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1 Abstract 

The research presented in the following thesis focuses on the synthesis and 

characterisation of novel nanocrystalline reticular materials. Various organic 

and metal-organic, porous 2D and 3D crystalline compounds are reported and 

discussed, including Metal-Organic Frameworks (MOFs), comprising metal 

ions or clusters held together by organic linkers, and Supramolecular Organic 

Frameworks (SOFs), which derive from the self-assembly of organic tectons 

through non-covalent interactions. These materials have been obtained 

employing a variety of synthetic methods, ranging from solvothermal to 

mechanochemical synthesis. The crucial role of 3D electron diffraction  

(3D ED) analysis in the structural investigation of the reported compounds is 

demonstrated throughout each chapter. Diverse data collection protocols and 

instrumental setups dedicated to this emerging crystallographic technique are 

herein reported, as well as the use of a novel electron diffractometer.  

In particular, Chapter 4 gives a significative example of the 3D ED potential 

by introducing a novel approach for the structural investigation of 

mechanochemically-synthesized reticular materials. Chapter 5 elucidates the 

dynamic behaviour of SOFs based on the rigid organic tecton  

tetra-4-(4-pyridyl)phenylmethane (TPPM). Chapter 6 describes how TPPM 

and paddle-wheel complexes of Copper(II) can be combined to yield a series 

of highly interpenetrated MOFs that exhibit diamond-like networks. The 

functionalisation of these networks by the introduction of fluorinated 

secondary building units (SBUs) is also discussed, along with the effect this 

can have on the properties of the materials. Lastly, Chapter 7 discusses the 

synthesis and characterization of 2D and 3D bismuth-based reticular 

materials. This part of the work has been carried out at Stockholm University, 

under the supervision of Prof. Andrew Kentaro Inge.  
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2 3D Electron Diffraction 

In the last decade, the structural analysis of nanocrystalline materials has 

experienced a significant expansion. The development of protocols for 

acquiring 3D Electron Diffraction (3D ED) data combined with novel highly 

sensitive detectors are the primary reasons for the evolution of this scientific 

field. [1] This method of collecting data is based on the acquisition of single-

crystal diffraction patterns by rotating the goniometer axis like in a φ-scan of 

a single-crystal X-ray diffractometer. The data quality enables the atomic 

structure determination of materials that would normally fail in a  

single-crystal X-ray diffraction study, due to the reduced dimensions of their 

crystals. The 3D ED technique has been applied to a wide range of materials, 

including zeolites, [2] Metal-Organic Frameworks (MOFs), [3] supramolecular 

organic frameworks (SOF), [4] active pharmaceutical ingredients (APIs), [5,6] 

and proteins. [7] 

This chapter consists of a brief introduction to the 3D Electron Diffraction 

technique, in which its basic principles and methods will be explained and 

discussed. 
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2.1 Fundamental Concepts in Crystallography 

The determination of the atomic coordinates in a crystal is the focus of crystal 

structure analysis. Crystallographic techniques are based on the diffraction 

phenomena caused by the interaction between matter and a coherent wave 

characterized by a wavelength comparable to interatomic distances (X-rays, 

accelerated electrons, thermal or cold neutrons).  

2.1.1 Geometric Theory of Diffraction 

Crystalline solids are characterized by a long-range order which extends to 

the molecular scale. This implies the presence of translational symmetry that 

allows their description through a lattice function. This function can be 

described using a unit cell, which comprises the smallest set of vectors capable 

of describing the entire lattice. It results in a parallelogram with a defined size 

and composed by integer linear combinations of the three lattice vectors a, b 

and c (Figure 2.1). The resulting crystal lattice consists of a grid system in 

which every node R presents the same environment, and it is characterized 

by the following relation: 

 ��,�,� = ��  + �� +  �� (2.1) 

where u, v and w are integers. 

The length of the three vectors is reported as a, b and c, while the angles 

between them as α, β and γ (where α is opposing a, and so on).  

As a consequence, any position in the crystal can be described as follows: 

 r = �u  +  x� ⋅ �  +   �v  +  y� ⋅ �  +  �w  +  z� ⋅ � (2.2) 

where u, v and w are integers and x, y and z are fractional coordinates within 

the unit cell.  
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Figure 2.1: Unit cell representation with its related notation. 

In 1912, the discovery of the diffraction of X-rays from crystals by Max 

von Laue demonstrated the periodic nature of crystals. Later, father and son 

Bragg derived the most iconic equation in crystallography, Bragg’s Law, in 

which the diffraction from a crystal is treated as a reflection from lattice 

planes:  

 2� ⋅ � ! θ = !λ (2.3) 

where d corresponds to the interplanar distances, λ to the radiation 

wavelength and θ to the scattering angle. For X-ray and neutron λ ≈ 1 Å 

while λ ≈ 10-2 Å for the accelerated electrons inside a TEM. [8] 

Since then, X-ray diffraction analysis has allowed the crystal structure 

determination of several thousands of compounds, spanning from inorganic to 

organic single molecules and biological macromolecules. Meanwhile, electron 

diffraction and, subsequently, neutron diffraction techniques emerged as 

valuable methods in the structural investigation of crystalline solids. Although 

all the above-mentioned methods for structural analysis can be described with 

the same geometric diffraction theory developed for X-ray, they present 

peculiar features which defined their application fields. [9] 

Equation 2.3 is based on an interpretation of the diffraction phenomena 

in direct space, in which scattering elements are considered lying along specific 

planes. The Miller index notation is then used to describe the resulting 

crystallographic planes, using a sequence of three integers (hkl) to identify a 

family of planes. From this law it is clear the inversely proportional 
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relationship between sin(θ) and the interplanar spacing (d) in the crystal 

lattice. It follows that compressed diffraction patterns will be related to crystal 

structures with large unit cell parameters. 

 � !θ = !λ
2

1
� (2.4) 

A direct relation between sin(θ) and 1/d can be introduced, to facilitate 

the interpretation of diffraction patterns, leading to the construction of the 

reciprocal lattice. In analogy to the real space, also in the reciprocal space a 

unit cell is defined by three basis vectors a*, b* and c*. If we generalize the 

direct and reciprocal vectors as ai and a*i, the relationship between them 

results to be: 

 �% ⋅ �j* = δ)* (2.5) 

Equation 2.5 denotes that reciprocal space vectors are orthogonal to direct 

planes, so every a* can be identified by a set of direct lattice planes (Bragg 

planes). In analogy to the grid system described for a direct lattice, reciprocal 

lattice nodes R*hkl can be defined using the Miller indices. 

 Rhkl* = ℎ�∗ + 1�∗ + 2�∗ (2.6) 

Moreover, the Laue equation can be introduced to give a more rigorous 

explanation of the diffraction phenomena. Let us consider an incident wave 

vector k and a resulting scattered wave vector k’, that, since we are 

considering elastic scattering, are both characterized by the same length (1\λ). 

The diffraction conditions result fulfilled when the following Laue condition is 

satisfied: 

 � ⋅ �1 − 14� = � ⋅ � = � (2.7) 

where R is defined in Equation 2.1 and u is an integer number.  

  



2 - 3D Electron Diffraction 

6 

From the relationship between direct and reciprocal space, to obtain a 

diffraction event, the scattering vector should correspond to a reciprocal 

lattice vector. It follows that the positions of measured intensities are directly 

correlated to reciprocal space nodes and hence a 3D reciprocal space 

reconstruction can be derived from the collected diffraction patterns.  

An important geometric construct, particularly useful for the visualization of 

the diffraction conditions, is the Ewald sphere. Since we are considering only 

elastic scattering, each scattered electron can be represented by a k' vector of 

equal length (same energy, same wavelength), which will then sit on the 

surface of the defined sphere. The reflection occurs when, by rotating the 

reciprocal lattice around its origin, one of its nodes lies on the sphere surface. 

This also implies the correspondence between the scattering vector s and a 

reciprocal vector R*
hkl. 

 
Figure 2.2: Representation of the Ewald sphere on a 2D lattice. The radius of the 

sphere corresponds to the inverse of the incident beam wavelength (1/λ). The Bragg 

condition is satisfied once a reciprocal node intersects the surface of the sphere, leading 

to a scattered beam k’ at an angle 2θ to the incident beam k.  
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Figure 2.3: Comparison between the Ewald spheres of two common X-ray sources 

(Cu and Mo) with the one related to an electron beam (120 kV of acceleration). 

2.1.2 Diffraction Amplitude  

A crucial parameter for crystal structure solution from diffraction analysis is 

the amplitude of the collected signals. In a kinematical approach, from a 

geometrical point of view, X-ray, neutron and electrons appear identical, 

differing only in terms of wavelength (λ) and, consequently, scattering angle 

(θ). Contrary to X-rays, the wave-like nature of electrons and neutrons 

requires a quantum mechanical description. The main differences among these 

three methods arise from their different interaction with matter, resulting in 

the measurement of different physical quantities. Indeed, X-rays are scattered 

only by the atomic electron shells, being sensitive to the distribution of the 

crystal’s electron density. Electrons are scattered by the electrostatic potential 

generated by electron clouds and nuclei. Instead, neutrons scattering is related 

to the delta-function potential of nuclear forces (Figure 2.4). These differences 

in interaction strength also have consequences on the overall amplitude of the 

scattered beam. In general, the amplitude rate between X-rays, electrons and 

neutrons is 1:103:10-2, placing limits on the crystal size of the analysed 
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samples.[9] For brevity’s sake, further discussions will be focused on X-rays 

and electron diffraction only.  

 
Figure 2.4: Representation of electron density ρ(x), atomic electrostatic potential 

φ(x) and nuclear scattering function δ(x), in a 1D crystal lattice. [9] 

The periodical nature of crystalline solids allows the description of any 

physical quantity responsible for scattering (S(r)) through Fourier series, in 

which their components are called structure factors and can be calculated as 

a Fourier transform. 

 567�8�9 = : 7�8�;<=�−2πν8� �8
@

A@
 (2.8) 

Once the Fourier transform is explicitly calculated, the structure factor of 

a crystal can be described as follows: 

 B�ℎ12� = C D*�ℎ12�
E

*FG
⋅ ;<=H2π Iℎ<* + 1J* + 2K*LM (2.9) 

where (hkl) defines a position in the reciprocal lattice, (xyz) the real space 

position of atom j and fj(hkl) the atomic scattering factor of the jth atom. 

Thus, Equation 2.9 can be written in a more concise way: 

 B�N� = C D*�N�
E

*FG
⋅ ;<=H2π IN ⋅ OPLM (2.10) 

where s is a reciprocal space vector and rj is the position of jth atom.  
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In a diffraction experiment, the scattering quantity S(r) is either the electron 

density or the electrostatic potential, for X-ray and electrons, respectively. 

Both can be derived from the atoms contained in the unit cell, in terms of 

their types and positions: [10]  

 ρ�O� = C ρ*IO − OPL
E

*FG
 (2.11) 

 R�O� = C R*IO − O*L
E

*FG
 (2.12) 

where ρj(r-rj) and φj(r-rj) are the contribution by the jth atom to the electron 

density and the electrostatic potential, respectively, while N is the number of 

atoms in the unit cell.  

However, the above inversion formulas cannot be performed simply starting 

from the collected diffraction intensities. F(s) is a complex number and 

contains an amplitude and a phase: 

 B��� = |B���|;<=6 ϕ���9 (2.13) 

During a diffraction experiment the collected signals correspond to the 

structure factor squared modulus, while the phase information is missing.  

 U��� = |B���|V (2.14) 

This is known as the phase problem in crystallography and several different 

approaches have been developed to overcome it. The structural models 

reported in the present thesis have been directly solved from diffraction data 

using ab-initio methods. [11–13] 
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2.2 The 3D Electron Diffraction Technique 

In the past two decades, the Electron Diffraction (ED) technique has come 

back into the limelight thanks to various studies illustrating the employment 

of data acquired in a transmission electron microscope (TEM) to obtain the 

crystal structures of diverse nanocrystalline samples. [14–17]  

The old-fashioned ED data collection consists in acquiring diffraction 

patterns while orienting the crystal along well recognizable crystallographic 

axes (zone-axes). [10] This method of data collection is not compatible with 

classical crystallographic routines and has, for many years, restricted the ED 

to a time-consuming and specialised technique. The main limitations are the 

exiguous number of recorded reflections and the presence of strong dynamical 

effects (multiple scattering phenomena) enhanced by recoding the pattern  in 

zone-axis. [1] 

In 2007, Kolb and co-workers suggested an alternative approach of 

collecting ED data (3D ED). The method consists in acquiring ED patterns 

off-zone, by systematically tilting the sample around a non-crystallographic 

axis in fixed angular steps. Essentially, this procedure emulated the data 

acquisition process on a mono-axial diffractometer equipped with an area 

detector. [18–21] The 3D reconstruction of the reciprocal space could then be 

achieved by combining the collected patterns considering their angular 

relationship (Figure 2.5). Enhanced data acquisition procedures and more 

sensitive detectors allowed the development of dedicated protocols for 

characterizing the structure of nearly all types of crystalline samples. [2–6,22–

24] 
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Figure 2.5: Schematic representation of a 3D ED data collection. (a) Example of 

the reciprocal space sampling during a 3D ED experiment. (b) Schematisation of the 

workflow process for a 3D ED analysis. [18] 

On first approximation, the recorded intensities can be treated with the 

same routines as in single crystal X-ray diffraction (SC-XRD), due to the 

improved integration of the observed reflections and a significant reduction in 

dynamical effects. [11–13] Remarkably, the stronger interaction of electrons 

with matter allows detectable diffraction signals from crystals that are several 

orders of magnitude smaller than SC-XRD. In fact, crystals that are usually 

considered microcrystalline powders for X-ray diffraction analysis, can be 

analysed as single crystals in 3D ED. The typical crystal size for a sample 

suitable for electron diffraction analysis is around 10 to 10-4 µm (Figure 2.6). 

