z") in the atoms list, with their own occupation probabilities
whose sum must be equal to 1. Therefore, we compile a SOA including the atom X and the
atom X'. In such a manner, it is possible to specify atoms displacements and occupancies
variations just by editing the mentioned parameters in the atom list and the corresponding
SOA.

Once the input file contains the starting phase (the cif) and the type of disorder (described
in terms of SOA), the program needs to know the interactions between the ordered and
disordered chemical species. These are expressed by listing pairs of atoms among those in
the atom list, and assigning an arbitrary integer number to the pair interaction energy: a
negative energy is stabilising, a positive one is destabilising. In this manner, we can
introduce and tune the correlations between defects to regulate the spatial distribution of
their occurrence probability throughout the simulated crystal phase. This energy should not
be intended in physical terms, but rather in computational ones.
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A stabilising energy of this type is a value whose only role consists in indicating to the
algorithm that a certain configuration created at a given MC cycle should be accepted. In
case of destabilising energy, the final atomic configuration is usually rejected, although,
rarely, also destabilising atomic dispositions are accepted to avoid false minima and give a
more robust statistical value to the calculation outcome.

Finally, since the software is designed to compute disordered crystal domains and their
diffraction patterns, the number and the size (in terms of unit cells) of these domains are
specified, followed by the information regarding the simulation of their total scattering
pattern (layer of the reciprocal space to be computed, intensities sampling step, etc.).
With these basic information, ZODS can create a crystal domain, insert random defects
minimising the energy of the system according to the specified interactions, and provide
the user with the final diffraction pattern. The subsequent work is up to the operator, who
should critically examine the differences between the calculated pattern and the observed
one and understand how to modify the disorder model (and the ZODS input file) towards
the most fitting one.

3.3.3.2 - Simulations results for defect-free IRMOF-9

Before testing disorder models, the diffraction patterns of IRMOF-9 and some relevant
modifications have been simulated to understand the origins of its typical intensity
modulations (paragraph 1.1.2, Chapter I). For the sake of simplicity, since in a metal-organic
phase the intensities coming from the metals dominate the diffraction pattern, only the Zn
atoms have been introduced as chemical components in the ZODS input file. This
approximation has been adopted in all the performed ZODS simulations.

Moreover, the simulated unit cell size has been set to 100x100x100 unit cells to ensure, for
the adopted short-range correlations, a uniform defects distribution in the crystal
domains.Several simulations have been performed in order to verify the effects of the
intensity interferences caused by the presence of Zn atoms, which are not related by the
simple translational symmetry of the crystalline phase.

The main tested effects have been the tetrahedral geometry of the Zn4O clusters and the
presence of the interpenetration of the two networks. For this purpose, in the first simulation
IRMOEF-9 structure has been modified by eliminating one of the two interpenetrated
networks and by substituting every SBU with a Zn atom centred on the former SBU oxygen
atom. The resulting diffraction pattern features no intensity modulation, and the intensities
decrease with the increase of the distance from the origin of the reciprocal space,
accordingly with the fall of the atomic scattering factors (Figure 3.12).
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Subsequently, the effect of the SBUs shape has been tested by substituting the Zn atoms
with Zn4 tetrahedra in the previous simulation. As a result, the intensity undergoes a
modulation along the b*+c* and b*-c* reciprocal space directions, and the overall intensity
is clustered in square-shaped regions (Figure 3.13).

The effect of the interpenetration on the diffracted intensities is investigated by taking the
original IRMOF-9 structure and substituting every SBU with a Zn atom centred in the SBU
oxygen position. The resulting effect is an intensity modulation which dampen the diffracted
intensities along b* causing stripes of Bragg reflections (Figure 3.14). The combination of
the two observed effects can be recognised in the simulated pattern of IRMOF-9 (Figure
3.15), whose qualitative features concerning the intensity modulations are in good
agreement with those observed in the experimental ones.

Since some of these features are also present in TIO.@IRMOF-9 diffuse intensities, this
information will be useful in the rationalisation of the disorder and its strong correlation
with the average structure.
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Figure 3.12. Calculated (0,k) plane of modified version of IRMOF-9, where only one of the two
interpenetrated networks is present and every SBU is replaced by a Zn atom. Above, the considered
unit cell and a fraction of the simulated lattice viewed along the a crystallographic direction.
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Figure 3.13. Calculated (O.k) plane of modified version of IRMOF-9, where only one of the two
interpenetrated networks is present. Above, the considered unit cell and a fraction of the simulated
lattice viewed along the a crystallographic direction.
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Figure 3.15. Calculated (0,k,0) plane of the reciprocal lattice of IRMOF-9 (only the SBUs are considered
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a crystallographic direction.
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3.3.3.3 - Simulations results for TIO@IRMOF-9

Two disorder models have been tested, starting from the first and second hypotheses
formulated in paragraph 3.3.1.2. In the following simulations, the space group symmetry is
lowered from Pnnm to P1. This choice has been adopted to have more flexibility in the
ZODS input file compiling and testing different degrees of correlation in the movements of
the four SBUs present in the unit cell.

The first set of simulations considered the correlated movement of the networks to
resemble a breathing-like deformation. For this purpose, the four different SBUs in the unit
cell have been considered separately (Figure 3.16). These SBUs can be grouped into two
pairs, o and {3, so that each pair belongs to one of the two interpenetrating networks. Each
pair forms a rhombus-shaped cavity with the ones of the same type belonging to adjacent
unit cells. By defining these chemical units, it is possible to simulate the elongation or
enlargement of the cavity just by instructing ZODS on the necessary correlated movement
along the b and c directions of the four independent SBUs. If we define o the elongation
of the o rhombus and o its enlargement, and the analogue 3* and B for the  rhombus,
the resulting possible combinations are o, aff*, o, ofd”, o' and o

In the following simulations, + and — movements have been considered simultaneously
because both elongations and enlargements cause the same disorder type and yield the
same diffuse scattering effects. Accordingly, we will refer to these displacement types with
the + symbol. Since each SBU pair type (ot or B) is symmetry equivalent with the other one,
the combination a*B is equal to af* and the corresponding diffraction patterns are identical.
Therefore, only one of the two types of displacements will be shown and discussed.

The first simulation tests the o*f type of disorder (Figure 3.17, top). The resulting diffuse
scattering respects the intensity modulation due to the SBU structure, but not the one
caused by the interpenetration (Figure 3.17). As a matter of facts, no vertical stripes of
intensities can be found in the (0,k,l) plane and this is because the introduced disorder
model does not include the peculiar correlation between the SBUs caused by the
interpenetration, i.e., the relative position of the SBUs in each SBU pair. This disorder model
causes the loss of such a geometry and the appearance of diffuse points between the lattice
planes, together with weak diffuse lines along the b* and c* directions for high h:l and I:h
absolute values respectively.

By introducing correlation in the SBU pairs adopting the o*B* displacement type, the
disorder model keeps the SBU pairs unchanged and the intensity modulations present in
the TIOJRMOF-9 experimental pattern are fairly reproduced (Figure 3.18).
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Again, the diffuse intensities are localised between the Bragg spots, thus simulating a
supercell of the underlying lattice. This effect can be attributed to the presence of an a*f*ar
Ba*Brar” alternation in the b and ¢ crystallographic directions, as consequence of the +-
+- correlated displacement, inherently present in the model.

By avoiding this alternation and isolating the o' 3* and a3” displacements in the crystal, the
resulting diffuse intensities do not feature any distinguishable correlation, with the only
exception of the intensity modulations effects (Figure 3.19).
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Figure 3.16. Scheme of the considered displacement types simulating the MOF breathing movement.
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Figure 3.17. Above, the o*3 disorder model is applied on the average IRMOF-9 structure, displayed in
grey scale. Below, the TIO,@IRMOF-9 o*3 model simulated diffraction pattern.
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Figure 3.18. Above, the o*3* disorder model is applied on the average IRMOF-9 structure, displayed in
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grey scale. Below, the TIO@IRMOF-9 a** model simulated diffraction pattern.
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Figure 3.19. Simulation of diffraction pattern resulting from the o** disorder model, in which the o*3*
and the o’ i movements are kept isolated throughout the crystalline domain.

One last simulation concerning the first disorder hypothesis considered the o*3* movement
of only the upper-left half of the quadrangular chemical assembly (Figure 3.20, top). This
test verifies the hypothesis that the cavities deform in a less-correlate way, and some
coordinative bonds are broken so that the SBU pairs move without respecting the symmetry
of the voids along the a direction. This results in diffuse lines running along the b*-c*
direction (Figure 3.20). Although the directionality and position of the diffuse intensities
reproduce qualitatively the experimental one, this is true only for two quarters of the
reciprocal space and the pmm symmetry of the experimental total scattering pattern is not
reproduced. By simulating the same disorder type along the two diagonals of the reciprocal
space, and isolating the two events, it would be possible to have the sum of the two effects.
However, this would result in diffuse crosses, which in the experimental pattern are only
observed in reciprocal space zones with h:l ratios close to +0.5 and -0.5.
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Figure 3.20. Above, the (a/2)*(B/2)* disorder model is applied on the average IRMOF-9 structure,
displayed in grey scale. Below, the TiO,@IRMOF-9 (a/2)*(5/2)* model simulated diffraction pattern.
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To test the second hypothesis, which considers the framework positional disorder along
b+c and b-c as the main cause for the diffuse scattering, the displacements of SBUs along
these directions have been simulated. In this case, the chemical unit consists in SBUs
grouped in pairs to avoid the loss of their typical intensity modulation.