[1] Another method for analysing crystals in the same size range is powder X-

ray diffraction (PXRD), which, however, has other limitations, such as the 

loss of dimensionality with all the information compressed into one dimension 

only (Figure 2.6-d); the challenging phenomenon of peak overlapping, 

enhanced by peak broadening or by the presence of polyphasic mixtures. In 

cases like these, the 3D ED technique can provide single-crystal diffraction 

data, overcoming the problems associated with PXRD data. [1] 
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Figure 2.6: Size comparison between a single crystal suitable for SC-XRD analysis 

(a) and 3D ED (b). The latter can be characterized either with X-ray powder 

diffraction or as single crystal by 3D ED. (c) and (d) represent two generic diffraction 

patterns related to a single-crystal and to powder diffraction, respectively. 

A 3D ED analysis is typically conducted in transmission electron 

microscopes. Recently, dedicated instruments tailored for this purpose have 

been also developed and commercialized. [25,26] Inside these instruments, the 

generated parallel electron beam can be properly focused, through 

electromagnetic lenses, in order to record images or diffraction patterns 

(Figure 2.7). The crystal can be rotated throughout the goniometer axis 

during the 3D ED data collection. However, the angular range is limited by 

the presence of the objective lenses. Generally, the total tilt range results 

constrained around 120° (±60°), thus always leaving a portion of the reciprocal 

space unsampled (missing cone). This experimental limitation in the reciprocal 

space coverage can be mitigated by merging diffraction data from various 

crystals. [1]  
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Figure 2.7: Path-ray diagrams for a TEM operating with a parallel beam in 

Diffraction (left) of Imaging mode (right). 

Electron diffraction analysis can be conducted in a normal TEM operating 

with a selected area (selected area electron diffraction - SAED) or in 

nanodiffraction mode (NED). The latter is facilitated if the instrument 

supports the scanning transmission electron microscopy (STEM) mode 

(Figure 2.8). The SAED consists in acquiring diffraction data with a wide 

parallel electron beam and filtering out the diffracted intensities from other 

crystals through a selected area aperture located in the image plane (the 

smallest SAED aperture select area is around 100 nm). Instead, in 

nanodiffraction mode the instrument presents a parallel nanometric beam 

(typically larger than 50 nm). [18] The small-sized beam can be localized on 

a specific crystal region. In this experimental set up, since the illuminated area 

is very small, a different imaging method is required. The microscope, in most 

of the cases, works in STEM mode, in which the same beam used for 

diffraction is scanned on the area of interest and the electrons scattered at 

high angle are picked up by an auxiliary dedicated detector called high angle 

annular dark field detector (HAADF detector). This becomes useful for crystal 
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centring and also in specific data collections, in which diffraction patterns are 

collected tracking the position of the crystal image through the HAADF 

detector. [27,28]  

 
Figure 2.8: Schematic representation of SAED (a) and NED (b) analyses. 

A 3D ED experiment can be carried out in several different ways. The 

first and simplest one consists in the acquisition of diffraction patterns after 

stepwise tilting of the crystals in fixed angular steps (Figure 2.9). The stepwise 

data collection leads to reliable information on unit cell parameters. However, 

the collected intensity suffers of imprecise integration since the missing wedge 

between each pattern orientation is not sampled. The integration process was 

subsequently improved by introducing protocols with better reciprocal space 

sampling, such as precession electron diffraction tomography (PEDT) and 

continuous rotation electron diffraction (cRED). [18,20,21,29,30]  
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Figure 2.9: Schematic representation of the most common data collection protocols 

in 3D ED: stepwise (a), PEDT (b), and cRED. The image view is oriented along the 

goniometer tilt axis. The electron beam is represented in orange, while the angular 

steps are shown as red lines. The reciprocal space volume, covered during the sample 

tilt, is represented as a green area. [1] 

Data collected following 3D ED protocols display well-sampled intensities 

and minimized dynamical scattering effects. This is achieved by collecting 

reflection out from low-index axis and allows to carry out the data analysis 

through standard routines developed for X-ray crystallography. [11–13] 

In the data reduction process either conventional X-ray software  

(XDS, [31] DIALS, [32] Apex4, [33] CrysAlisPro [34]) or software specific for  

3D ED technique (PETS2, [35] ADT3D [21]) can be employed. The first step 

of the data reduction consists in the unit cell determination and in the 

indexing of all observed reflections. Furthermore, at this stage, it is possible 

to produce the reciprocal space reconstruction and its sections. These are 

important tools that can be used to retrieve information on the symmetry of 

the system under analysis. However, the symmetry identification can be a 

challenging step due to the presence of non-negligible dynamical effects.  
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Indeed, the phenomenon of multiple scattering has several consequences on 

the diffraction patterns, such as the violation of the extinction rules and 

Friedel's law (Figure 2.10).  

 
Figure 2.10: Diffraction patterns from a Calcite (CaCO3) crystal oriented along 

the [100] direction (left) and its calculated diffraction pattern (right, calculation 

performed through JEM software). [36] The reported diffraction patterns are oriented 

along a zone-axis to maximise the dynamical scattering effects. 

At this stage, the reflection file obtained from the data reduction process, 

although still dynamical, can be successfully used in the structure solution as 

the X-ray data. It can therefore be employed as input for the structure 

solution process using conventional X-ray software (SHELX, [13] SIR, [12] 

Superflip [11]). 

The minimisation of the dynamical scattering allows a kinematical 

treatment of the data, which considers the diffracted intensity proportional to 

the squared modulus of the structure factor. It follows that the refinement can 

be carried out with the conventional tools for SC-XRD data (e.g. SHEXL [37], 

Olex2 [38]); the only difference is that the electron scattering factors should 

be included. However, dynamical scattering is a not-negligible component in 

electron scattering, due to the magnitude of the interaction with matter. 

Indeed, kinematically refined crystal structures are usually affected by high 
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figures of merit and reduced sensitivity to atomic displacement parameters, 

fractional atomic occupancy, and hydrogen atom positions. [1] 

In order to handle ED data considering the proper electron scattering theory, 

Palatinus and coworkers developed an alternative refinement method known 

as dynamical refinement. [39,40] In this refinement, the reflection intensities 

are considered using a Bloch formalism and the crystal structure is refined 

together with the sample thickness. [41] This dedicated approach enables a 

more accurate determination of atomic occupancies, [40,42] positions of light 

atoms [42–44] and atomic displacement parameters. [45] Refining the structure 

considering the always present dynamical scattering effects increases the 

agreement between the calculated and experimental model, leading to a 

reduction of residual values by a factor 2-3. [40] Moreover, another advantage 

consists in the possibility to identify the absolute configuration of  

non-centrosymmetric crystal structures. [6,40,46] The dynamical refinement 

is a powerful and consistent approach for 3D ED data analysis. On the other 

side, it is a computationally demanding process that cannot be applied to 

systems with a large number of independent atoms (e.g. macromolecules). 
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3 Introduction to Reticular Materials 

Reticular chemistry is a field of chemistry dedicated to the synthesis and 

design of crystalline porous frameworks held together by relatively strong 

interactions. It is centred on the concept of linking together molecular building 

blocks with well-defined shapes through robust and directional bonds, 

resulting in 2D and 3D porous networks. [1] Metal-organic frameworks 

(MOFs) and covalent organic frameworks (COFs) are two well-known classes 

of reticular materials, in which their networks are held together by 

coordinative and covalent bonds, respectively. [2–4] The crystallization of such 

porous frameworks connected through strong directionals bonds, consists in 

one of the major challenges of this field. In COFs synthesis, the crystallization 

of extended lattices is hampered by the lack of reversibility of organic 

reactions (Figure 3.1). For this reason, the development of COFs experienced 

a relatively late beginning if compared to MOFs. [4,5] 

 
Figure 3.1: Crystal structure expansion of two well-known covalent organic 

frameworks: (a) COF-5; (b) COF-320. [4,6] 
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The formation of metal-organic lattices often occurs under a 

thermodynamic regime, which facilitates the synthesis of highly symmetric 

and extended architectures. However, it should be noted that the formation 

of extended frameworks under thermodynamic control favours the formation 

of dense crystals. [1] The achievement of metal-organic architectures with 

permanent porosity (Figure 3.2) was reached through the concept of 

combining shape-persistent organic linkers with inorganic secondary building 

units (SBUs). [2,3,7]  

 
Figure 3.2: Crystal structure expansion of two commonly known metal-organic 

frameworks: (a) MOF-5; (b) HKUST-1. [8,9] 

This has been fundamental in the advancement of reticular materials, which 

are characterized by extended surface area and tunable chemical and physical 

properties. In addition, the development of dedicated crystallisation methods, 

such as slow diffusion, layering, solvothermal and mechanochemical methods, 

has facilitated progress in this research area. [10–13] In addition, the 

advancements in the field of reticular materials opened up a wide range of 

potential applications, from gas storage and separation, to catalysis and 

sensing. [1,2,14–19] The chemical composition and shape of their building 

blocks can be varied in many ways, resulting in materials with unique 
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properties. This has made them the subject of extensive research and 

industrial applications. [20–22] 

This thesis focuses on metal-organic materials with a brief excursion on 

porous supramolecular organic frameworks. The underlying theme of the 

discussion is their relatively rapid synthesis and their structural investigation. 

Most of the materials were obtained as nano- to micro-sized crystals. 

Therefore, the role of 3D electron diffraction as a single-crystal 

characterization method to elucidate their crystal structure will be also 

highlighted.  
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4 Combined Approach of Mechanochemistry and 

Electron Crystallography for the discovery of 1D 

and 2D Coordination Polymers 

Mechanochemical synthesis is an attractive preparative method that combines 

a green approach with versatility, efficiency and rapidity qof reaction. 

However, it often yields microcrystalline materials whose structural 

elucidation with conventional single-crystal or powder X-ray diffraction 

methods is challenging or even impossible. This chapter presents the novel 

approach of combining mechanochemistry with electron diffraction techniques 

to elucidate the crystal structure of metal-organic compounds of zinc(II) and 

copper(II) with 2,6-pyridine dicarboxylic acid and 4,4’-bipyridine. These 

results have been published in D. Marchetti, F. Guagnini, A.E. Lanza, A. 

Pedrini, L. Righi, E. Dalcanale, M. Gemmi, and C. Massera. Combined 

Approach of Mechanochemistry and Electron Crystallography for the 

Discovery of 1D and 2D Coordination Polymers. Cryst. Growth Des. 2021, 

12, 6660–6664. 

https://doi.org/10.1021/acs.cgd.1c01058 
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4.1 Introduction 

Mechanochemistry is emerging as a promising environmental-friendly strategy 

for the preparation of new organic and metal-organic materials in the form of 

molecular crystals, salts, cocrystals as well as polymeric and framework 

structures. [1–6] Mechanochemical reactions occur through the absorption of 

mechanical energy in the solid state. Indeed, this synthetic approach 

drastically reduces the use of solvents and the amount of excess reagents 

during the process. Furthermore, it potentially allows to achieve high 

conversion while minimizing energy consumption and chemical waste (Figure 

4.1). [7] Mechanochemical synthesis can also promote the formation of 

products, polymorphs and topologies that differ from what is obtained with 

solution methods. [7,8] However, the structural characterization of such new 

materials is usually complicated by the small crystallite size and multiple 

twinning induced by the grinding process and the nucleation in almost solvent-

free conditions. Conventional single-crystal X-ray diffraction (SC-XRD) on 

the crude product is therefore not applicable, and powder X-ray diffraction 

(PXRD) methods are the characterization of choice. Yet, structure solution 

from PXRD can be extremely challenging, especially in the case of large unit 

cells, low symmetry, severe peak broadening, low crystallinity and, not least, 

because of the difficulty of obtaining pure phases. [9]  

 
Figure 4.1: Schematic representation of grinding methods in mechanochemical 

synthesis. (a) Manual grinding conducted using mortar and pestle. (b) and (c) 

Automatic grinding performed with mixer and planetary mill. 
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A possible approach to overcome all these drawbacks is to use electron 

diffraction techniques, which enable the analysis of single nanocrystals, also 

when mixed phases are present in the sample. [10,11] Electron diffraction has 

lately experienced a huge development in terms of hardware, software and 

methodology. The original idea of adopting a data collection strategy similar 

to single crystal X-ray diffraction with area detectors[12] (usually known as 

3D electron diffraction, 3D ED) has completely changed the perspective of 

electron diffraction as a structure solution technique. The integration of the 

reciprocal space obtained by collecting the patterns while the sample rotates 

around the goniometer axis delivers 3D ED intensities that, if treated with 

the standard kinematical diffraction theory, can be successfully used for 

structure solution. Nowadays 3D ED can be performed in a variety of ways 

(Figure 2.9), [13] being successful in the structure determination of a wide 

class of crystalline materials. [14] The specific development of low dose 

methods [15] combined with a novel type of very sensitive direct electron 

detectors [16] has recently allowed the effective application of 3D ED to soft, 

beam-sensitive nanoporous materials like metal-organic frameworks 

(MOFs),[17] covalent-organic frameworks (COFs) and supramolecular organic 

frameworks (SOFs), [18,19] zeolites, [20] active pharmaceutical ingredients 

(APIs), [21,22] and small molecules. [23–25] With these characteristics, 3D 

ED is the ideal tool to unlock the full potential of mechanochemistry for 

materials discovery. Therefore, we have applied this novel combined strategy 

for the synthesis and characterization of metal-organic compounds, featuring 

zinc(II) and copper(II) as metal centres and 2,6-pyridine dicarboxylic acid 

(H2PDC) and 4,4’-bipyridine (bipy) as organic ligands. The chosen 

components have often been employed to synthesize discrete complexes, 

coordination polymers or metal-organic frameworks, and are therefore ideal 

benchmark systems. A search using the Cambridge Structural Database 

(Version 5.42, February 2021) [26] for metal complexes of PDC2- yielded 2185 

hits, of which 95 include zinc and 319 copper. In most cases, PDC2- behaves 
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as a tridentate, chelating ligand forming discrete complexes, but each of its 

carboxylate moieties can act as a bidentate bridging group to yield 

coordination polymers in one and (more rarely) two dimensions (see Scheme 

4.1). [27–32] 

 
Scheme 4.1: View of the possible coordination modes of PDC2- (chelating and 

bridging). 

Moreover, to obtain structures with increased complexity, carboxylates can 

be assisted by N-containing auxiliary ligands (such as the bipy used in this 

work) which can act as pillars connecting metal nodes, thus promoting the 

formation of polymers in two or three dimensions. Indeed, these extended 

structures (namely coordination polymers and MOFs) are attractive materials 

whose properties can be tuned by an accurate choice of their inorganic and 

organic components and that can find application in several fields, like gas 

adsorption and storage, sensing and catalysis. [33] 
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4.2 Results and Discussion 

4.2.1 Zinc-based pyridine dicarboxylate materials 

Initially, H2PDC and zinc nitrate hexahydrate were grounded in a mixer 

mill, in the presence of absolute ethanol and 33% aqueous ammonia. The 

product resulted in a colourless microcrystalline solid, whose X-ray powder 

pattern did not match that of any other existing phase. Since the crude 

product was moderately soluble in ethanol, an attempt of using the grinded 

powder as crystallization seed [34] afforded single crystals suitable for X-ray 

diffraction analysis, which turned out to be the new 1D coordination polymer 

{[Zn(PDC)(H2O)]0.5H2O}n (1, Figure 4.2). A comparison between the 

experimental and calculated PXRD patterns of 1 confirmed that, in this case, 

the structure obtained from SC-XRD analysis coincides with that of the bulk 

phase synthesized from the mechanochemical reaction (Figure 4.3). 

 

Figure 4.2: Polymeric structure of 1 along the b-axis direction. Zn2+ cations are 

represented as cyan spheres. Lattice water molecules have been omitted for clarity. 



4 - Combined Approach of Mechanochemistry and Electron Crystallography for the 

discovery of 1D and 2D Coordination Polymers 

34 

 
Figure 4.3: Profile fit from Rietveld refinement of 1 (the structural model was 

obtained by SC-XRD). The reaction crude also contains ammonium nitrate in its 

crystalline form (ICSD 28069). The shown range is limited to 2θ  values of 5–70° for 

clarity, whereas the Rietveld refinement was carried out in the range 5–94°. The 

refinement converged to Rwp = 5.32%, RF(obs) = 8.67%, RF2(obs) = 9.11%. 

In 1, the zinc cation shows a trigonal bipyramidal coordination geometry; 

each metal cation coordinates one deprotonated PDC2-, which acts as a 

tridentate chelating ligand through two oxygen atoms of the carboxylic groups 

and the pyridinic nitrogen atom, forming two 5-members condensed chelation 

rings. The fourth coordination position is occupied by one oxygen from an 

adjacent PDC2- ligand, which bridges two zinc centres, thus prompting 

polymerization along the b-axis direction. The coordination sphere is 

completed by a water molecule. In the crystal structure, the polymeric chains 

are connected by an H-bonded network, also involving the lattice solvent (see 

Table S4.3).  

To increase the dimensionality of 1, a mechanochemical synthesis 

involving H2PDC, Zn(NO3)2.6H2O and bipy as pillar ligand was carried out, 

yielding again a microcrystalline colourless solid with a distinct XRPD profile. 

The crude product was insoluble in most common organic solvents, preventing 

the use of the seeding technique employed to obtain single crystals of 1. 
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The nanocrystalline powder was therefore analysed through 3D ED 

(Figure 4.4, Figure 4.5). Diffraction data were collected in NED mode by the 

continuous rotation 3D ED protocol, using a parallel electron nano-beam of 

about 150 nm (see the Supplementary Information section for details). This 

modality minimizes the electron dose on the sample which could therefore 

stand the entire diffraction experiment without being amorphized. The 

collected data were subsequently processed using Pets2 and Jana2006,[35,36] 

while the structural model was obtained by direct methods and kinematically 

refined using SHELXL-2014 (see SI  Section).[37] 

 
Figure 4.4: 3D reconstruction of the reciprocal lattice, calculated from 3D ED 

data, of compound 2. 

 

Figure 4.5: STEM-image of the microcrystals of 2 used for the 3D ED data 

collection. 
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Figure 4.6: (a) Asymmetric unit of 2 with partial labelling scheme; (b) perspective 

view of two [Zn2(PDC)2]n polymeric chains connected through bipy ligands; (c) Detail 

of the polymeric chain along the unit cell diagonal. 

The structure of the new compound consists of a 2D coordination polymer 

of formula {[Zn2(PDC)2(bipy)]}n (2) (Figure 4.6). As already observed for 1, 

H2PDC is fully deprotonated and acts as a tridentate chelating ligand forming 

two 5-member condensed rings and occupying three equatorial positions in 

the distorted squared-base pyramid around the metal centre. The zinc also 

coordinates an oxygen atom from a bridging carboxylate occupying the apical 

site of the pyramid, while the fourth equatorial position is occupied by the 
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nitrogen atom of the ligand bipy that substitutes the water molecule present 

in 1. The result is that two independent zinc cations (Zn1 and Zn2) are 

bridged by a carboxylic moiety, thus creating zig-zag [Zn2(PDC)2]n polymeric 

chains (Figure 4.6b). In addition to this, bipy pillars connect [Zn2(PDC)2]2 

dimers along the unit cell diagonal (Figure 4.6b-c), giving rise to a bi-

dimensional structure parallel to the (011) plane. The stacking of these 

corrugated planes leaves open channels running parallel to the a-axis direction 

(Figure 4.7a) accounting for ≈ 21% of the unit cell volume (as calculated by 

the program PLATON [38] with a probe radius of 1.2 A).  

 

Figure 4.7: Structural model of 2 obtained by 3D ED (a) and Rietveld refinement 

(b), respectively. Channels are represented as yellow cylinders while water oxygen 

atom as CPK models.  

At ambient conditions, the channels probably contain guest water 

molecules that could not be detected from 3D ED data, as they are likely 

removed by the high vacuum in the TEM column (~10-10
 bar). The 

discrepancies in low theta intensities, between the calculated and experimental 

PXRD pattern, confirm the presence of absorbed molecules (Figure 4.8). The 

Rietveld refinement on PXRD data was the method adopted to assess the 

atomic coordinates of guest molecules. Such refinement was performed 

starting from the atomic coordinates obtained by the single-crystal 3D ED 

model. A Fourier difference map was employed to find the occupied regions 

and the guests were identified as heavily disordered water molecules, for which 
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it was not possible to determine a precise occupancy. Moreover, the structural 

model thus refined comprises the same polymeric backbone obtained by 3D 

ED analysis (Figure 4.7 and Figure 4.9). 

 
Figure 4.8: Comparison between the PXRD profile calculated from the 3D ED 

model, in which the solvent is not present, and the experimental pattern collected on 

the mechanochemical product 2. The scale factor for the calculated pattern was 

determined in the range 10-70 deg. 

 
Figure 4.9: Profile fit from Rietveld refinement of 2 conducted starting from the 

structural model obtained by 3D ED. The shown range is limited to 2θ values of 5–

70° for clarity, whereas the Rietveld refinement was carried out in the range 5–94°. 

The refinement converged to Rwp = 9.51%, RF(obs) = 13.51%, wRF(obs) = 13.26%. 



4 - Combined Approach of Mechanochemistry and Electron Crystallography for the 

discovery of 1D and 2D Coordination Polymers 

39 

It is interesting to note that even if 1 and 2 present different coordination 

geometries, the two polymers show a similar concatenation of PDC2- ligands. 

The carboxylic group bridges the metal ions with only one (O2) or both (O3 

and O4) oxygen atoms in 1 and 2, respectively (Figure 4.10).  

 
Figure 4.10: Comparison between the coordination sphere of zinc in 1 and 2. In 1, 

the oxygen atom O2 bridges two metal centres, while in 2 both O3 and O4 from the 

same carboxylic unit connect two different zinc cations. The dotted blue circles 

highlight the different ligands (water and bipy) in 1 and 2, respectively. 

The biggest difference is that the fifth ligand completing the coordination 

sphere is a water molecule in 1 and the nitrogen atom of a bipy unit in 2. If 

the chain comprising Zn2+ ions and PDC2- ligands is represented as a helix, it 

is evident how both the water and the bipy ligand are protruding from the 

helix in the same direction (Figure 4.11, Figure S4.2). The presence of bipy 

instead of water increases the dimensionality of the polymeric network from 

1D to 2D, creating a potentially porous structure.  
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Figure 4.11: Comparison of the polymeric chains formed by zinc(II) and 2,6-

pyridinedicarboxylate: [Zn (PDC)]n in 1 (a, blue helix) and [Zn2(PDC)2]n in 2 (b, green 

helix). Both the water molecule in 1 and the nitrogen atom belonging to bipyridine in 

2 protrude from the helix. 

4.2.2 Copper(II)-based pyridine dicarboxylate compounds 

The same set of mechanochemical reactions were performed using Cu(II) 

as metal centre instead of Zn(II). Griding H2PDC and copper nitrate hydrate 

yielded a blue microcrystalline solid that was identified through PXRD 

analysis as the mononuclear complex [Cu(PDC)(H2O)2] (3, Figure 4.12a, 

Figure 4.13).[39] In contrast to what was observed with zinc, no coordination 

polymer was obtained, even when different grinding conditions (changing 

solvent/frequency/time) were employed. 
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Figure 4.12: Molecular structure of 3 (a) and 4 (b). Lattice water molecules are 

not shown for clarity. 

 
Figure 4.13: Profile fit from Rietveld refinement of 3 conducted starting from the 

structural model of [Cu(PDC)(H2O)2],(ECAFIX04, CCDC 641317). The shown range 

is limited to 2θ values of 5–70° for clarity, whereas the Rietveld refinement was carried 

out in the range 5–94°. The refinement converged to Rwp = 7.79%, RF(obs) = 2.73%, 

wRF(obs) = 3.34%. 
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Mixing H2PDC, copper nitrate hydrate and bipy in a mixer mill in 

presence of ammonia and ethanol, yielded a blue microcrystalline solid. The 

PXRD pattern of the crude product revealed the presence of ammonium 

nitrate plus an unknown phase. In an attempt to recrystallize the crude 

product, blue single crystals were grown from ethanol, which turned out to be 

the hexameric complex [Cu6(PDC)6(bipy)3(H2O)6] (4, Figure 4.12b). [40] In 

this case, bipyridine contributes to producing an oligomer connecting metal-

organic nodes formed by copper and PDC2- ligands. Interestingly, the 

calculated PXRD pattern of this complex was different from that of the bulk 

product synthesized mechanochemically, and further solid-state analysis was 

therefore needed to elucidate the structure of the unknown phase. While the 

analysis of the PXRD pattern was hindered by the ammonium nitrate 

byproduct, 3D ED allowed to collect diffraction datasets selectively from 

single nanocrystals of the unknown phase. Following the procedure used for 

compound 2, nanometric crystals of the crude product (Figure 4.15) were 

characterized by continuous rotation ED technique (Figure 4.14).  