Two cases have been investigated: the independent movement of the SBU pairs, and a
correlated movement consisting in a rigid displacement of a SBU quartet made of two
adjacent SBU pairs lying on a diagonal of the unit cell (Figure 3.21).

IRMOF-9
,'&:U\\ b ads X SBU pair Y SBU pair
e ¢ - &0 | oo
C axis gt(,gtg,
X displacements XY pairs displacements
Rand Se
////,/ /%% /.{5'/{" /,/t‘:/&
L L4 ¢o OO o P
*o &0 | ¢ o0

Figure 3.21. Chemical units (X and Y) and displacement types adopted to test the second hypothesis.

Not surprisingly, the correlation-free displacement of individual SBU pairs resulted in a
diffraction pattern identical to that of Figure 3.19. On the contrary, the calculated pattern
relative to the second case (Figure 3.22) is significantly close to the experimental
TiOJRMOF-9 one. The diffuse lines and crosses are in the correct regions, although the
diffuse intensities are still broad and not centred on the Bragg reflections.

By extending this correlation to the first-neighbours along the quartets diagonal, these

quartets are paired in octuplets, and the resulting diffuse intensities are remarkably sharper,
although remaining uniformly distributed along the b*+c* and b*-c* directions (Figure 3.23).
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At this point, two possibilities are considered: these displacements can be equally
distributed in the crystal, or they can be grouped along the b and ¢ directions.

The first case leads to the concentration of the diffuse intensity between the Bragg
reflections (Figure 3.24). This is because by creating an alternation of disordered and
ordered unit cells along a certain vector, a super-cell forms in that direction.

On the other hand, if the displacements are clustered, the diffuse intensities are much closer
to the experimental ones (Figure 3.25).

The final agreement (Figure 3.26) can be considered satisfactory, leaving behind mainly
quantitative intensity issues and the slightly asymmetrical shape of the Bragg peaks talil,
which varies from sample to sample. Overall, the model reproduces the general features of
the experimental diffuse scattering, thus validating the second hypothesis.
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Defect-free XY displacements TiIO,@IRMOF-9 with
IRMOF-9 disorder model XY displacements model
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Figure 3.22. Simulation of the diffraction pattern resulting from the diagonal shift of SBU quartets. Above,
the disorder model is explained, below, the resulting simulated XRD pattern is displayed.

84



Chapter lll - Synthesis and structural analysis of TiO,@IRMOF-9

Defect-free XYXY displacements TiO,@IRMOF-9 with
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Figure 3.23. Simulation of the diffraction pattern resulting from the diagonal shift of SBU octuplets.
Above, the disorder model is explained, below, the resulting simulated XRD pattern is displayed.
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Figure 3.24. Simulation of the diffraction pattern resulting from the alternate diagonal shifts of SBU
octuplets. Above, the disorder model is explained; below, the resulting simulated XRD pattern is

displayed.
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Figure 3.25. Simulation of the diffraction pattern resulting from the diagonal shifts of paired SBU
octuplets. Above, the disorder model is explained; below, the resulting simulated XRD pattern is
displayed.
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Figure 3.26. Comparison between the TIO,@IRMOF-9 experimental diffraction pattern and the
calculated one according to the last discussed disorder model.
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3.4 - Final considerations on TiOx@IRMOF-9 structure

The simulations suggest displacements along the b+c and b-c directions as the main type
of disorder affecting TiIO@IRMOF-9. These displacements involve parallel chains of SBU
and linkers moving together towards and away from the average positions. This double
direction can be deduced by the Bragg structure analysis, which showed the simultaneous
presence of both displacements in every analysed sample.

The reason for these displacements remains less certain. In this regard, another important
piece of information provided by the Bragg analyses is the presence of titanium oxo-clusters
embedded in one of the solid phases. Their presence is likely to be found also in the other
samples due to the same treatment they were subjected to.

The formation of such aggregates could have two opposite effects on the crystals.

First: the unit cells can be deformed by the growing objects, thus causing the correlated
displacements at issue. On the other hand, as supposed in chapter | (paragraph 1.3),
IRMOF-9 needs a coordinating solvent to keep its pores geometry, and by replacing DMF
with Ti(iPrO)4 this condition is not satisfied. Therefore, the cavities readily shrink, but in the
meanwhile the oxo-clusters have formed and, depending on their size and position, limit
this contraction.

While the first effect includes the possibility of unit cell enlargements, which are likely if
growing aggregates pushes the closest SBU pairs in the cavities, the second one only
considers the contraction of the cavities. Here, the first clue provided by Bragg analyses
comes in useful, since the analysed TiIO@IRMOF-9 samples unit cells are remarkably
narrower than those of IRMOF-9.

From these considerations, the following scenario can be reconstructed: as IRMOF-9
crystals are soaked in Ti(iPrO)4, the DMF molecules present in the solid are exchanged with
Ti(iPrO)4 starting from the outer layers of the crystals. As soon as the alkoxide enters in the
solid, it encounters water molecules present in traces inside the channels.

The subsequent hydrolysis causes the partial growth of titanium oxo-clusters and,
potentially, the formation of Ti-O-Zn bridges keeping these clusters bound to the MOF. At
the same time, since DMF molecules have been replaced by Ti(iPrO)4, no fluxional solvent
coordination prevents the cavities from collapsing. This effect might be partially limited by
the release of iPrOH due to the Ti(iPrO)4 hydrolysis.

Water molecules are consumed by such a hydrolysis, and it becomes reasonable to
envisage that the size of the titanium-oxo-cluster depends on the amount of water present
in different areas of the framework.
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Different sized aggregates oppose differently to the collapsing MOF. Moreover, this effect
is not symmetrical because the aggregates do not grow floating in the middle of the cavity,
but in certain regions. The cavities contraction limited by the presence of different sized
oxo-aggregates causes displacements of SBU-linker-SBU units, and the position of the
aggregates in each cavity causes the asymmetricity of these displacements with respect to
the starting unit cell. Adjacent unit cells are affected in a domino effect, and this causes the
strong correlation deduced by the diffuse scattering analyses and confirmed by ZODS
simulations.

3.5 Concluding remarks

The analysis of the crystals structural complexity afforded more than a mere understanding
of the final solid structure. The acquired information underlined the importance of water
traces in the starting solid or any other presence causing the partial hydrolysis of the
incoming precursor. Indeed, if IRMOF-9 were deprived of this presence before the soaking
treatment, the DMF-to-Ti(iPrO)4 exchange would likely result in the collapse of the solid as
in the cases of soaking in DCM (paragraph 1.2.2, Chapter 1), and no TiO,@IRMOF-9 material
would form. This highlights the importance of a control over water concentration when this
synthetic approach is used.

This amount is limited by the IRMOF-9 instability due to hydrolysis of the linker-SBU building
units discussed in Chapter | (paragraph 1.2.2.1). On the other hand, by tuning the
concentration of water molecules inside the MOF (e.g., by soaking in a DMF/H,O mixture
with a pre-defined ratio before the soaking in Ti(iPrO)s), it might be possible to limit the
hydrolysis of the precursor and thus the size of the achievable aggregate.

In principle, by following another synthetic approach, a less flexible MOF could be used. In
this case it would be possible to fill its pores with Ti(iPrO)s in dry conditions without the
perspective of a MOF collapse. Then, the hydrolysis should be triggered from the outside,
for instance, by exposing the filled MOF to moisture. However, this approach would likely
result in a partial Ti(iPrO)4 conversion, since only the surface layers of the solid would be in
contact with water molecules and the pores would be therefore sealed, thus preventing
more water to enter in the inner regions of the crystal.

90



- Addendum

Parallel project:

Methylene blue complexes

“There is no blue without yellow and without orange,
and if you put in blue, then you must put in yellow, and orange too,
mustn't you?”

Vincent Van Gogh

“Letters to Emile Bernard”
1888

Canossa, S. et al, Inorg. Chem., 2017, 56(6), 3512-3516



Addendum - Methylene blue metal complexes

a.l- Introducing Methylene blue

Methylene blue (MB) is dark green salt with formula [(CigH1eSN3)*CI7] (IUPAC name: 3,7-
bis(dimethylamino)-phenothiazin-5-ium chloride). Its cation, MB*, consists of three
condensed six-membered rings and two terminal coplanar -NMe, groups. The cationic
system is aromatic and the delocalisation involves 18 p™ electrons distributed on the whole
molecule, with exception of the terminal methyl groups (Scheme a.l).