 
Figure 4.14: 3D reconstruction of the reciprocal lattice, calculated from 3D ED 

data, of compound 5. 
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Figure 4.15: STEM-image of the microcrystals of 2 used for the 3D ED data 

collection. 

The structure of this novel compound was then solved ab-initio by direct 

methods in space group P-1. The 3D ED model thus obtained was initially 

refined by a least-squares procedure against 3D ED data and subsequently 

refined with a Rietveld approach on the XRPD data (Figure 4.17). In this 

way, the structure of the novel dimeric complex 

[Cu2(HPDC)2(bipy)(NO3)2]∙2H2O (5) was elucidated (Figure 4.16).  

The dimer is centrosymmetric, and its asymmetric unit consists of a mono-

deprotonated HPDC- fragment, (behaving as usual as tridentate ligand), half 

a bipy moiety, one coordinated nitrate anion and one lattice water molecule. 

The geometry around the metal centre is square pyramidal, with the nitrate 

occupying the apical position and bipy acting as bridge between two 

[Cu(HPDC)(NO3)]∙nodes. 

 
Figure 4.16: Perspective view of 5 with partial labelling scheme. Symmetry code 

i: -x, 1-y, 2-z. 
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Figure 4.17: Profile fit from Rietveld refinement of 5 starting with the structural 

model obtained by 3D ED. The reaction crude also contains a crystalline phase of 

ammonium nitrate (ICSD 28069). The shown range is limited to 2θ values of 5–70° 

for clarity, whereas the Rietveld refinement was carried out in the range 5–95°. The 

refinement converged to Rwp = 10.02%, RF(obs) = 12.47%, wRF(obs) = 13.58%. 

  



4 - Combined Approach of Mechanochemistry and Electron Crystallography for the 

discovery of 1D and 2D Coordination Polymers 

45 

4.3 Conclusions 

In this chapter, was shown how the most recent developments in electron 

crystallography allow successful structure determination of 

mechanochemically synthesized metal-organic materials. Under the same 

reaction conditions, zinc nitrate tend to form coordination polymers, while its 

copper analogue preferentially yields discrete complexes of different 

nuclearity. In particular, when zinc was employed, a 1D coordination polymer 

could be expanded by the incorporation of bipyridine in the mechanochemical 

synthesis, obtaining a product with higher dimensional topology and a 

potentially porous structure. In the case of copper, not only mechanochemistry 

proved to be a fast and efficient alternative to traditional solution methods 

for the synthesis of a mononuclear complex, but it also enabled the formation 

of a novel dimeric complex, halting the deprotonation of H2PDC to the first 

step. Noteworthy, 3D ED analysis was fundamental in elucidating the crystal 

structure of as-synthesized products, which could not have been determined 

otherwise. Moreover, the crystal structures from kinematical refinement 

resulted perfectly suitable for additional refinement against PXRD data. This 

highlight how the structural information of few nanocrystals could be 

translated to the bulk product.  
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4.4 Supplementary information 

4.4.1 Synthetic procedures 

All commercial reagents and solvents were used as received. 2,6-pyridine 

dicarboxylic acid, Zn(NO3)2.6H2O, CuSO4
.5H2O, Cu(NO)3

.2.5H2O and 

Cu(NO)3
.3H2O were purchased from Sigma Aldrich, with the exception of 

4,4’-bipyridine that was purchased from TCI Europe. The mechanochemical 

reactions were conducted with the addition of a small amount of liquid, a 

synthetic approach called “Liquid Assisted Grinding” (LAG). The amount of 

liquid added to the reaction mixture and the total mass of the solid fraction 

are related to the parameter η. [41] 

 η = Y�Z[�
\�μ^�  (4.1) 

where W corresponds to the reagents total mass and V to the liquid additive 

volume.  

Mechanosynthesis of {[Zn(PDC)(H2O)]0.5H2O}n, 1 

H2PDC (33.8 mg, 0.20 mmol), Zn(NO3)2.6H2O (61.3 mg, 0.21 mmol), absolute 

ethanol (20 µl) and NH3 33% (51.4 µL) were placed in a 14 mL zirconia jar 

with two 7 mm zirconia balls. The mixture was ground using an IST400 mixer 

mill operating at 30 Hz for 30 min (η =0.75). The grinding crude was left in 

an open container to evaporate the remaining traces of LAG additive. 

Mechanosynthesis of {[Zn2(PDC)2(bipy)]}n, 2 

H2PDC (81.9 mg, 0.49 mmol), 4,4’-bipyridine (37.3 mg, 0.24 mmol), 

Zn(NO3)2.6H2O (137.6 mg, 0.46 mmol), absolute ethanol (65 µl) and NH3 33% 

(110 µL) were placed in a 14 mL zirconia jar with two 7 mm zirconia balls. 

The mixture was ground using an IST400 mixer mill operating at 30 Hz for 

30 min (η =0.68). The grinding crude was left in an open container to 

evaporate the remaining traces of LAG additive. 
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Mechanosynthesis of [Cu(PDC)(H2O)2], 3 

H2PDC (40.2 mg, 0.24 mmol), Cu(NO3)2
.2.5H2O (57.9 mg, 0.25 mmol), 

absolute ethanol (11.6 µl) and NH3 33% (58.4 µL) were placed in a 14 mL 

zirconia jar with two 7 mm zirconia ball. The mixture was ground using an 

IST400 mixer mill operating at 30 Hz for 30 min (η =0.725). The grinding 

crude was left in an open container to evaporate the remaining traces of LAG 

additive. 

Crystallization of [Cu6(PDC)6(bipy)3(H2O)6]·6H2O, 4. 

[Cu(PDC)(H2O)2] (~ 3 mg) was placed in a 2 mL glass vial with 1 mL of 

EtOH abs. The reaction mixture was sonicated for about 2 minutes, in order 

to suspend the solid, and it was left to slowly evaporate. Small blue single 

crystals were collected after 15 days.  

Mechanosynthesis of [Cu2(HPDC)2(bipy)(NO3)2]∙2H2O, 5 

H2PDC (33.8 mg, 0.20 mmol), Cu(NO3)2.2.5H2O (48.8 mg, 0.21 mmol), 4,4’-

bipyridine (16.1 mg, 0.10 mmol), absolute ethanol (21 ml) and NH3 33% (49 

mL) were placed in a 14 mL zirconia jar with two 7 mm zirconia ball. The 

mixture was ground using an IST400 mixer mill operating at 30 Hz for 30 min 

(h =0.71). The grinding crude was left in an open container to evaporate the 

remaining traces of LAG additive. 
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4.4.2 3D Electron diffraction (3D ED)  

Scanning transmission electron microscopy imaging and 3D electron 

diffraction were carried out on a Zeiss Libra 120 transmission electron 

microscope, equipped with a LaB6 source operating at 120 kV (λ=0.0335 Å) 

and a Timepix single-electron detector by ASI for collecting diffraction in low 

dose mode. 3D electron diffraction data were collected on single nanocrystals 

illuminated with a parallel electron beam of 150 nm in diameter. The 

diffraction patterns where recorded while continuously rotating the crystal 

around the goniometer axis (continuous rotation mode), obtaining a 

continuous scan of the reciprocal space up to 120° with an angular integration 

(performed by the detector) of 0.57° per frame. Due to goniometer instabilities 

and to the small dimensions of the crystalline grains an entire data collection 

was composed by some (usually 4) runs of 30-40° each, collected on the same 

crystal, that were stitched together to maximize the reciprocal space coverage. 

Imaging was carried out in STEM mode with a high angular dark field 

detector (HAADF). The total electron dose was of 2 electron/Å2 for compound 

2 and 5.5 electron/Å2 for compound 5. 

The 3D ED data were analysed using the software PETS.[36] Ab-initio 

structure determination of 2 was performed by standard direct methods 

(SDM) implemented in the software SHELXT,[42] while 5 was solved by SDM 

using the SIR2019 package.[43] Data were treated with a fully kinematical 

approximation, i.e. neglecting dynamical scattering and assuming that Ihkl is 

proportional to |Fhkl|2. Least-squares structure refinement was performed with 

the software SHELXL-2014 [37] interfaced with ShelXle.[44] Crystallographic 

data for 2 and 5 have been deposited with the Cambridge Crystallographic 

Data Centre as supplementary publication no. CCDC-2091277 and 2091280. 
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Table S4.1: Crystallographic data for 2 and 5. 

 2 5 

Formula Zn2C24H34N4O18 C24H20N6O16Cu2 

Formula weight 797.3 775.5 

Crystal system Triclinic Triclinic 

Space group P-1 P-1 

a/Å 5.2227(1) 7.2743(1) 

b/Å 15.8213(3) 10.0186(2) 

c/Å 17.9781(4) 10.3652(3) 

α/˚ 78.655(2) 69.932(2) 

β/˚ 81.623(3) 79.590(2) 

γ/˚ 80.529(3) 83.429(2) 

V/Å3 1426.77(5) 696.863 

Z 2 1 

Dc/g cm-3 1.856 1.848 

F(000) 780 392 

μ/mm-1 2.926 2.665 

θmin,max/˚ 2.5, 47.0 2.5, 47.0 

Reflections collected 2597 1241 

R [Fo>4σ(Fo)]a, wR2
a 0.1351, 0.1326 0.1247, 0.1358 

aR1 = Σ║Fo│-│Fc║/Σ│Fo│, wR2 = [Σ[w(Fo
2 Fc

2)2]/Σ[w(Fo
2)2]]1/2. 
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4.4.3 Powder X-ray diffraction (PXRD) 

The samples were packed in a 0.3 mm borosilicate glass capillary and the 

high-resolution PXRD patterns were collected in the 2θ range 5–94° using Cu 

Kα1 radiation (λ=1.5406 Å) on a STOE Stadi P equipped with a Ge(111) 

Johansson focussing monochromator from STOE & Cie and a Mythen2 1K 

detector from Dectris. Data were preliminarily processed with WinXPOW (by 

STOE & Cie). 

The Rietveld refinement from powder X-ray diffraction was carried out 

with Jana2006. [35] The background was described by manually picked and 

fixed points. Profile parameters were first obtained by LeBail fitting on the 

diffraction pattern of the sample and then kept fixed. For 1, the Rietveld 

refinement was performed for comparison purposes using the refined structural 

model obtained by SC-XRD (Figure 4.3); the scale factor was the only refined 

parameter. The refinement converged to Rwp = 5.32%, RF(obs) = 8.67%, 

RF(obs) = 9.11%. The Rietveld refinement of compound 2 (Figure 4.9) was 

performed starting from the atomic coordinates obtained by the single-crystal 

3D ED model. Since the 3D ED model does not present guest molecules inside 

the pores, a Fourier difference map was the method adopted to find the 

occupied regions and the guests were identified as heavily disordered water 

molecules, for which it was not possible to determine a precise occupancy. The 

ligand molecules were refined as semi-rigid bodies, in which the torsion angles 

related to single bonds were freely refined. The refinement converged to Rwp 

= 9.51%, RF(obs) = 13.51%, wRF(obs) = 13.26%. Rietveld refinement on the 

phase [Cu(PDC)(H2O)2] (3, Figure 4.13) was performed for comparison 

purposes on the refined model deposited in the CSD (ECAFIX04, CCDC 

641317); the unit cell and the scale factor were the only refined parameters. 

The refinement converged to Rwp = 7.79%, RF(obs) = 2.73%, wRF(obs) = 

3.34%. Compound 5 (Figure 4.17) was refined from a biphasic mixture in 

which the second phase was ammonium nitrate. As in the case of compound 
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2, the Rietveld refinement of 5 was performed considering the ligand molecules 

as semi-rigid bodies. Furthermore, for the ammonium nitrate phase, only the 

unit cell and the profile parameters were refined. The refinement converged 

to Rwp = 10.02%, RF(obs) = 12.47%, wRF(obs) = 13.58%. Crystal data and 

experimental details for data collection and structure refinement are reported 

in Table S1. Crystallographic data for 2 and 5 have been deposited with the 

Cambridge Crystallographic Data Centre as supplementary publication no. 

CCDC- 2091276 and 2091279. 