A visualisation of MB* molecular orbitals (MO)'® suggests a weak o donor for the central N
atom, given that its in-plane o lone pair lies below the frontier MO region. The LUMO s
instead an accessible 1t* level, which affords an amidic N atom upon reduction. In this case,
aromaticity is lost and the entire system is puckered, but metal coordination through the N
atom is facilitated®™%, as a consequence of the obtainment of N-H/N-R derivatives'”,
which are also stable in a cationic form™8109,

CHs CHs CH; CHs
y 2 \ | . |
B 2 Z >, HC Pu | B CHs
= N
N N
o o

Scheme a.1. The resonant structures of MB™ are represented highlighting the presence of the electron
pairs at the heteroatoms, distinguished for their pr or a character.

a.1.1- Common applications and the need for structural knowledge

Thanks to its reduction, which comes with the total loss of its intense blue colour, and to
the capability of restoring its oxidation state by reacting with O> and oxidising agents with
similar redox potentials™, MB is widely used as an indicator. Further applications relying on
its redox behaviour can be found in photocatalysis™™ and enzyme-catalysed redox
reactions. Furthermore, MB has manifold employments in medicine, where is commonly
used for the treatment of several diseases such as methemoglobinemia', cyanide'™ ™ and
carbon monoxide poisoning™, malaria™", and Alzheimer's™.

In these fields, since transition metals are often involved in the mechanisms, a coordinative
behaviour of MB could, in principle, have significant influences, although its coordination
capabilities remain elusive in the literature. Moreover, the major available information
regarding MB chemistry is limited to its properties in solution rather than in the solid state.
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The only claimed example of a stable metal coordination has been reported by Raj et al'®°,
who described the crystal structure of (MB)*[HgCls]~, although the N--Hg distance of 2.779
A exceeds the sum of the covalent radii as well as the average value from the Cambridge
Structural Database®.

The MB* coordination has also been invoked for square planar [M(SCN)4]> units (M=Co(ll),
Cu(l), Zn(ll)) on the basis of spectroscopic data, although the change of color in the adduct
seems more consistent with a redox process than metal coordination'. Finally, an
interaction with the metal ion is proposed to occur on grafting MB over a polyurethane
foam suited to sequester heavy metals. Again, no solid state characterization corroborates
the feature'?.

a.2 - Synthesis of Methylene blue metal complexes

Aiming to obtain structural information regarding the solid-state interaction between MB
and transition metals, several syntheses have been tackled by using MB chloride and ionic
reagents of the desired metal. Given the strong tendency of MB towards aggregation by
T-T stacking, its solutions rarely contain completely solvated and isolated MB ions'?.
Moreover, this strong self-interaction causes its scarce solubility in several common solvents.
For these reasons, a mechanochemical approach (grinding, kneading) has been adopted
by grinding together MB and the selected transition metal compound.

In order to push the syntheses towards the product phase, reagents have been selected so
that the final product would result in a single phase featuring a single ion pair, or two phases,
one of them being easily recognisable by XRPD. Thus, the performed reactions can be
classified into two categories: reaction of MB chloride with metal chlorides, and with
chlorometallate potassium salts. In the first case, the chloride ion coming from MB phase is
expected to add to the coordination sphere of the metal centre. In the second case, the
chlorometallate is already present in one of the two reactant phases, and the final product
is expected to be a mixture of the product phase and KCl as by-product.

After the synthesis, the ground powder has been analysed by XRPD to confirm the outcome
of the reaction and to verify its completeness. The resulting product phases have been
therefore dissolved in suitable solvents and crystallisation trials by slow solvent evaporation
or antisolvent-gel crystallisations have been set up to obtain single crystal specimens for
SCXRD structural analyses. In cases where no single crystals have been obtained, the
structure solution and refinement has been performed using the XRPD data.
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In total, 16 phases containing MB and metal ions have been synthesized and characterised
by XRD. Among these, two phases containing a non-transition metal (Sn) are also present.
Two are the main behaviours exhibited by MB in the obtained solid phases. First, its strong
typical m-m stacking, which forms dimers or pillars depending on the geometric and
electronic features of the counter-anion. The second commonly found interaction is the
network of H-bonds that MB forms acting mainly as donor by employing its methyl or
aromatic C-H groups.

Remarkably, in two solid phases (figure a.1) MB participate in the coordination of a metal
centre, together with two chloride ions. These metals are a copper(l) and a silver(l), and the
two phases, MBCu (CCDC 1475865°°) and MBAg (CCDC 1475866°°), obtained as orangish
gold needles, are isostructural and are only obtainable by mechanochemical synthesis. In
facts, every attempt of their synthesis in solution failed, and NMR and Mass Spectrometry
analyses did not provide any proof of these complexes presence in solution.

Another phase with identical composition, but with the presence of gold as metal species
was been also obtained. However, in this case, no coordination bond is present and the
phase consists in a close packing of MB* and AuCly™ ions (CCDC 1481894°°). Since the
obtainment of MB metal complexes constitutes the main aim of the present work, the
following discussion will focus on these two phases and the analysis of the adduct they are
composed of.

Metal Phase composition Metal Phase composition

Co(ll (MB),[CoCl,'H,O Sn(Iv) (MB),[SnClg]

Nill) (MB),[NiCl,]-H,O Pt(ll) (MB),[PtCl,]

Cu(ly [((MB)CuCl,] Au(l) (MB)[AUCL,]

Cu(ln (MB),[CuCl,] Au(lll (MB)[AuUCl,] ; (MB)[AuCl,]-CH,Cl,
Zn(l) (MB),[ZnCl,]"H,0O Hg()) (MB)[HgCl5] ; (MB)[HgCl5]-CH;NO,
Ag(l) [((MB)AQCL,] Hg(ll) (MB),[HgCl 1 H,0

Sn(ll (MB),[SnCl,]"H,0 La(ll (MB),[La(H,0).]Cls'3H,0

Table a.1. Summary table of the obtained and structurally determined compounds featuring MB and
metal species. Among these, two coordination compounds have been obtained, indicated in bold.
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Figure a.1. From the left, crystals of [(MB)CuCly, [(MB)AgCl] and (MB)[AuCly], whose attainment is
described in section A.1, Appendix.

a.3 - Structural considerations

In both complexes the metal features an approximate trigonal-planar coordination
geometry, in which the ligand role is played by two chloride anions and one MB*, which
donate its lone pair present on the central aromatic N atom (Figure a.2, a).

This behaviour is rather rare for cationic ligands, which hardly form uncharged metal
complexes™®?" The N-metal bond is corroborated by the relatively short N-Cu/Ag bond
distances, which amounts to 1.987(4) and 2.329(5) A in the case of copper and silver
respectively.

The Ag coordination can be considered less effective because the N-Ag bond is larger
than the sum of the covalent radii and the average value from all of the corresponding
CCDC structures®. The point is also supported by the more open Cl-Ag-Cl angle (119.48°
vs 113.73°). The corresponding T rotation of MCl; about the N-M linkage has intermediate
values of 75.2 and 66.8° for MBCu and MBAg, respectively (table a.2).

Another important parameter concerns the out-of-plane shift of the metal from the MB*
plane, which is almost equivalent in the two complexes (angles 11.8° and 9.5°). However, T
influences the extended heap formed by the parallel MB* units in an alternating head-to-
tail -t stacking. First of all, this arrangement is offset, being each complex unit slid by a
half-condensed ring. In this manner, the atoms belonging to adjacent MB do not eclipse
each other. Conversely, the MCl; rotation shortens the contact between any Cl atom and
one H-C group of one adjacent MB. This allows a network of hydrogen-bonding
interactions, which provides an additional stabilisation of the heap. On the other hand, the
latter cannot be pairwise equivalent, since the 6 deviation favours one Cl-+H-C interaction
with respect to the subsequent one. This can be easily verified by considering the Cl--H
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distances, which are 2.614 and 2.89 A in the case of MBCu and 2.622 and 2.816 A in the
case of MBAg. The most important consequence is that the constituent building block of
the stacking heap is not a single complex, but rather a dimer of complexes.

Based on these considerations, two are the recognisable dimers in the stacking pillar (Figure
a.2, ¢). The stacking distances of the resulting dimers are 3.506 vs 3.403 A and 3.485 vs
3.307 A for MBCu and MBAg, respectively. Remarkably, the dimer with the lower stacking
distance (n°1in Figure a.2, ¢) is the one with larger Cl-*H-C contacts. This suggests an
inverse correlation between the two main supramolecular forces keeping the solid phase
building block integer (-t and hydrogen bonding).

1
I
1
Tl
L
I
1
1
1
1
1
1
1
1)

Figure a.2. Some structural features of [(MB)CuCly] phase, isostructural with [(MB)AgCL]. From the
upper left corner, the [(MB)CuCly] complex unit (a) and its main supramolecular interactions (b, ¢) are
displayed, together with the view of the crystal packing along the a crystallographic direction, along the
stacking pillars axis. In (c), the two stacking dimer types are highlighted with differently coloured squares.
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Parameter \Ggugzg; R//TlBUE;g;
M1-Cl1 (A) 2.2220(5)  2.4425(19)
M1-CI2 (A) 2.2494(5)  2.4659(18)
N1-M1 (&) 1.9874(13) 2.329(5)
C-M1-CI2 (%) 113.739(18) 119.48(6)
CN-M1-N1 () 129.45(4) 125.09(13)
Cl2-M1-N1(°) 116.70(4) 15.32(13)
00 11.8(4) 9.5(2)

() 75.2(2) 66.8(2)

Table a.2. Experimental geometric parameters of the two observed metal complexes.

a.li- DFT calculations

DFT geometry optimisations have been performed on the two complexes, aiming to
reproduce the observed coordination geometry observed in the solid state (Section A.10,
Appendix).

Initially, the calculations were based on the molecular modelling of the single [(MB)MCI;]
complexes (M=Cu, Ag) by adopting the B3LYP-DFT'?® method both in the gas phase and
with solvation methods (CH3Cl)'?°.

Unfortunately, these optimizations resulted in a dramatic distortion of the trigonal-planar
coordination geometry in the case of [(MB)CuCl;], whose N-Cu distance and CI-Cu-Cl angle
were overestimated by about +0.15 A and +32° respectively, and the 6 angle amounts to
49°.

In the case of [(MB)AgCl,], the situation is even worse since the coordinative bond is lost
and the optimisation results in a (MB)*[AgCl>]” ion pair with a N-+Ag distance of >6.0 A and
a Cl-Ag-Clangle of 170°. This evidence corroborates the hypothesis that the supramolecular
forces play a fundamental role in the occurring of the two complexes, as already supposed
on the bases of spectroscopic data.

Further calculations have been performed in the solid state with the program CRYSTAL™®.
In a first attempt, the geometry optimisation has been performed on a single dimeric
building block by adopting the B3LYP functional”®. Again, unsatisfactory results were
obtained, being the single complexes split in ion pairs. Thus, the dispersion correction
present in the B97D functional™' afforded an acceptable final geometry of the [(MB)CuCl;]
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dimer with two in-pointing N-Cu vectors, although with a 6 angle of 23.8°, which shortens
the Cl--H-C interactions (average value: 2.48 A). The experimental value for 6 (11°) is
restored by introducing a third stacked complex and considering a trimer for the
optimisation. This is true only for the middle complex, but not for the terminal ones (6=16°
and 29°). The geometry of the complex unit is acceptable (figure a.3), as well as the general
arrangement of the heap, although with smaller and similar interplanar separations (3.10
and 3.06 A).

To study this effect, likely attributable to dispersion forces, a new CRYSTAL optimization
was attempted at the BLYP level. The arrangement thus obtained features a larger and
more asymmetric interplanar separations of 3.41and 3.30 A. However, the rotation of each
CuCl fragment about the N-Cu linkage is in the opposite sense, resulting in a negative T
angle. As a consequence, the CI-S contacts are preferentially shortened with respect to the
Cl+H-C ones. This suggests a residual positive partial charge for the S atom.

The performed molecular and solid-state modelling provided useful information
concerning the interaction energy between adjacent complexes. On average, attraction
enthalpy is about =40 kcal'mol™, mainly due to dispersion forces. This agrees with the
unsatisfactory results in the BLYP approach, where these contributions remain excluded and
the interaction turns into a minor repulsion (~+2 kcal mol™).

Therefore, 1 stacking overwhelms other contributions such as hydrogen-bonding or
residual electrostatic attraction between differently charged counterions at different
complexes, given that the components of the latter type are equally included in the two
adopted functionals, although without any major evidence of their influence in the assembly

of the complexes.

Experimental ~ Optimised

Parameter valies values
M1-Cl (A) 2.2220(5) 218
M1-CI2 (A) 2.2494(5) 219
N1-M1 (A) 1.9874(13) 191

Cl1-M1-CI2 (%) 113.739(18) 1.0
CN-M1-N1 (%) 129.45(4) 126.8
CI2-M1-N1 () 116.70(4) 1222
X0 1.8(4) 2.5
() 75.2(2) 57.6

Figure a.3. Comparison between the experimental complex trimer (a) and the DFT optimised one (b).
The relative geometric parameters are reported in the table aside.
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a.5- Concluding remarks

The coordination capabilities of Methylene blue cation have been observed in the solid
state for the first time. Given the manifold applications of this molecule in different areas of
chemistry, medicine and biochemistry, this evidence could provide useful hints in the
rationale of reaction mechanisms where MB is involved. Moreover, the reported synthetic
procedure, stereochemistry and electronic underpinnings of the described systems might
constitute a useful guideline in the search for other systems where MB or different
analogues are associated with various metal centres.

Lastly, the reported systems constitute an unusual case of solid phases where the existence
of the constituent building blocks, i.e., the metal complexes, relies on supramolecular forces
rather than intramolecular bonding energies. This opposes to the common hierarchy of
building blocks and supramolecular forces in molecular crystal engineering, which is based
on the leading role of the constituent chemical species. These usually influence the crystal
packing depending on the position and electronic features of their parts, and rule the crystal
packing as consequence of their chemical structure. In the present case, on the contrary,
the existence and the structure of the molecules constituting the phase are strongly
dependent on the supramolecular forces holding them together in the crystal phase.
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Al - Synthetic procedures and post-synthetic treatments

All reagents and solvents were purchased by commercial sources and used as received.
For gel preparations, an Agarose regent with the following specifications was used because
of its optimal characteristics for the gel crystallisations experiments: ash<0.25%, turbidity<
4 NTU (Nephelometric Turbidity Units), gel strength=1800g-cm™ (1% gel).

A1l - Synthesis of IRMOF-9

100 of biphenyl-4,4'-diacrboxylate (0.41 mmol) were dissolved in 12 ml of N,N-
dimethylformamide in a 15 ml glass tube placed at 383K in an oil bath. Therefore, 100 mg
of Zn(NO3)2:6H,0 (0.37 mmol) were added to the solution. The tube was then sealed,
shaken and left at 383K for 48 hours. The solution-gas interphase was kept slightly below
the oil level, to limit the temperature inhomogeneities along the solution. Once the
synthesis is over, the system was taken out of the oil bath and left to cool for 10-15 minutes.
The crystals were then taken from the mother liquor, rinsed with N,N-dimethylformamide
and preserved in the pure solvent.

A.12 - Soaking of IRMOF-9 in organic dyes solutions

IRMOF-9 crystals were taken and transferred in a solution prepared by dissolving 5 mg of
the selected dye (Methylene blue or Rhodamine 101) in 3 ml N,N-dimethylformamide in a
5ml vial. The system is closed and left at room temperature for 14 days. After this time span,
the crystals were taken and transferred in an oil droplet on a glass sleeve for the optical
microscope evaluation. Each evaluated crystal was removed from solution droplets
remained on its surface, cut in thirds perpendicular to its longer dimension, and the central
part was rotated in order to expose the section to the observer. The pictures shown in
Chapter Il were captured with a 40x magnification.

A.1.3 - Synthesis of ZnBPDC1 and ZnBPDC2

The synthesis starts with the preparation of a “U” tube containing a 0.5% agarose gel. 50
mg of agarose were dissolved in 10ml H,O at 363K. The solution thus obtained was used
to fill the horizontal part of a glass “U” tube, and the system was left sealed with rubber
septa for approximately 10 minutes to reach room temperature. Once the gel is formed in
the glass tube, the right and left vertical chambers were filled with 1ml 0.07 mM aqueous
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solution of NaBPDC and Zn(NQs), respectively, and the system was left to equilibrate by
counter-diffusion. After one week, the described phases were formed and clearly
recognisable.

1ml Na,BPDC 0.07mM Iml Zn(NO;), 0.07mM
aqueous solution aqueous solution

Agarose gel 0.5%

;

- = Rubber septum

Figure A.1.1. Graphical simplification of the ZnBPDC1 and ZnBPDC2 synthetic procedure reported in
paragraph A.1.3.

A.l4 - Transmetalation of IRMOF-9 into Co-IRMOF-9

Crystals of IRMOF-9 were washed three times with fresh DMF and left in the pure solvent
for 24 hours in a closed vial. Afterwards, the crystals were taken and covered with 3 ml of
a 0.2 M DMF solution of anhydrous CoCl. The vial was closed and left for 30 days at room
temperature; the soaking solution was changed every 7 days to push the transformation
towards completeness. Then, crystals were taken out from the solution, washed three times
with fresh DMF and left in 3 ml of pure solvent for 24 hours to remove residual CoCl, traces
present in the pores.

A.15 - Transmetalation of Co-IRMOF-9 into IRMOF-9

Crystals of Co-IRMOF-9 were covered with 3 ml of a 0.2M DMF solution of ZnCly, in a closed
vial. The system is kept for 30 days at 305K; the soaking solution was changed every 7 days
to push the transformation towards completeness. Then, crystals were taken out, washed
three times with fresh DMF and left in 3 ml of pure solvent for 24 hours to remove residual
ZnCl, traces present in the pores.
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A.1.6 - Synthesis of CoBPDC1

100 mg of biphenyl-4,4'-diacrboxylate (0.41 mmol) were dissolved in 12 ml of N,N-
dimethylformamide in a 15 ml glass tube placed at 383K in an oil bath. Therefore, 98 mg of
Co(NO3)2:6H,0 (0.37 mmol) were added to the solution. The tube was therefore sealed,
shaken and left at 383K for 48 hours. The solution-gas interphase was kept slightly below
the ail level, to limit the temperature inhomogeneities along the solution. After 24 hours,
CoBPDC1 phase is present as prismatic violet crystals. The phase retains its appearance and
crystallinity at room temperature only if taken from the synthesis solution and kept out of
DMF contact. Otherwise, it readily decomposes in pink platelets (CoBPDC2, section 2.4,
Chapter II) as soon as the temperature reaches 328K.