4.4.4 Single-crystal X-ray diffraction  

The crystal structures of 1 and 4 were determined by X-ray diffraction on 

single crystals. Crystal data and experimental details for data collection and 

structure refinement are reported in Table S4.2. Intensity data and cell 

parameters were recorded at 190(2) K on a Bruker Apex II diffractometer 

equipped with a CCD area detector, using MoKα radiation (λ = 0.71073 Å) 

for 1 and on a Bruker D8 Venture PhotonII diffractometer (CuKα radiation 

λ = 1.54178 Å) for 4. The raw frame data were processed using SAINT and 

SADABS to yield the reflection data files. [45,46] The structures were solved 

by Direct Methods using the SIR2019 program [43] and refined on Fo
2 by full-

matrix least-squares procedures, using SHELXL-2018 [37] in the WinGX suite 

v.2014.1.[47] All non-hydrogen atoms were refined with anisotropic atomic 

displacements. The aromatic hydrogen atoms were included in the refinement 

at idealized geometry (C–H 0.93/0.95 Å) and refined “riding” on the 

corresponding parent atoms with Uiso(H) set to 1.2Ueq(C). The H atoms of 

the water molecules were found in the difference Fourier map and refined 

freely. The weighting schemes used in the last cycle of refinement were w = 

1/ [σ2Fo
2+ (0.0372P)2 + 4.5618P] and w = 1/ [σ2Fo

2+ (0.0793P)2 + 2.1833P] 

where P = (Fo
2 + 2Fc

2)/3, for 1 and 4, respectively. Crystallographic data for 
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1 and 4 have been deposited with the Cambridge Crystallographic Data 

Centre as supplementary publication no. CCDC- 2091275 and 2091278.  

 

Table S4.2: Crystallographic data for 1 and 4. 

 1 4 

Formula C7H6NO5.5Zn C72H66N12O36Cu6 

Formula weight 257.50 2056.61 

Crystal system Monoclinic Triclinic 

Space group C2/c P-1 

a/Å 21.600(6) 10.6460(3) 

b/Å 5.658(2) 10.7251(3) 

c/Å 15.754(4) 18.6922(4) 

α/˚ 90 84.234(1) 

β/˚ 115.009(4) 86.721(1) 

γ/˚ 90 62.883(1) 

V/Å3 1744.8(9) 1889.89(9) 

Z 8 1 

Dc/g cm-3 1.960 1.807 

F(000) 1032 1044 

μ/mm-1 2.816 2.770 

θmin,max/˚ 2.081, 28.391 2.38, 72.39 

Reflections collected 11498 6286 

Independent reflections 2177 (Rint = 0.0419) 43871 (Rint = 0.0321) 

Observed reflections 1852 1852 

Data/restr./param. 2177 / 0 / 144 7225 / 0 / 588 

Sa 1.003 1.001 

R [Fo>4σ(Fo)]b, wR2
b 0.0326, 0.0745 0.0392, 0.1117 

Δρmin,max/e Å-3 0.614, -0.610 1,211, -0.890 
aGoodness-of-fit S = [Σw(Fo

2-Fc
2)2/ (n-p)]1/2, where n is the number of reflections and 

p the number of parameters. bR1 = Σ║Fo│-│Fc║/Σ│Fo│, wR2 = [Σ[w(Fo
2 Fc

2)2]/Σ[w(Fo
2)2]]1/2. 
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Figure S4.1: Ortep view of 1 with partial labelling scheme. Symmetry code: i = 

3/2-x, 1/2+y, 3/2-z; ii = 3/2-x, -1/2+y, 3/2-z. 

 

Table S4.3: Geometrical parameters (Å, °) of the H-bond interactions in 1. 

Donor-H Donor∙∙∙Acceptor H∙∙∙Acceptor Donor-H∙∙∙Acceptor 

O2W-H3W 
0.785(9) 

O2W∙∙∙O3 
2.759(3) 

H3W∙∙∙O3 
1.992(9) 

O12W-H3W∙∙∙O3 
165.4(9) 

O1W-H1W 
1.121(9) 

O1W∙∙∙O1iii 
3.176(3) 

H2W∙∙∙O1iii 
2.148(9) 

O1W-H1W∙∙∙O1iii 
150.1(9) 

O1W-H2W 
1.078(9) 

O1W∙∙∙O4iv 
3.017(3) 

H2W∙∙∙O4iv 
2.020(9) 

O1W-H2W∙∙∙O4iv 
152.5(9) 

iii: 3/2-x,-1/2-y,1-z ; iv: 3/2-x, -3/2+y, 3/2-z. 
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Figure S4.2: Comparison of the interactions between right- and left-handed helices 

constituted by Zn-PDC chains in 1 (a) and 2 (b). 
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5 Tetra-4-(4-pyridyl)phenylmethane-based 

Supramolecular Organic Frameworks 

In this chapter, the dynamic behaviour of a Supramolecular Organic 

Framework (SOF) based on the rigid tetra-4-(4-pyridyl)phenylmethane 

(TPPM) organic tecton will be elucidated. The SOF undergoes a reversible 

crystal-to-crystal transformation when exposed to vapours of selected organic 

solvents, moving from a closed structure with isolated small voids to an 

expanded structure with filled channels extended along the b-axis. The 

observed selectivity is dictated by the fitting of the guest in the expanded 

SOF, following the degree of packing coefficient. 

The following discussion will be divided into two sub-chapters, each based on 

recently-published material. [1,2] The first comprises the discussion on the 

SOF dynamicity, with a particular focus on the structural characterization of 

the crystalline phases involved in the process. Moreover, the effect of solvent 

uptake on TPPM solid-state fluorescence was investigated, evidencing a 

significant variation in the emission profile only in the presence of 

chloroform.[1] The second sub-chapter focuses on the mechanochemical 

synthesis of a new expanded phase of the TPPM-based SOF and its structural 

characterisation through a novel electron diffractometer. [2] 
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5.1 Selective and Reversible Solvent Uptake in TPPM-

based Supramolecular Organic Frameworks  

5.1.1 Introduction 

In recent years, supramolecular organic frameworks (SOFs) have emerged as 

an important class of functional porous materials alongside coordination 

polymers (CPs), metal-organic frameworks (MOFs) and covalent organic 

frameworks (COFs) for applications such as molecular sensing, gas storage 

and separation. [3–6] Usually, SOFs are obtained through the self-assembly of 

organic tectons via highly directional hydrogen bonds, [7–21] but examples of 

materials held together by van der Waals interactions, π···π stacking, halogen 

bonds and, quite recently, chalcogen bonds have also been reported. [22–28] 

Compared to other classes of reticular materials based on coordinative or 

covalent bonds, SOFs lack robustness and tend to loose porosity when guests 

molecules are removed. [4] On the other side, they have the advantage of 

coupling flexibility and reversibility with relatively simple synthetic 

procedures under mild conditions. [11] These considerations become especially 

important when targeting stimuli-responsive crystalline materials, which 

respond to external solicitations such as electric, mechanical and thermal  

ones. [29–32] The design of SOFs showing dynamic properties is a challenging 

task which involves both the synthesis of suitable building blocks, assembled 

through crystal engineering, and the mastering of molecular and 

supramolecular interactions in the solid state. [5,15,24,33–36] 

Among the possible building blocks, tetraphenylmethane (TPM) derivatives, 

with their tetrahedral symmetry, represent effective tectons for the formation 

of 3D architectures (Scheme 5.1). [37,38] 
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Scheme 5.1: Molecular sketches of tectons based on tetraphenylmethane 

(TPM).[38] 

Exploiting their structural rigidity and synthetic versatility, these tectons 

have been successfully applied to the preparation of SOFs through the 

formation of highly oriented hydrogen bonding motifs based on 2-pyridone, 

[39] phenol, [40] boronic acid, [41] urethane [42] and carboxylic acid [43] 

functional groups. Instead, tetra-4-(4-pyridyl)phenylmethane (TPPM, 

Scheme 5.2), the rigid aromatic tecton obtained by the decoration of TPM 4 

positions with p-substituted pyridyl rings, has been successfully employed for 

the synthesis of Cu-based porous MOFs, [44–47] but its potential as building 

block for SOFs is still unexplored.  

 
Scheme 5.2: Molecular sketch of tetra-4-(4-pyridyl)phenylmethane (TPPM). 
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Figure 5.1: Electrostatic potential surface (a) and Full Interaction Map (b) for 

TPPM. The surface has been calculated at the B3LYP/6-311++G(d,p) level of theory 

using Gaussian09. [48] The colour code from red to blue indicate areas of rich and 

depleted electron density, respectively. In the Full Interaction Map, the different 

contour surfaces are used to indicate the likelihood of the molecule to form interactions 

with H-bond donors (in red), acceptors (in blue) and hydrophobic groups (in orange). 

As shown by the electrostatic potential surface and by the Full Interaction 

Map (Figure 5.1), [49] TPPM can act as hydrogen bond acceptor with its four 

nitrogen atoms, as weak hydrogen bond donor with the C-H moieties and can 

give rise to π···π and C-H···π interactions due to the presence of aromatic rings. 

It is therefore expected that, according to Kitaigorodskii studies on organic 

crystals, the molecules assemble in the solid state to minimise free space.[50] 

However, the relative weakness of the supramolecular interactions likely 

involved in stabilizing the crystal structure of TPPM enhances the probability 

of obtaining a flexible network [51] susceptible of external, stimuli-mediated 

structural changes. [33]  

In this chapter, the dynamic behaviour of TPPM will be presented. This 

molecule, in its crystalline form, can reversibly switch from a non-porous 

empty to a filled solvated phase and vice-versa, when exposed to vapours of 

organic solvents and heat, respectively (Figure 5.2). Remarkably, this crystal-

to-crystal transformation [52–55] is selectively triggered only by a group of 

solvents, namely chloroform, dichloroethylene, trichloroethylene, benzene and 
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toluene. Moreover, in the specific case of chloroform uptake, a significant 

variation of the fluorescence emission profile was observed. 

 
Figure 5.2: Schematic representation of the stimuli-responsive behaviour of 

TPPM-based SOF. TPPM-E corresponds to the empty phase while TPPM-S to the 

filled solvated one. [2] 
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5.1.2 Expanded framework of TPPM-based SOFs 

The solid-state behaviour of TPPM was studied growing crystals from the 

slow evaporation of a chloroform solution and analysing them through X-ray 

diffraction methods. TPPM crystallizes as a 1:1 CHCl3 solvate 

(TPPM·CHCl3) in the space group C2/c. The asymmetric unit consists of half 

a molecule of TPPM and half a molecule of the guest, disordered over two 

equivalent positions by a rotation around the C-H bond (Figure 5.3).  

 
Figure 5.3: Detail of the two possible orientation of CHCl3 molecules embedded 

in the channels of TPPM solvate phase. (a) and (b) are obtained by rotating the 

CHCl3 around its C-H bond.  

The TPPM units assemble to give a supramolecular three-dimensional 

network held together by several C-H···N interactions. In particular, each 

TPPM forms symmetry-related C12B-H12B···N1A, C3-H3A···N1B and C10-

H10A···N1B contacts (Figure 5.4).  
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Figure 5.4: View of the relevant C-H···N interactions in TPPM·CHCl3. The N and 

H atoms involved in the interactions have been drawn as spheres while solvent 

molecules have been omitted for clarity. 

This assembly contains channels parallel to the b axis direction filled by 

the disordered solvent molecules (Figure 5.5). Inside the pores, chloroform 

forms two C-H···Caromatic interaction involving the atoms C5A and C8A of 

TPPM (Figure S5.1). 

 
Figure 5.5: View along the b-axis direction of the crystal lattice of TPPM·CHCl3. 

Interestingly, the same supramolecular network also forms when TPPM is 

crystallized from different solvents, as reported in the literature for DMF [44] 

(CSD [56] refcode IVETEJ) and DMSO [45] (CSD refcode: ZISXAC). In both 

isomorphous crystals, the solvent molecules occupy the channels in a 1:1 ratio. 
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This prompted us to further study the robustness and the reproducibility of 

the SOF, by soaking single crystals of the chloroform solvate (for 2 hours at 

room temperature) in different media such as ethanol, benzene and 

acetonitrile, potentially capable of forming hydrogen bonds or π···π stacking 

interactions with TPPM. In all three cases, the crystals retained their 

transparency and habit; X-ray diffraction analysis confirmed the substitution 

of chloroform by the bulk solvents, and the formation of the three solvates 

TPPM·EtOH, TPPM·C6H6 and TPPM·0.5CH3CN. All solvates crystallize in 

the space group C2/c with comparable unit cell dimensions; TPPM·EtOH and 

TPPM·C6H6 possess the same supramolecular network described above for 

TPPM·CHCl3, TPPM·DMF and TPPM·DMSO (Figure 5.6 and Table S5.1). 

 
Figure 5.6: Crystal structure of the different solvates of TPPM (TPPM-S; from 

left to right, from top to bottom: C6H6, CHCl3, EtOH, DMF, DMSO). 