A.1.7 - Synthesis of TiIO@IRMOF-9

Crystals of IRMOF-9 were quickly washed with an excess of isopropanol to remove the DMF
from their surface. Afterwards, they were transferred in a vial containing 3 ml of pure
titanium isopropoxide, and the system is closed and left at 298K for 30 days. A soaking time
of 15 days was also tested: no distinguishable differences were recognised between samples
soaked for 15 or 30 days. For the SCXRD analyses, the crystals were quickly washed with
isopropanol to remove the titanium isopropoxide from their external surface, transferred in
perfluoropolyether oil and rapidly placed at 100K on the diffractometer.

A.1.8 - Synthesis of [(MB)CuCl,] powder

142 mg of Methylene blue chloride pentahydrate (0.44 mmol) were put in an agate mortar,
together with 44 mg CuCl (0.44 mmol). The solid powders were subsequently mixed and
ground with an agate pestle for approximately 30 minutes. The mixture is yellowish green,
with a metal-like shininess. After approximatively 2 hours the powder colour turned red,
retaining the metallic appearance. XRPD analysis was performed. The resulting pattern
(XRPDS5, Section A.7) shows no signal of the starting reagent phases, but signals attributable
to a new crystalline phase.

A.1.8.1 - Synthesis of [(MB)CuCl,] single crystals

Recrystallization trials of [(MB)CuCl;] have been set up using several solvents
(dichlorometane, isopropanol, water, acetone, acetonitrile, nitromethane, N,N-
dimethylformamide). In each case an excess of powder was put in a 15ml glass vial.
Furthermore, 10 ml of solvent were added. The solution was put in an ultrasound bath for
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10 min, in order to facilitate the solubilisation of the solid until the equilibrium has been
reached. Afterwards, the supernatant was separated by centrifugation, and left open to
crystallize by slow evaporation of the solvent. The recrystallization from N,N-
dimethylformamide afforded suitable crystals for SCXRD (Figure A.4.8, section A4). The
XRPD pattern calculated from the determined structure matches the one measured on
[(MB)CuCl,] powder. The differences in the positions of the peaks are due to the different
temperature (100K instead of 298K) at which the SCXRD analysis has been carried out with
respect to the XRPD of the [(MB)CuCl:] powder.

A.19 - Synthesis of [(MB)AgCl.] powder

558 mg of methylene blue chloride pentahydrate (1.74 mmol) were put in an agate mortar,
together with 250 mg AgCl (1.74 mmol). The solid powders were subsequently mixed and
ground with an agate pestle for approximately 30 minutes. The resulting mixture is dark
green. XRPD analysis was performed. The resulting pattern shows no signal of a new solid
phase, but only the starting reagent characteristic peaks. 5 droplets of acetone were added
to the ground powder to trigger the reaction, and the mixture has been ground for 10
minutes. This treatment has been repeated for three times. After the complete solvent
assisted grinding treatment (30") the powder exhibits a dark red colour. XRPD analysis were
performed on the powder, and the resulting pattern (XRPD6, Section A.7) shows no signal
of the starting reagent phases, but signals attributable to a new crystalline phase (XRPD4,
Section A.7: methylene blue pattern).

A.19.1 - Synthesis of [(MB)AgCl,] single crystals

Recrystallization trials of [(MB)AgCl] have been set up using several solvents
(dichlorometane, isopropanol, water, acetone, acetonitrile, nitromethane, N,N-
dimethylformamide). In each case an excess of powder was put in a 15ml glass vial.
Furthermore, 10 ml of solvent were added. The solution was put in an ultrasound bath for
10 min, in order to facilitate the solubilisation of the solid until the equilibrium is reached.
Afterwards, the supernatant was separated by centrifugation, and left open to crystallize by
slow evaporation of the solvent. The recrystallization from acetonitrile afforded suitable
crystals for SCXRD (Figure A.4.8, section A.4). The XRPD pattern calculated from the
determined structure matches the one measured on [(MB)AgClz] product. The differences
in the positions of the peaks are due to the different temperature (100K instead of 298K) at
which the single crystal XRD analysis was carried out with respect to the XRPD.
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A.2 - Instrumental details

A.2.1. - SCXRD data collections (laboratory sources)

XRD data of phases IRMOF-9, ZnBPDC1, ZnBPDC2, CoBPDC1 and CoBPDC2 were acquired
using a Bruker D8 Venture diffractometer, equipped with a Kryoflex Il low termperature
device, a CMOS Photon 100 detector, and a Mo High brilliance microsource (Incoatec)
working at 50KV and 1Ma. The data have been processed using the APEX3 software™?, and
corrected for adsorption using SADABS™3. Measured crystals were prepared under inert
conditions immersed in perfluoropolyether as protecting oil for manipulation. Suitable
crystals were mounted on MiTeGen Micromounts™ and used for data collection.

A.2.2 - SCXRD data collections (synchrotron sources)

Synchrotron XRD data of phases IRMOF-9LT, Co-IRMOF-9, IRMOF-9 (iPrOH), IRMOF-9
(DCM) and TiOx@IRMOF-9 have been measured at the XRD1 Beamline of the ELETTRA
Synchrotron facility® using a 0.7A monochromatic radiation and a Dectris Pilatus 2M
detector (CMOS hybrid-pixel technology) operating in single-photon-counting mode. All
the data collections were performed at 100K if not otherwise specified (Co-IRMOF-9, 258K).
The collected data have been processed using the CrysAlisPro software®”.

A.2.3- XRPD data collections (laboratory sources)

Powder X-ray diffraction data have been collected on a Thermo ARL X'TRA X-Ray
diffractometer with Si-Li detector, using Cu-Ky radiation at 40kV and 40mA and working in
a Bragg-Brentano geometry. All measurements were performed at room temperature.

A.2.4 - XRPD data collections (synchrotron sources)

Powder XRD data on IRMOF-9 and Co-IRMOF-9 showed in Chapter Il were collected at the
XRD1beamline at the ELETTRA Synchrotron facility (XRD1 beamline™*, see paragraph A.2.2).
Diffraction data were collected using a monochromatic 0.7 A wavelength at 298K. For this
purpose, a glass capillary (0.5mm diameter) was filled with pure N,N-dimethylformamide
and crystals of IRMOF-9 or Co-IRMOF-9 were introduced and left to settle. Afterwards, the
capillary was mounted on the goniometer, centred in the X-ray beam pathway and
diffraction data has been collected while rotating the capillary. The final powder pattern
was reconstructed from the acquired diffraction rings by using the XDS software. Powder
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XRD data on TiOxM1 were collected at the MS-Powder beamline at the Swiss Light Source
facility™> (Paul Scherrer Institute). Diffraction data were collected by a Mythen Il detector
using a monochromatic 0.5636 A wavelength at 298K and a Debye-Scherrer geometry. The
sample was prepared in a 0.3mm glass capillary.

A25 - DSC analyses

DSC analyses on IRMOF-9, Co-IRMOF-9 and CoBPDC1 were performed on a PerkinElmer
DSC6000 with Intracooler 6P cooling device and N2 purging gas. Crystals were analysed in
a DMF droplet to avoid their decomposition due to their instability to moisture. For this
reason, no quantitative information is pursued regarding the transformations. The samples
were placed in a 50 plL aluminium pan and a temperature ramp was applied from in the
range of interest, with a cooling/heating rate of 5°C/min. A control experiment on pure
DMF showed no remarkable signals.

A2.6 - ICP-OES analyses

ICP-OES analyses were performed with a ULTIMA 2 instrument HORIBA (Jobin Yvon,
Longjumeau, France) in radial configuration, with a JY 2501 monochromator calibrated
against carbon lines. The optical path was continuously purged with nitrogen (2 I/min).
Calibration was performed with standard solutions 10% of HNOs on six different metal
concentration levels, ranging from 0.05 mgL" to 10 mgL™. No significant spectral
interferences were detected. Data acquisition and processing were performed using the
ICP JY v 5.4.2 software (Jobin Yvon). Each solid is dried under vacuum at r.t. A certain
amount of it is therefore digested in 10 mL of HNOs 65% overnight. After digestion, the
ligand remains insoluble, appearing as a white precipitate. The metal containing solution is
therefore separated with a centrifuge, and then 0.77 mL of the solution is diluted with
deionized water to obtain 25 mL of a 3ppm metal solution in 2% HNOs.

A27 - SEM analyses

SEM Analyses were performed on an Environmental Scanning Microscope Quanta™ 250
FEG (FEI, Hillsboro, OR) equipped with an energy dispersion detector (EDS) QUANTAX
XFlash® 6|30 for X-ray microanalysis (Bruker Nano GmbH, Berlin, Germany). Analyses were
performed in low vacuum mode at a working pressure of 70 Pa. Morphologic analyses were
obtained detecting the signal of secondary electrons using a Large Field Detector (LFD) and
5 kV tension. For the X-ray microanalyses the working tension was set at 20 kV.
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A3 - Additional crystallographic information

All structure solutions were performed by using SHELXT program™® integrated in the OLEX2
software®®, using the intrinsic phasing method for the solution of the phase problem. For
the structure refinements, the SHELXL®’ program was used with least square method.

A3.1 - Crystallographic reports

IRMOF-9OLT
Empirical formula CagH3sN20157n4
Formula weight 1144.28
Temperature/K 100.0
Crystal system monoclinic
Space group P2:/n
a/A 17.1224(9)
b/A 21.412(2)
c/A 26.6098(17)
B/° 95.149(4)
Volume/A3 9716.6(13)
Z 4
Pealcg/cm? 0.782
u/mm:’ 1.009
F(000) 2320.0
Radiation Synchrotron (A = 0.700)
20 range for data collection/® 3.006 to 51.888
Index ranges 21<h<21,-26 <k<26,-33<1<33
Reflections collected 56856
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Independent reflections 56856 [Rint = 0.0783, Rsigma = 0.0644]
Data/restraints/parameters 56856/149/485

Goodness-of-fit on F? 1.722

Final R indexes [I>=20 (1)] Ri1=0.1773, wR, = 0.4604

Final R indexes [all data] Ry = 0.2454, wR, = 0.5025

Largest diff. peak/hole / e A~ 2.60/-1.85

The analysed specimen is twinned (four main domains, two major ones). The percentages
of the total harvested reflections belonging to each domain are:

Domain 1: 45.0%

Domain 2: 44.4%

Domain 3: 27.0%

Domain 4: 28.1%

These domains are related by the following operations:

Rot(UB1, UB2) = -179.9515° about (0.99 0.00 -0.14) in reciprocal space, (1.00 0.00 0.00) in
direct space;
Rot(UB1, UB3) = 4.9793° about (-0.09 1.00 -0.01) in reciprocal space, (-0.14 0.99 -0.01) in
direct space;
Rot(UB1, UB4) = 179.9675° about (-0.03 0.00 1.00) in reciprocal space, (0.07 0.01 1.00) in
direct space;
Rot(UB2, UB3) = 179.3945° about (1.00 0.00 -0.07) in reciprocal space, (1.00 0.00 0.03) in
direct space;
Rot(UB2, UB4) = -174.6829° about (0.00 1.00 -0.01) in reciprocal space, (0.00 1.00 0.00) in
direct space;
Rot(UB3, UB4) = -179.9898° about (-0.05 0.00 1.00) in reciprocal space, (0.00 0.00 1.00) in
direct space;

The best refinement was obtained after the integration of the reflections belonging to the
two major domains (1 and 2).

109



Appendix

IRMOF-9 (298K)

Empirical formula CH175No 250675212
Formula weight 517.32

Temperature/K 298.0

Crystal system orthorhombic

Space group Pnnm

a/A 17.134(3)

b/A 22.456(5)

c/A 25.957(5)

Volume/A3 9988(3)

z 8

Pealcg/cm? 0.688

u/mm:’ 0.977

F(000) 2080.0

Radiation MoKa (A = 0.71073)

20 range for data collection/® 4334 10 43.932

Index ranges 18 <h<17,-23<k<23,-27<1<27
Reflections collected 56261

Independent reflections 6267 [Rint = 0.0996, Rsigma = 0.0534]
Data/restraints/parameters 6267/75/300
Goodness-of-fit on F? 1.019

Final R indexes [I>=20 (I)] Ri=0.0618, wR, = 0.1766
Final R indexes [all data] Ri = 0.0843, wR» = 0.2012
Largest diff. peak/hole / e A7 0.94/-0.66

Solvent mask volume: 6664.1A3. Electron count: 117.9
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Empirical formula
Formula weight
Temperature/K
Crystal system
Space group
a/A

b/A

c/A

B/°

Volume/A3

Z

Pcalcg/cm?
u/mm:’

F(000)

Radiation

20 range for data collection/®

Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [I>=20 (1)]
Final R indexes [all data]
Largest diff. peak/hole / e A~

IRMOF-9 (iPrOH)

Cs4Hs6017ZNn4
1238.46

100
monoclinic
P2i/n
22.0643(4)
17.1852(2
26.1140(3
90.7490(10)

9901.0(2)

4

0.831

0.994

25440

Synchrotron (A = 0.700)

2.958 to 60

31<h<31,-24<k<24, -37<1<37
127262

24617 [Rint = 0.1641, Rsigma = 0.0857]
24617/3/584

1.020

R = 0.1098, wR, = 0.2932

Ri = 0.1176, wR, = 0.3033

1.76/-1.60

= =

Solvent mask volume: 5253.1 A3. Electron count: 592.6

The analysed specimen is twinned (two domains). The two phases are related by a Rot(UBT,
UB2) = -179.9972° around the (0.00, 0.00, 1.00) vector in the reciprocal space, (0.00, -0.01,
1.00) in the direct space. The best refinement was obtained by integrating only one of the

two domains.
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Empirical formula
Formula weight
Temperature/K

Crystal system

ZnBPDC2

CiuH107Zn0 55
315.36
100.0

orthorhombic

Space group Ima2

a/A 6.5350(6)

b/A 30.295(3)

c/A 7.1459(9)

Volume/A3 1414.7(3)

Z 4

Pealcg/cm’ 1.481

u/mm:’ 0.996

F(000) 625.0

Radiation MoKa (A = 0.71073)

20 range for data collection/® 5.378 to 52.858

Index ranges -7<h<8 -37<k=<37,-8<1<8
Reflections collected 14046

Independent reflections 1574 [Rint = 0.0547, Rsigma = 0.0289]
Data/restraints/parameters 1574/1/122

Goodness-of-fit on F? 1195

Final R indexes [I>=20 (I)] Ri = 0.0494, wR, = 0.1242

Final R indexes [all data] Ry = 0.0637, wRz = 0.1353

Largest diff. peak/hole / e A~ 0.42/-0.44

Flack parameter 0.003(6)

The phase is affected by merohedral twinning (Law: (-1.0, 0.0, 0.0; 0.0, 1.0, 0.0; 0.0, 0.0, -
1.0); BASF: 0.53(5).), and by occupational disorder involving the Zn atom, whose
occupancy is 0.55. Protonated BPDC are likely present. The additional protons were not
included in the model.
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Empirical formula
Formula weight
Temperature/K
Crystal system
Space group
a/A

b/A

c/A

Volume/A3

Z

Pcalcg/cm?
u/mm:’

F(000)

Radiation

20 range for data collection/®

Index ranges

Co-IRMOF-9

Ca1H2C0206 5

485.50

258

orthorhombic

Pnnm

17.1291(4)

21.8862(5)

26.2493(7)

9840.6(4)

8

0.655

0.664

1947.0

Synchrotron (A = 0.700)
2.974 to 45.766

19<h <19 -24<k<24,-29<1<29

Reflections collected 86881

Independent reflections 7232 [Rint = 0.1168, Rsigma = 0.0527]
Data/restraints/parameters 7232/15/269

Goodness-of-fit on F? 2.077

Ri = 0.1637, wR, = 0.4529
Final R indexes [all data] Ry =0.1784, wR, = 0.4741
Largest diff. peak/hole / e A7 1.75/-114

Final R indexes [I>=20 (1)]
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CoBPDC1
Empirical formula CasHioCo1sNO7
Formula weight 521.80
Temperature/K 353.0
Crystal system monoclinic
Space group P2:/n
a/A 11.0222(14)
b/A 15.1754(19)
c/A 19.331(3)
B/° 100.256(4)
Volume/A3 3181.7(7)
Z 4
Pealcg/cm? 1.089
u/mm’’ 0.823
F(000) 1066.0
Radiation MoKa (A = 0.71073)
20 range for data collection/® 4.616 to 49.422
Index ranges -2<h<12, 17 <k <17,-22<1<22
Reflections collected 39837
Independent reflections 5397 [Rint = 0.0574, Rsigma = 0.0306]
Data/restraints/parameters 5397/0/302
Goodness-of-fit on F? 1.033
Final R indexes [I>=20 (I)] Ri = 0.0395, wR» = 0.0892
Final R indexes [all data] R; = 0.0508, wR, = 0.0937
Largest diff. peak/hole / e A 0.40/-0.34

Solvent mask volume: 1234.8A3. Electron count; 211.3
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CoBPDC2
Empirical formula Ce3H73C03N7O1g
Formula weight 1409.07
Temperature/K 100.0
Crystal system maonoclinic
Space group Pn
a/A 13.1391(7)
b/A 13.3582(6)
c/A 19.7524(10)
B/ 106.272(2)
Volume/A3 3328.0(3)
z 2
Pealcg/cm? 1.406
u/mm’’ 0.815
F(000) 1466.0
Radiation MoKa (A = 0.71073)
20 range for data collection/® 4296 to 52.74
Index ranges -16<h<16 -16 <k <16, -24 < <24
Reflections collected 135826