The asymmetric unit of TPPM·EtOH consists of half a molecule of TPPM 

and half a molecule of the guest, which, due to symmetry, occupies the 

channels formed by the ligand with two different, symmetry-related 

orientations (Figure 5.7a-b). Analogously, the asymmetric unit of TPPM·C6H6 

consists of half a molecule of TPPM and half a molecule of the guest. Figure 

5.7c shows benzene sandwiched between two symmetry-related TPPM 

ligands, highlighting the shape complementarity of the guest with the channels 

formed by the host.  
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Figure 5.7: (a,b) View of the two symmetry-related orientations of ethanol in the 

crystal structure of TPPM·EtOH. (c) View of benzene sandwiched between two 

TPPM ligands in TPPM·C6H6. (d) View of acetonitrile inside the channels in 

TPPM·0.5CH3CN 

In the case of TPPM·0.5CH3CN, the asymmetric unit comprises half a 

molecule of TPPM and one fourth of a molecule of acetonitrile. Interestingly, 

TPPM resulted disordered over two positions, one of which is not compatible 

with the presence of the solvent; this means that in the crystal, both a solvate 

(Figure 5.7d) and an unsolvate (Figure 5.8b) phase are present. The N1S atom 

of acetonitrile forms a C-H···N interactions with a pyridine moiety (Figure 

5.8a and Figure S5.5). The framework of the solvate phase of 

TPPM·0.5CH3CN still contains channels along the b-axis direction, but it is 

consolidated by a different set of interactions, comprising also C-
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H···π·interactions (Figure 5.8b). The framework of the unsolvated phase, 

which is quite compact and contains unconnected voids summing up to 6% of 

the unit cell volume, is also consolidated by C-H···N and C-H···π interactions 

(Figure 5.8c). 

 
Figure 5.8: (a) View of the asymmetric unit of TPPM·0.5CH3CN. The two 

different orientations of TPPM for filled and empty phase are shown in dark and light 

tones, respectively. (b) View of the C-H···π interactions in the filled phase of 

TPPM·0.5CH3CN. The red spheres are the centroids Cg of ring C8B-C12B/N1B. 

C10A···Cg: 3.403(3) Å; C10A-H10···Cg, 167.8(5)°. The channels containing the solvent 

(removed for clarity) are in green. (c) View along the b-axis direction of the empty 

phase in TPPM·0.5CH3CN. 
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Crystals of TPPM·CHCl3 were also exposed both to water vapours and 

soaked in distilled water for seven days to assess the stability of the solvate 

in humid and wet conditions. After these treatments, the X-ray diffraction 

analysis of the crystals revealed the presence of the unaltered chloroform 

solvate. 

The host-guest interactions for the different solvates were compared by 

means of a Hirshfeld analysis, performed with CrystalExplorer17.[57] The 

Hirshfeld surface of TPPM is quite similar for TPPM·EtOH and TPPM·C6H6, 

indicating that the presence of the guest does not influence much the 

supramolecular interactions consolidating the framework of the host (Figure 

5.9). The Hirshfeld surface of TPPM·CHCl3 shows an additional bright red 

spot relative to the C-H···Caromatic interactions shown in Figure S5.1, while the 

red spots on the Hirshfeld surface of TPPM·0.5CH3CN derive from the C-

H···π interactions (Figure 5.8a) which are missing in the other solvates. For 

all the forms, the general trend is a predominance of dispersion forces and of 

H···H, C···H/H···C and N···H/H···N contacts (see fingerprint plots in Figure 

S5.6 and Table S5.2). 

 
Figure 5.9: Comparison of the Hirshfeld surface for TPPM solvate phase of:  

(a) TPPM·CHCl3, (b) TPPM·EtOH, (c) TPPM·C6H6 and (d) TPPM·0.5CH3CN. 
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5.1.3 Contracted Framework for TPPM-based SOFs 

This peculiar behaviour prompted us to investigate the possibility to isolate 

an empty crystal structure of TPPM alone. To this purpose, a batch of single 

crystals of TPPM·CHCl3 was heated at 100 °C for 2 hours (Figure 5.10). 

 
Figure 5.10: Sketch of the temperature induced solvent desorption on 

TPPM.CHCl3 single crystal. The figure reports optical microscope images before (left) 

and after (right) the treatment 

A portion of the thermally treated batch was grinded and analysed 

through PXRD analysis; the comparison between the diffractograms of the 

chloroform solvate and the activated form clearly showed the formation of a 

new phase displaying high micro-crystallinity, probably due to the lack of 

disordered solvent inside the channels. Remarkably, the remaining single 

crystals show increased mosaicity and defectivity (Figure 5.10) which hamper 

the use of single crystal X-ray diffraction and calls for 3D electron diffraction 

(3D ED),[58–60] which can be successfully employed with nanometric samples 

possessing small crystalline domains. Although TPPM crystals are sensitive 

to the electron beam, thanks to a special low dose set up in which the electron 

dose is reduced below 0.05 el s-1Å-2 and the diffraction patterns are collected 

with a Timepix single electron detector,[61] a full 3D ED experiment covering 

a 120° of reciprocal space can be performed without the amorphization of the 

crystals or a significant loss of resolution in the diffraction signal. The 3D ED 

data have been collected in precession electron diffraction mode (PEDT) over 

a single nanocrystal (Figure 5.11) and allowed the ab-initio structure 

determination of TPPM using direct methods.  
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Figure 5.11: (a) HAADF STEM-image of the TPPM nanocrystal used for the 3D 

ED data collection. (b) Projection along the three reciprocal cell directions of the 

reconstructed reciprocal space for the 3D ED data of TPPM.  

Remarkably, the data quality was suitable for the dynamical structure 

refinement of the TPPM structure. Dynamical refinement takes into account 

in the modelling of diffracted intensity the effect of dynamical scattering 

through a full Bloch wave calculation.[62] The structure is refined together 

with the thickness of the sample and both the agreement factors and the 

quality in the structure determination approach single crystal x-ray 

accuracy.[63] In the case of TPPM, dynamical refinement led to an 

improvement of the structural model and allowed to localize most of the 

hydrogen atoms (Figure 5.12). This is the first time that a SOF structure has 

been refined at a high accuracy taking into account dynamical scattering.  
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Figure 5.12: (a) Superposition between the molecular unit and the calculated 

potential map, in the dynamically refined phase of TPPM. (b) Superposition between 

the difference potential map, calculated from a structural model without H atoms, and 

the TPPM molecular unit. 

The activated TPPM, which is indeed the empty phase (TPPM-E), 

crystallizes in the monoclinic space group C2/c like the parent solvates. The 

biggest changes in the cell parameters involve the a axis, which goes from 

27.9295(5) to 31.40(6) Å, the β angle, that likewise increases from 

120.1390(10) to 133.1(1)° and the volume, which slightly decreases from 

3628.2(1) Å3 to 3596(12) Å3 (see Table S5.1).  

 
Figure 5.13: View along the b-axis direction of the main C-H···centroids (a) and 

C-H···N (b) interactions, present in the supramolecular framework of the empty form 

of TPPM. The centroids are represented as green (C8A-C12A/N1A, Cg1) and red 

(C8B-C12B/N1B, Cg2) spheres, respectively. 
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In the lattice, each TPPM forms symmetry-related C11B-H11B···Cg1 and 

C10A-H10A···Cg2 contacts with four distinct adjacent molecules (Figure 

5.13). These interactions are lacking in the solvated forms and are responsible 

for the more compact structure of the framework. The same central reference 

molecule is also surrounded by another set of four ligands through weak, C-

H···N interactions involving each of the pyridine rings, acting as H-bond 

acceptors towards the C-H groups of the phenyl moieties. Also in this case, 

the pattern is rather different from that present in the solvate forms, where 

each TPPM unit behaves both as H-bond donor and acceptor. The different 

interactions formed in the empty and solvated phase are also evidenced by 

the Hirshfeld surface analysis shown in Figure 5.14. 

 
Figure 5.14: Hirshfeld surface comparison between the TPPM empty phase (a) 

and the TPPM.CHCl3 filled phase (b). 

The net result of this crystal-to-crystal phase transition is that of a 

compact framework in which the original channels become non-connected 

small voids located among the TPPM units; these voids sum up to a volume 

of ca. 145 Å3 (4% of the total unit cell volume) compared to the volume of ca. 

610 Å3 (17% of the total unit cell volume) occupied by the channels filled with 

solvent in the solvated form TPPM·S (Figure 5.15). 
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Figure 5.15: Comparison of the crystal lattice for the empty (a, TPPM-E) and 

solvate (b, TPPM-S) of TPPM and their relative unconnected voids (a) and channels 

(d). The solvent molecules of the solvate form have been removed for clarity.  

Interestingly, this contracted framework (TPPM-E) shares common 

features with the unsolvated form displayed by the TPPM·CH3CN crystal 

structure, in which it results overlapped with its respective solvated phase 

(Figure 5.8b). Thus, the TPPM·CH3CN solvated phase can be seen as a sort 

of intermediate phase in which, however, the unit cell is that of the solvated 

form. 

5.1.4 Stimuli-responsiveness of TPPM-based SOFs 

The desolvation process was also monitored in detail through X-ray 

powder diffraction analysis. To this purpose, the microcrystalline powder of 

TPPM·CHCl3 was used as TPPM-S phase reference and measured by a 

temperature resolved in situ X-ray powder diffraction analysis. The TPPM-S 

phase, during the heating treatment, undergoes a crystal-to-crystal phase 

transition leading to the empty TPPM phase. From the temperature-resolved 

diffractograms it is evident that crystallinity is retained throughout the whole 

process (see Figure 5.16 and Figure S5.9).  
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Figure 5.16: Temperature induced desolvation of TPPM-S (TPPM.CHCl3) 

analysed by temperature-resolved in situ powder X-ray diffraction, 2D projection 

along the intensity axis. The two peaks around 7° in the diffractogram of empty TPPM 

differ from the predicted pattern due to preferred orientation phenomena. 

The phase transition does not show a continuous distortion of the lattice 

parameters, but only a reflection intensity changes for the two involved 

species. LeBail refinement was performed for each collected diffractogram, 

leading to a temperature-dependent correlation between powder profile 

parameters and the phase fraction (Figure 5.17 and Figure S5.10). 

 
Figure 5.17: Temperature-resolved change in peak area of X-ray (1 1 1) reflection 

of TPPM·S (ATPPM-S) and (2 0 2) reflection of TPPM (ATPPM). χTPPM is the fraction 

of the empty TPPM phase. 
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Interestingly, the dynamic behaviour shown by TPPM is reversible. 

Indeed, when the empty crystalline TPPM (TPPM-E) is exposed to the 

vapours of a series of organic solvents, it switches back to the solvate phase 

TPPM·S, as evidenced by PXRD analysis (Figure 5.18 and Figure S5.11).  

 
Figure 5.18: Powder X-ray diffractograms after 2 minutes exposure of the TPPM 

phase to vapours of different solvents. 

The vapour uptake is fast (completed after ca. 2 minutes or less) and 

selective, as the phase transformation occurs with chloroform, dichloroethane, 

trichloroethylene, benzene, toluene but not with acetonitrile, ethanol, 

tetrachloroethylene or acetone. Cyclohexane also triggers the phase 
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transformation, but its uptake time is much longer (ca. 20 minutes). 

Dichloromethane can be also partially absorbed by empty TPPM yielding, 

however, an unstable phase at room conditions. The affinity towards a group 

of solvent vapours shown by the SOF was also investigated by 1H NMR 

spectroscopy through competition experiments. Chloroform and ethanol were 

selected as representative of the two classes of vapours uptaken and not 

uptaken by the empty form. The exposure of the TPPM·EtOH phase to 

chloroform vapours for different intervals of time (2 and 20 minutes) caused 

the progressive substitution of ethanol inside the pores, as shown in the 

spectra reported in Figure 5.19 (see the disappearance of the signals relative 

to the ethanol phase and the appearance of the chloroform ones). The reverse 

uptake did not occur when the crystalline TPPM·CHCl3 solvate was exposed 

to EtOH vapours (Figure S5.25). 

 
Figure 5.19: Solvent competition studies followed by 1H NMR spectroscopy. The 

TPPM·EtOH phase was exposed to CHCl3 vapours for 2 and 20 minutes. The solid 

was then dissolved in CD2Cl2 with few drops of methanol-d4. 1H NMR spectra were 

collected and compared to the starting solvate phase spectra. 
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The framework stability of the TPPM-S phases was investigated through 

DSC analysis. The characterizations were performed in an open system to 

minimize possible counterpressure effects. The collected thermograms present 

an endothermic phase transition, related to the release of guest molecules 

embedded in the TPPM framework (see Figure S5.12). It is worth noticing 

that the TPPM·S phases directly obtained by vapor absorption present higher 

desorption enthalpies (ΔHDes) than both TPPM·EtOH and TPPM·0.5CH3CN 

(Figure 5.20, Figure S5.13) suggesting that thermodynamic stability can play 

a role in the selectivity of the absorption process.  

 
Figure 5.20: Desorption Enthalpies derived from DSC characterization on different 

TPPM-S phases. 

The release of solvent molecules during the phase transition was also 

confirmed by TGA (Figure S5.14) which, together with 1H NMR spectroscopy, 

was also used to determine the amount of absorbed solvent molecules, 

reported as solvate stoichiometry (Figure S5.15, Figure S5.23 and Figure 

S5.24). The dynamical behaviour of TPPM was studied performing the DSC 

analysis in a closed system, in which the solvent desorption is followed by the 

absorption process during the cooling path (Figure 5.21). This experiment was 

repeated several times to confirm the reversibility of the process; indeed, after 

each cycle the desorption (ΔHDes) and absorption (ΔHAbs) enthalpies did not 
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show any significant change. This suggests that also the amount of absorbed 

and released guest after every repetition remains constant. 

 
Figure 5.21: Absorption-Desorption cycles performed through DSC analysis in a 

close system; the TPPM.CHCl3 phase was used as reference. (Top) Different 

thermograms collected for each cycle. (Bottom) Enthalpy of desorption and absorption 

reported for each cycle. 

To further investigate the selectivity of the guests, their packing coefficient 

was calculated as the ratio between the guest volume (VGuest) and the volume 

of the guest-binding site (V) present in the TPPM·S phase (see Section 5.3.4 

in the SI). This parameter has been proposed by Rebek to predict the best 

binding accommodation of guests inside molecular capsules in solution, which 

is reached when the coefficient is ca. 55%. [64] 

 `ab�cde�%� = \b�cde
\ ⋅ 100 (5.1) 

where Vgues is the guest molecule volume and V is the binding site volume. 
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Recently, this method has been shown to work nicely also for the 

absorption of gases inside the pores of supramolecular hosts.[65] Indeed, it is 

remarkable that in our case, both CHCl3 and DCE show a packing coefficient 

of 55 and 56%, respectively, and almost all the other guests that are absorbed 

by TPPM present packing coefficients in the range 60-70%. On the contrary, 

all the solvents that are not uptaken or form unstable host-guest complexes, 

show a low coefficient packing, typically in the range 35-44%. 

 
Figure 5.22: Packing coefficients (PC) comparison between the investigated 

TPPM-S phases. PC values are calculated in agreement with the relation proposed by 

Rebek (Equation 5.1). 

The selective vapour uptake prompted us to investigate whether the solid-

state spectroscopic properties of TPPM are influenced by the nature of the 

absorbed solvent. With this aim, UV-Vis absorption and emission spectra were 

recorded on powder samples of TPPM in thin layer form before and after their 

exposure to solvent vapours (Figure S5.27 and Figure S5.33). For all tested 

samples, the absorption profile (Figure S5.34) was found to be in good 

agreement with the one obtained for TPPM in DCM solution (Figure S5.26). 

On the contrary, in the emission spectra of the solid samples, the rising of a 

second, more intense band centred at 480 nm was observed (Figure 5.23a), in 
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addition to the one at 360 nm characteristic of the solubilized TPPM. This 

behaviour is in line with the formation of excimers in tightly packed crystalline 

structures of aromatic molecules, as confirmed by the excitation profiles.[66] 

Interestingly, the ratio between the emission intensity at the two maxima 

varies among all the series of tested solvates and differs from the TPPM empty 

form (Table S5.5). 

 
Figure 5.23: (a) Comparison of the solid-state emission spectra of the different 

TPPM solvates; (b) Diagram reporting the mean intensity ratio (I480nm/I360nm) values 

and their respective standard deviations. 
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As depicted by the diagram reported in Figure 5.23b, the emission spectra 

were collected for three different samples and the significance levels for each 

mean value of intensity ratio was obtained by one-way ANOVA calculation 

by Tukey Test. Only in the case of TPPM·CHCl3 a significance level lower 

than the threshold value of 0.05 was recorded. These results make TPPM a 

potential candidate for the uptake and detection of chloroform vapours in air. 

As volatile organic compound (VOC), the release of chloroform in the 

atmosphere resulting from a wide range of industrial activities is of high 

interest and has a severe impact on both human and environmental health.[67] 

In this respect, the stability of both TPPM and TPPM-S in presence of water 

is of particular relevance, as humidity is the main interferent in environmental 

monitoring of VOCs. 
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5.1.5 Conclusions 

In summary, the crystal structures of the solvated and empty forms of a 

crystalline SOF based on the rigid, tetrahedral organic tecton TPPM were 

elucidated. This structural analysis, in which 3D ED has played an essential 

role, has paved the way for a deeper understanding of the dynamic behaviour 

of the material. This reversible single-crystal-to-single-crystal phase transition 

is remarkably triggered by a selective group of organic vapours; the origin of 

this selectivity has been also elucidated and lies in the difference of packing 

coefficient. In addition, it was shown that the solid-state fluorescence of 

TPPM is affected by solvent uptake. The combined features of dynamic 

behaviour and selectivity can be exploited in the recognition of chloroform 

vapours through fluorescence measurements. This study might be considered 

as another step towards a better comprehension of stimuli responsive 

materials held together by weak supramolecular interactions. 
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5.2 3D Electron Diffraction analysis of a novel, 

mechanochemically-synthesized SOF based on TPPM 

As discussed in Chapter 5.1, the TPPM-based SOF exists in two forms: an 

empty, closed structure containing only small, isolated voids (TPPM-E), and 

an expanded framework endowed with channels that can be occupied by 

different guests (chloroform, ethanol, benzene, acetonitrile, etc.). In order to 

obtain the solvated, expanded form (TPPM-S), the empty form can be 

exposed to vapours of specific organic solvents (e.g. chloroform, 

trichloroethene and benzene) for a few minutes. Another way to obtain the 

expanded form consists in crystallising the tecton by slow evaporation of a 

solution with the desired solvent, typically chloroform. Chloroform can then 

be displaced by soaking the crystals for a couple of days in a different medium, 

preferably one in which TPPM shows very low solubility (such as, for 

example, ethanol or acetonitrile). An alternative approach consists in using 

mechanochemistry, an environmentally friendly synthetic strategy that has 

shown to be green, versatile, and efficient. [68–70] Mechanochemistry often 

yields microcrystalline materials that cannot be analysed with single-crystal 

X-ray diffraction methods. While in the past this was a severe obstacle, 

nowadays it has been demonstrated that this problem can be overcome by 

using three-dimensional electron diffraction (3D ED) directly on the crude 

reaction product (see Chapter 4). [60,71,72] 

The increased interest induced by the success of 3D ED also triggered the 

development of dedicated instruments as an alternative to TEM architectures. 

The second section of this chapter (see Chapter 5.2) the structure solution 

and refinement of a novel, mechanochemically synthesized TPPM-S phase 

(TPPM·BnOH), characterized by partially filled channels, will be presented. 

The 3D ED analysis of this phase was carried out with the ELDICO ED-1, a 

novel electron diffractometer specifically designed to collect 3D ED data in a 

reliable and reproducible way. [73] 



5 - Tetra-4-(4-pyridyl)phenylmethane-based Supramolecular Organic Frameworks 

86 

5.2.1 Mechanochemical Synthesis of the Novel TPPM-based SOF 

(TPPM·BnOH)  

In order to synthesize the solvated form of the TPPM-based SOF, crystals 

of the empty form (TPPM-E; obtained by heating a batch of single crystals 

of TPPM⋅CHCl3 at 100 °C for 2h) were manually ground in the presence of 

benzyl alcohol. The reaction consists of a liquid-assisted grinding (LAG) in 

which one of the reagents (BnOH) acts also as a liquid additive. The obtained 

mechanochemical product resulted to be crystalline, displaying a PXRD 

profile that could not be indexed as the SOF empty form (Figure 5.24). 

 
Figure 5.24: Powder X-ray profile of the TPPM empty form (red line) and 

calculated reflections (black sticks), compared to the mechanochemical product 

(orange line). 

A probable strong preferred orientation and the low resolution of X-ray 

diffraction data hampered a structure solution based on PXRD 

characterisation and prompted us to try 3D ED. Although loaded with solvent 

molecules, the compound was stable under the electron beam and full data 

sets could be automatically collected.  
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5.2.2 3D ED Characterization of the Mechanochemical Product 

The 3D ED analysis was carried out on the ELDICO ED-1 electron 

diffractometer (see Figure 5.25), a novel instrument designed specifically for 

an easy access to diffraction experiments and not specifically for imaging 

(which, on the contrary, is the original application of a TEM). This results in 

a horizontal setup, unusual for an electrons-based machine, in which the 

sample rotates around a vertical axis and the number of lenses is limited to 

just the illumination and scanning system. The diffractometer is assembled 

out of three crucial components: the electron beam system, the goniometer 

and a single electron detector. A detailed description of each can be found in 

Section 5.4 (Supplementary Information-B). 

 
Figure 5.25: Photograph of the ELDICO ED-1 electron diffractometer setup. The 

sample chamber has an octagonal shape with several ports, of which the goniometer 

connection, a window, and the load lock for vacuum transfer are visible. 

The nanocrystalline powder was directly characterized, as synthesised, 

through 3D electron diffraction analysis (3D ED). The sample was prepared 

with the procedure reported in section 5.4.3. The data collection was 

conducted in continuous rotation mode with a beam diameter of ~750 nm. 

This modality is analogous to a single-crystal X-ray experiment with an area 

detector; however, in the case of electrons, the much stronger interaction with 

matter allows a faster data collection on remarkably smaller crystal volumes 

compared to X-rays. The 3D ED experiments lasted only few minutes. The 
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availability of very sensitive and fast single electron detectors like the Dectris 

QUADRO does not require the use of an intense beam, therefore the total 

electron dose is minimized. [61] The high mechanical stability of the vertical 

goniometer guarantees that, after a fine optimization of the eucentric position, 

the nanocrystal is maintained in a stable position inside the electron beam 

during the whole rotation. 

The crystals suitable for the 3D ED analysis were searched through STEM 

imaging and their crystal quality was preliminarily checked with a single 

diffraction pattern, placing the beam on the crystal of interest.  

 
Figure 5.26: STEM-Images of the three TPPM⋅BnOH microcrystals used for the 

3D ED data collection. (a): Crystal 1; (b): Crystal 2. The dotted squares highlight the 

two areas in which data collection 2a and 2b were conducted; (c): Crystal 3. 

Three different microcrystals were characterised in order to maximize the 

data completeness (Figure 5.26, Table S5.8). Despite the TPPM-based 

crystals being quite sensitive to the electron beam, as previously checked on 

a standard TEM, the electron diffractometer configuration allowed a complete 

3D ED experiment. Indeed, ED frames were collected over 109° of reciprocal 

space, with a resolution of 1.2 Å, avoiding the amorphization of the crystals 

or any visible resolution loss at the end of the experiment (Figure S5.36).  

For the three analysed crystals, four datasets were collected. The PETS2 

software [74] was employed to analyse the diffraction patterns, in order to find 

the unit cell, index and integrate the reflection intensities.  
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Figure 5.27: Section of the reciprocal space, reconstructed with PETS2 from the 

3D ED data. (a) hk0 reciprocal plane section showing the extinction rule h + k = 2n. 

(b) h0l reciprocal plane section showing the angle β* ≈ 61° and the reflection condition 

for the c glide plane, l = 2n. The reciprocal space sections are calculated on the merged 

data sets of crystals 1, 2 and 3. 

Despite the presence of some spurious reflections coming from other small 

crystals falling inside the illuminated area, the reconstructed reciprocal space 

(Figure 5.27) could be unambiguously indexed with a monoclinic C-centred 

lattice with parameters a = 27.907(7), b = 7.0195(7), c = 21.592(3), β = 

118.821(12) (Å and °,Table S5.9). The C-centring extinction rule and the c 

glide clearly observed in the h0l plane led to the identification of the C1c1 

extinction symbol compatible with Cc and C2/c space groups. The indexed 

data were then integrated with the fit profile model of PETS2, in which the 

mosaicity and resolution dependence of the peak width are refined globally, 

and then the orientation of each pattern (geometrical optimization) was 

optimized (Figure S5.37). 



5 - Tetra-4-(4-pyridyl)phenylmethane-based Supramolecular Organic Frameworks 

90 

 
Figure 5.28: Profile fit from LeBail refinement on TPPM⋅BnOH. The shown 

range is limited to 2θ values of 5-50 for clarity, whereas the refinement was carried 

out in the range 5-75°. The refinement converged to Rp = 5.77%, wRp = 7.68% and 

GOF = 2.87. 