Independent reflections 13622 [Rint = 0.0585, Rsigma = 0.0283]
Data/restraints/parameters 13622/2/844

Goodness-of-fit on F? 1.025

Ri = 0.0268, wRz = 0.0601

Final R indexes [all data] Ry = 0.0342, wR, = 0.0635

Largest diff. peak/hole / e A 0.34/-0.37

Flack parameter 0.007(3)

Final R indexes [I>=20 (1)]

The phase is affected by merohedral twinning; twinning law: (-1.0, 0.0, 0.0, 0.0, -1.0, 0.0,
0.0, 0.0, -1.0); BASF: 0.344(11).
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Empirical formula
Formula weight
Temperature/K

Crystal system

TiO@IRMOF-9 (Sample 1)

CoiH12065Zn2
4991
100

orthorhombic

Space group Pnnm

a/A 17.1172(3)

b/A 23.3182(5)

c/A 25.0552(5)

Volume/A3 10000.6(3)

Z 8

Pealcg/cm? 0.660

L/mm-’ 0.922

F(000) 1992.0

Radiation Synchrotron (A = 0.700)

20 range for data collection/® 3.202 to 55.634

Index ranges -22<h<22,-30<k<30,-33<1<33
Reflections collected 147465

Independent reflections 12683 [Rint = 0110, Rsigma = 0.0365]
Data/restraints/parameters 12683/9/303

Goodness-of-fit on F? 1.279

Final R indexes [I>=20 (1)] Ri= 01171, wR> = 0.3524
Rw = 0.1427, WRZ =0.3730

Largest diff. peak/hole / e A~ 1.20/-0.97

Final R indexes [all data]

Solvent mask volume: 6765.0A3. Electron count: 1329.3.
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Empirical formula
Formula weight
Temperature/K

Crystal system

TiO@IRMOF-9 (Sample 2)

CoiH120g2TiosZN2
55499
100

orthorhombic

Space group Pnnm

a/A 17.1424(2)
b/A 23.0158(4)
c/A 25.3071(4)
Volume/A3 9984.8(3)

z 8

Pealcg/cm? 0.738
u/mm:’ 1.032

F(000) 2214.0
Radiation Synchrotron (A = 0.700)
20 range for data collection/® 3.17 to 48.63

Index ranges
Reflections collected

Independent reflections

-18<h <18, -27<k<27,-29<1<29
106487
8459 [R'\nt = 00942, Rs\'gma = 00348]

Data/restraints/parameters 8459/2/309

Goodness-of-fit on F?

Final R indexes [I>=20 ()]

Final R indexes [all data]

1.265
Ri1 = 0.0911, wRz = 0.3035
R = 0.1050, wR2 = 0.3200

Largest diff. peak/hole / e A~ 0.83/-0.74

Solvent mask volume: 5885.5A3. Electron count: 199.5.
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Empirical formula
Formula weight
Temperature/K

Crystal system

TiO@IRMOF-9 (Sample 3)

CoiH12065Zn2
4991
100

orthorhombic

Space group Pnnm

a/A 17.1127(2)

b/A 22.3852(5)

c/A 25.8191(4)

Volume/A3 9890.6(3)

z 8

Pealcg/cm’ 0.668

u/mm:’ 0.984

F(000) 1992.0

Radiation Synchrotron (A = 0.700)
20 range for data collection/® 3.108 to 54.068

Index ranges -20<h <20, -29<k<29 -33<1<33
Reflections collected 132531

Independent reflections 11013 [Rint = 0.0485, Rsigma = 0.0163]
Data/restraints/parameters 1013/465/317

Goodness-of-fit on F? 1.063

R = 0.0860, wR; = 0.2644

Final R indexes [all data] Ry = 0.1029, wR2 = 0.2960

Largest diff. peak/hole / e A7 0.99/-0.69

Final R indexes [I>=20 ()]

Solvent mask volume: 6070.5A3. Electron count: 832.3.
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TiO@IRMOF-9 (Sample 4)

Empirical formula CatH120652n2

Formula weight 4991

Temperature/K 100

Crystal system orthorhombic

Space group Pnnm

a/A 17.1249(2)

b/A 22.2575(4)

c/A 25.9268(4)

Volume/A3 9882.2(3)

z 8

Pealcg/cm? 0.664

b/mm-’ 0.939

F(000) 1979.0

Radiation Synchrotron (A = 0.700)
20 range for data collection/® 3.094 to 59.998

Index ranges 24 <h<24,-31<k<31,-37<1<37
Reflections collected 179678

Independent reflections 15395 [Rint = 0.0600, Rsigma = 0.0244]
Data/restraints/parameters 15395/97/328
Goodness-of-fit on F? 1.097

Final R indexes [I>=20 (1)] Ry = 0.0825, wR, = 0.2919
Final R indexes [all data] R: = 0.1000, wR> = 0.3149
Largest diff. peak/hole / e A~ 0.89/-1.07

Solvent mask volume: 6169.2A3. Electron count; 966.7.
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Empirical formula
Formula weight
Temperature/K
Crystal system
Space group
a/A

b/A

c/A

Volume/A3

Z

Pcalcg/cm?
u/mm:’

F(000)

Crystal size/mm?

Radiation

TiO@IRMOF-9 (Sample 5)

CatH120652n;
4991

100
orthorhombic
Pnnm
17.1229(2)
21.8088(5)
26.2024(4)
9784.8(3)

8

0.675

0.944

1993.0
0.5%x0.5x0.35
Synchrotron (A = 0.700)

20 range for data collection/® 3.348 t0 59.994

Index ranges
Reflections collected

Independent reflections

23 <h<23 -30<k<30 -37<1<37
167612
14954 [R\'nt = 00616, Rs\'gma = 00229]

Data/restraints/parameters 14954/20/337

Goodness-of-fit on F?

Final R indexes [I>=20 (1)]

Final R indexes [all data]

1.347
Ri1=0.0935, wR2 = 0.3338
R1 = 0.1071, wR2 = 0.3515

Largest diff. peak/hole / e A~ 1.21/-0.75

Solvent mask volume: 5993.6A3. Electron count: 1113.2.
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TiO@IRMOF-9 (Sample 6)

Empirical formula CatH120652n2

Formula weight 4991

Temperature/K 100

Crystal system orthorhombic

Space group Pnnm

a/A 17.1689(3)

b/A 20.4106(14)

c/A 27.1330(10)

Volume/A3 9508.2(8)

z 8

Pealcg/cm’ 0.658

u/mm:’ 0.983

F(000) 1883.0

Radiation Synchrotron (A = 0.700)
20 range for data collection/® 3.392 to 45.768

Index ranges -19<h<19 -22 <k <22 -30<1<30
Reflections collected 85477

Independent reflections 70071 [Rine = 0.1942, Rsigma = 0.0677]
Data/restraints/parameters 7001/12/336
Goodness-of-fit on F? 1.595

Final R indexes [I>=20 (I)] Ri = 0.1183, wR> = 0.3805
Final R indexes [all data] Ry = 0.1290, wR» = 0.4027
Largest diff. peak/hole / e A~ 1.45/-0.57

Solvent mask volume: 6164.4A3. Electron count: 642.5.
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Empirical formula
Formula weight
Temperature/K
Crystal system
Space group
a/A

b/A

c/A

o/°

B/°

v/

Volume/A3

Z

Dcalcg/cm?
p/mm’!

F(000)
Radiation

20 range for data collection/®

Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [I>=20 ()]
Final R indexes [all data]
Largest diff. peak/hole / e A~

MBCu

CisH1gClCuN3S
418.83

100.0

triclinic

P-1

7.7053(3)
9.9702(7)
11.2564(8)
86.236(6)
71.670(6)
80.892(5)
810.4109)

2

1.716

1.750

428.0
Synchrotron (A = 0.700)
3.754 to 59.986

-10<h<10,-13<k<14,0<1<16

15861

4726 [Rint = 0.0486, Rsigma = 0.0378]

4726/0/212
1.099

R1 = 0.0296, wR> = 0.0818
Ri = 0.0312, wR> = 0.0827

0.56/-0.74
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MBAg
Empirical formula CisHsAgCIaNSS

Formula weight 463.16

Temperature/K 100

Crystal system triclinic

Space group P-1

a/A 7.4140(3)

b/A 10.4698(7)

c/A 11.3141(6)

o/° 85.905(5)

B/° 74.720(5)

v/° 78.665(5)

Volume/A3 830.48(8)

z 2

Dcalcg/cm? 1.852

b/mm- 1.601

F(000) 464.0

Radiation Synchrotron (A = 0.700)

20 range for data collection/® 3.676 to 55.632

Index ranges 9<h<9 -13<k<13-15<1<15
Reflections collected 1779

Independent reflections 3460 [Rine = 0.0579, Rsigma = 0.0476]
Data/restraints/parameters 3460/0/212

Goodness-of-fit on F? 1.061

Final R indexes [I>=20 (I)] Ri = 0.0662, wR, = 0.1876

Final R indexes [all data] Ry = 0.0742, wR, = 0.1927

Largest diff. peak/hole / e A 1.53/-1.26

The analysed specimen is twinned (two domains). The two phases are related by a Rot(UBT,
UB2) = -179.9876° around the (0.00, 0.71, 0.71) vector in the reciprocal space, (-0.43, 0.68,
0.60) in the direct space. The best refinement was obtained by integrating only one of the
two domains.
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A.3.2- IRMOF-9 voids calculations

For the calculations of solid phases voids volume and the computation of internal surface
areas, the function “Display voids” of the Mercury software®® has been used. A probe radius
of 1.2A and a grid of 0.2A have been selected; the calculations were performed using the
“contact surface” method.

In case of disordered structures, only the most ordered fraction of the phase has been

considered and the additional atomic positions removed.

Figure A.3.2. Details on the IRMOF-9 void dimensions calculations performed using the Mercury
software®®. On the left, the considered layer of the unit cell is displayed perpendicular and along the
channel axis (above and below respectively). On the right, a magnification shows the cavity considered
dimensions. Atom-Atom measurements were carried out, and the Van der Waals radii of the atoms at
issue have been therefore subtracted.
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A4 - Optical microscopy images

In the following pictures, different region in the “U" tube gel crystallisaiton experiment
(paragraph A.1.3, Appendix) are shown. In the upper part, the sections of the tube; a red
circle marks the region where the image has been captured.

Figure A.4.2. Irregular crystals of ZnBPDCT.
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Figure A.4.4. Rectangular crystals of ZnBPDC2 grown on aggregates of ZnBPDCT crystals.
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Figure A.4.6. Aggregate of ZnBPDCT crystals.
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Figure A.4.7. Crystals of IRMOF-9 after soaking in Ti(iPrO)4, showing no remarkable difference with
respect to untreated IRMOF-9 crystals. The colours are due to the polarisation of the light.
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A5 - SEM additional data

SEM1. ESEM micrograph of the cut crystal used to perform elemental composition analyses (IRMOF-9
after 7 days of soaking in a 0.2M CoCl> DMF solution at 305K). The points where the microanalyses
were performed are reported in white (1 and 2).

100 -
80 -
60 A
40 -
20 -
0 4

Normalised counts

40

D4 0]
Point numaber

EDX1. Plot of the linear atomic emission scan performed along the longer dimension of the crystal
shown in SEMT. The signals of Zn and Co are marked with a green and a red colour respectively.
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EDX2. Atomic emission spectrum for point 1, shown in SEMT.
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EDX3. Atomic emission spectrum for point 2, shown in SEMI.

Point 1 Point 2

Zn atomic % 04 84.6
Co atomic % 99.6 15.4
Zn at. %/Co at. % 0.004 5.0

EDX Table 1. Values of Zn to Co ratio (between atomic %) in points shown in Figure SEMI, other
identified elements in the spectra were used for only deconvolution in standard-less PB-ZAF
quantification.
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SEM2. ESEM micrograph of a selected region of the sample shown in SEMT, highlighting the different
morphologies of Co-IRMOF-9 (upper part) and not completely transmetalated IRMOF-9 (lower part).

SEM3. ESEM micrograph of a selected region of the sample shown in SEM1, highlighting the um-sized
holes present in the inner section of the crystal.
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SEMA4. ESEM micrograph of a selected region of the sample shown in SEM1, highlighting the um-sized
holes present in the inner section of the crystal.

SEM5. ESEM image of the external surface of an IRMOF-9 crystal.
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Heat Flow Endo Up (mW)

Heat Flow Endo Up (mW)

A6 - DSC profiles
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Heat Flow Endo Up (mW)

Heat Flow Endo Up (mW)
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DSC3. Thermal profile of CoBPDCT and CoBPDC2.
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DSC4. Thermal profile of IRMOF-9 after soaking in isopropanol.
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A.7 - XRPD patterns

b

ZnBPDC1

IRMOF-9
J exposed to

Intensity (c.p.s.)

moisture

r— 1 T T T T T T T T T T 1
4 6 8 10 12 14 16 18 20 22 24 26 28 30

26 (°)

XRPD1. Stacked XRD patterns of IRMOF-9 (measured) after the degradation due to moisture (black),
and the two Zn-BPDC phases synthesized in water (green and orange, patterns are calculated from
SCXRD data using the Mercury software®®). ZnBPDCT structure is taken from the published data (data
collection at 296K); ZnBPDC2 structure has been determined at 100K.

] ¢ =002
@ =[03]1]
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w
o
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>
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T T T - T T 1
1 2 3 4 5 6 7

26 ()

XRPD?2. Stacked simulated patterns of the six TIO,@IRMOF-9 analysed samples. The shift of three
distinctive reflections highlighted in XRPDZ is clearly recognisable.
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XRPD3. Measured XRPD pattern of TiOMT and simulated pattern of IRMOF-9 at 298K (black and grey-
blue line respectively). Strong differences in the peak width at half maximum between different

reflections can be recognised in the measured pattern. For IRMOF-9, three reflections have been
highlighted, which are likely to shift dramatically with the strong cell variations seen dfter the treatment

(affecting mainly the b and c crystallographic axis of the unit cell). The simultaneous presence of

different unit cells among different crystal domains of the bulk, as seen in the case of TIOx@IRMOF-9

(paragraph 3.3.1, chapter Ill), could lead to the broadening of only certain class of reflections, while

keeping sharp the other ones.
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XRPD4. Methylene blue chloride pentahydrate XRD pattern
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XRPD5. XRD pattern of [(MB)CuCly] after the mechanochemical synthesis.
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XRPDG6. XRD pattern of [(MB)AgCLy] after the mechanochemical synthesis.
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A8 - ICP-OES additional data
Soaking time Zn concentration Co concentration
(days) (mg/1) (mg/1)
1 136 + 0.03 091 + 0.01
2 0917 + 0.002 1318 + 0.003
3 0.79 + 0.02 148 + 0.02
4 0.47 £ 0.01 177 + 0.01
7 0.08 + 0.003 2.03 + 001
10 0 229 + 0.02
14 0 2.54 £ 0.03

Table A.8.1. Zn and Co concentration measured by ICP-OES analyses on sample of IRMOF-9 at
different soaking time (Soaking conditions: 0.2 M CoCl> solution at 305 K).

100

80 —

g
il
é 60 — — Co
= — Zn
O 40 —
e
% 20 —
=
0 T T T T T T 1
0 2 4 6 8 10 12 14

Soaking time (days)

Graph A.8.1. Zn and Co composition trend during the transmetalation process. The treatment has been

carried out at 305K to speed up the transformation. The plotted values are taken from Table ICP].
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A9 - Computational details

DFT calculations on the methylene blue complexes were initially carried out with the
Gaussian 09 package™® at B97D™" and B3LYP™?® level of theory. The experimental trigonal
planar coordination was observed only for Cu* ion with a geometry quite different
compared to the crystallographic one. The scarce capability of these DFT calculations to
reproduce the experimental structures is further corroborated in the Ag* species, since the
metal is linearly bound by two chlorides, as occurs for the Au* ion, while the MB* cation lies
unbound in close proximity forming an ionic pair. In the gold case, the usage of the
Douglas-Kroll-Hess calculations (DKH)™° to account for 2" order scalar relativistic effects
did not improve the situation with respect to standard DFT methods.

Optimised structures were tested to be minima based through the vibrational frequencies
calculations even though the chemical nature is invariably questionable. Some calculations
were based on the CPCM model@*0 for the CH.Cl, solvent, the same used in the
experiments. The effective Stuttgart/Dresden core potential (SDD)* was adopted for the
metals, while for all the other atomic species the basis set was 6-31G, with the addition of
the polarisation functions (d,p). Solid state calculations with CRYSTAL™® were performed
using the B97D and BLYP functionals. The POB triple-zeta valence with polarisation basis
set has been used for all the atomic species.

2.17A 3‘652\\‘ ? ;
o—\iu 3 b

P
Ag

u82° z 175.2°

A\\ €
360AY @
“ Au
173.8°

Figure A.10. Geometry optimisation results for [(MB)CuCly, [(MB)AgCL] and (MB)[AuCly] systems
performed with Gaussian09 software.
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A.10 - Software list

SCXRD data processing
e APEX3 version 2016.1-0"%?
e CrysAlisPro version 1.171.38.43>

Crystal structure solution and refinement from SCXRD
e Olex2 version 1.2 © OlexSys Ltd. 2004 — 201748

XRPD data processing and structure solution
e DASH Software version 3.3.6'%
e EXPO2014 version 1.16.09'

Crystal structure analysis and graphics
e Mercury CSD version 3.9

Structural literature research
e ConQuest version 1.19™4

XRPD and DSC patterns graphics
e OriginPro 8 SRO version 8.0724 (B724)

Monte Carlo simulations
e Zurich Oak Ridge Disorder Simulation'®®

Total scattering patterns graphics
e ParaView version 5.3.0'%

DFT calculations
e Gaussian 093
e CRYSTAL14%0
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