The correct unit cell determination was checked on PXRD data through 

a LeBail refinement (Figure 5.28). The refinement converges to slightly bigger 

unit cell parameters with respect to those obtained from the electron 

diffraction data (Table S5.10). This result can be ascribed to a loss of solvent 

molecules due to the strong vacuum condition inside the electron 

diffractometer column. It is well known that porous materials, like MOFs and 

SOFs, have the capability to release the guest molecules held inside their 

pores, and this process is accelerated by vacuum and heat. Indeed, under the 

previously mentioned stimuli, the expanded, solvated form of the TPPM-

based SOF could easily release guest molecules, such as CHCl3, EtOH, C6H6 

and CH3CN (Chapter.5.1.4). [1] However, the fact that the unit cell volume 

remains significantly larger than that of the empty phase (Table S5.10) 

indicates that the BnOH release is only partial and the remained molecules in 

the pores can stabilize the expanded form of the TPPM-based SOF also under 

high vacuum (~10-7 mbar) conditions. This is quite unusual for this SOF since 

with all other solvents the only phase detected in high vacuum was the empty 

one.  
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The datasets collected from the analyzed crystals were merged together 

(using the merging procedure of PETS2), and the structural model was then 

solved ab-initio with standard direct methods in space group C2/c. The model 

was initially refined kinematically, i.e., with the measured intensity considered 

proportional to the square modulus of the structure factor. The kinematically 

refined model revealed the formation of a supramolecular network 

characteristic of the SOF expanded form, [1] in which the TPPM molecules 

are mainly involved in CH⋅⋅⋅N interactions (Figure 5.29). 

 
Figure 5.29: View of the main C-H⋅⋅⋅N interactions in TPPM⋅0.5BnOH. The N 

atoms involved in the interaction are represented as turquoise (N1A) and blue (N1B) 

spheres. Solvent molecules have been omitted for clarity. The interactions N1A⋅⋅⋅C3B, 

N1B⋅⋅⋅C9A, N1A⋅⋅⋅C10B and N1B⋅⋅⋅C4B are shown by purple, orange, blue and 

turquoise dashed lines, respectively.  

The existence of BnOH molecules inside the pores was highlighted by the 

difference Fourier map calculation, which shows the presence of residual 

electrostatic potential in the framework channels (Figure 5.30a). The 

modelling of the guest molecules embedded in the SOF channels showed them 

to be disordered over two equivalent positions, each with occupancy of ca. 

0.25 (Figure 5.31); they were then modelized as rigid body molecules, in a 

ratio of 1:2 with respect to TPPM. The solvent stoichiometry calculated from 
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thermogravimetric and NMR analysis over the crude product shows a ratio of 

TPPM and BnOH near to 1:1 (Figure S5.41, Figure S5.42). This result 

confirms that, during the diffraction experiment, a partial removal of BnOH 

has taken place under vacuum, as suspected from the moderate decrease in 

the lattice parameters detected with respect to PXRD data. 

 
Figure 5.30: (a) Difference Fourier Map calculated on the TPPM supramolecular 

network free of guest molecules. The electrostatic potential is reported as an orange 

surface (isosurface level 2.5σ[ΔV(r)]), with the nitrogen atoms in blue, carbon atoms 

in light grey and hydrogen atoms in white. (b) View of the benzyl alcohol guest packed 

between two TPPM molecules in the TPPM⋅0.5BnOH crystal phase. For clarity 

reasons, only one of the two possible orientations of the BnOH molecule is displayed. 

The oxygen atoms are represented in red, carbon atoms in grey, nitrogen atoms in 

blue and hydrogen atoms in white. The solvent molecule is shown in space-filling 

mode.  
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Figure 5.31: The TPPM⋅0.5BnOH structural model oriented along the 

crystallographic b-axis. The oxygen atoms are represented in red, carbon atoms in 

grey, nitrogen atoms in blue and hydrogen atoms in white. The disordered solvent 

molecules are shown in space filling mode.  

To further improve the TPPM⋅0.5BnOH structural model and have better 

agreement between the experimental and calculated intensities, a dynamical 

refinement, which takes into account multiple scattering effects through a full 

Bloch calculation,[62] is needed. However, if we want to keep the high 

coverage obtained by merging data from different crystals, we are obliged to 

perform the refinement against multiple data sets, one for each crystal, since 

for each different crystal the dynamical effects will be different due to their 

different thickness. We considered three different crystal data sets (crystal 2a, 

2b, 3) and refined the structure dynamically against these three data sets 

simultaneously. Remarkably, the electron diffraction data quality proved 

suitable for a dynamical refinement and the refinement successfully converged. 

The dynamical refinement requires to consider and refine, together with the 

structural model, the thickness of the sample at zero degrees of tilt. In the 

case of multiple data sets the number of refined thicknesses equals the number 

of crystals involved (in our case crystal 2a: 645 Å, crystal 2b: 578 Å, crystal 3: 

738 Å). The dynamical data treatment allowed, as expected, a significant 
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reduction of the agreement factors: the R1(obs) value was reduced from 

27.47% to 14.42%. The atoms displacement parameters were also refined 

without any restraints, leading to a structural model that better represents 

the mobility of the pyridyl rings with respect to the inner phenyl groups 

(Figure S5.40). From the calculation of the difference Fourier map, it was also 

possible to detect the positions of 80% of the hydrogen atoms of the TPPM 

molecule (Figure 5.32).  

 

Figure 5.32: (a) Superposition between the calculated potential map and the 

TPPM molecule, in the dynamically refined phase of TPPM⋅0.5BnOH. (b) 

Superposition between the difference potential map, calculated from the structural 

model without H atoms, and the TPPM molecule from the TPPM⋅BnOH structure 

after the dynamical refinement. The Fourier map and difference map are represented 

with an isosurface level of 2σ[ΔV(r)]. 
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5.2.3 Conclusions 

A new expanded phase of a TPPM-based SOF was synthesized by 

mechanochemical synthesis. The crystal structure of the as-synthesized 

product was elucidated by 3D ED analysis with a novel electron 

diffractometer. This is one of the first structures solved with a horizontal 

electron diffractometer with a completely new design with respect to a 

standard TEM. The data quality allowed to solve the crystal structure of the 

SOF discovering that the vacuum inside the instrument was not enough to 

completely empty the channels. The residual BnOH molecules in the channels 

could be detected in the difference Fourier maps and their position properly 

refined. The structure could be also refined dynamically against multiple data 

sets collected on three crystals. To our knowledge, this is one of the first time 

in which such a procedure has been successfully attempted. 
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5.3 Supplementary Information – A (Chapter 5.1) 

All commercial reagents and solvents were used as received. Tetrakis(4-

bromophenyl)methane, tetrakis(triphenilphenilphospine)palladium(0) end 4-

pyridineboronic acid were purchased from TCI Europe. All instrumental 

details related to the adopted characterization techniques are reported in their 

respective sections.  

5.3.1 Synthetic Procedures 

TPPM Synthesis 

The synthesis was performed following the procedure reported by Kitagawa 

et.al.[45] Tetrakis(4-bromophenyl)methane (400 mg, 0.63 mmol) and toluene 

(15 mL) were added to a 100 mL Schlenk tube, followed by an aqueous 

solution of sodium carbonate (667 mg, 6.29 mmol, in 5 mL of H2O) and an 

ethanol suspension of 4-pyridineboronic acid (546 mg, 85% purity, 3.77 mmol, 

in 12 mL of ethanol). The mixture was purged with Ar (bubbling for 20 

minutes) and tetrakis(triphenylphosphine)palladium(0) (87 mg, 0.07 mmol) 

was added. The reaction mixture was heated at 90 °C for 3 days under stirring. 

The mixture was cooled to room temperature and the precipitate was filtered. 

The off-white solid was washed with H2O (3 × 3 mL) and dried. 

Recrystallization from a 9:1 CH2Cl2/MeOH mixture afforded TPPM as 

colorless crystals (240 mg, 61% yield). 
1H NMR (400 MHz, CD2Cl2) δ (ppm): 8.59 (dd; J1 = 4.7 Hz, J2 = 1.85 

Hz, 8H), 7.66 (d, J = 8.6 Hz, 8H), 7.58 (dd, J1 = 4.7 Hz, J2 = 1.8 Hz, 8H), 

7.49 (d, J = 8.5 Hz, 8H). 
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Crystallization of TPPM·CHCl3  

TPPM (32 mg) was added to 20 mL of CHCl3 in a 100 mL round bottom 

flask and left to reflux. The clear solution was cooled at room temperature 

and left to slowly evaporate, in order to obtain colourless needle crystals.  

Crystallization of TPPM·C6H6 

Crystals of TPPM·C6H6 were prepared starting from large crystals of 

TPPM·CHCl3; they were added in a 5-mL scintillation vial with 3 mL of C6H6. 

The TPPM·CHCl3 crystals were left to soak for 3 days yielding the 

TPPM·C6H6 solvate. 

Crystallization of TPPM·EtOH  

Crystals of TPPM·EtOH were prepared by soaking, following the same 

procedure described for TPPM·C6H6, using EtOH instead of C6H6. 

Crystallisation of TPPM·0.5CH3CN 

Crystals of TPPM·0.5CH3CN were prepared by soaking, following the same 

procedure described for TPPM·C6H6, using CH3CN instead of C6H6. 

Solvent vapour absorption experiment 

TPPM crystals were placed in an oven at 100°C to completely remove any 

traces of the solvent absorbed molecules. The activated TPPM crystals were 

subsequently placed in a closed vessel, previously saturated with vapours of a 

specific solvent and left for 2 minutes. 
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5.3.2 Solid-State Characterization 

Single-crystal X-ray diffraction (SC-XRD) 

The crystal structures of TPPM·CHCl3, TPPM·EtOH, TPPM·C6H6 and 

TPPM·0.5CH3CN were determined by X-ray diffraction on single crystals. 

The structure of the empty form of TPPM was solved by 3D Electron 

Diffraction (see next section). Crystal data and experimental details for data 

collection and structure refinement are reported in Table S1. Intensity data 

and cell parameters were recorded at 200(2) K [167(2) K for 

TPPM·0.5CH3CN] on a Bruker D8 Venture PhotonII diffractometer (CuKα 

radiation λ = 1.54178 Å). The raw frame data were processed using SAINT 

and SADABS to yield the reflection data files.[75] The structures were solved 

by Direct Methods using the SHELXT program[76] and refined on Fo
2 by full-

matrix least-squares procedures, using SHELXL-2018[77] in the WinGX suite 

v.2014.1.[78] All non-hydrogen atoms were refined with anisotropic atomic 

displacements, with the exception of some of the disordered solvents. The 

hydrogen atoms were included in the refinement at idealized geometry and 

refined “riding” on the corresponding parent atoms. The weighting schemes 

used in the last cycle of refinement were w = 1/ [σ2Fo
2+ (0.1661P)2 + 

5.9859P], w = 1/ [σ2Fo
2+ (0.1710P)2 + 4.3284P], w = 1/ [σ2Fo

2+ (0.3487P)2], 

and w = 1/ [σ2Fo
2+ (0.2669P)2], where P = (Fo

2 + 2Fc
2)/3, for TPPM·CHCl3, 

TPPM·EtOH, TPPM·C6H6 and TPPM·0.5CH3CN, respectively. The 

crystallographic data have been deposited with the Cambridge 

Crystallographic Data Centre as supplementary publication no. 2194027, 

2194028, 2194029 and 2194030. 
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Table S5.1: Crystallographic data for TPPM·CHCl3, TPPM·EtOH, TPPM·C6H6, 

TPPM·0.5CH3CN, TPPM·DMF,[44] TPPM·DMSO[45] and TPPM. 
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Figure S5.1: Detail of the C-H···Caromatic interactions in TPPM·CHCl3. C1S··C5A 

and·C1S-H1S···C5A: 3.365(3) Å and 166.9(5)°; C1S··C8A and·C1S-H1S···C8A: 

3.209(2) Å and 150.0(6)°.  

 

Figure S5.2: Ortep view of the asymmetric unit of TPPM·CHCl3. Only one 

possible orientation for chloroform is shown for clarity. 
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Figure S5.3: Ortep view of the asymmetric unit of TPPM·EtOH. Only one 

orientation of ethanol is shown for clarity. 

 

Figure S5.4: Ortep view of the asymmetric unit of TPPM·C6H6. 
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Figure S5.5: Ortep view of the asymmetric unit of TPPM·0.5CH3CN. The second 

orientation of TPPM is shown in light grey. The C10B-H10B···N1S interaction 

[3.439(3) Å; 123.7(4)°] is shown as a red dotted line.  
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Hirshfeld surface analysis  

 
Figure S5.6: Comparison of the fingerprint plots of (a) TPPM in the empty form 

and in (b) TPPM·CHCl3, (c) TPPM·EtOH, (d) TPPM·C6H6 and (e) 

TPPM·0.5CH3CN. 

Table S5.2: Percentage of the interaction shown in the fingerprint plots. 

Interaction Empty Chloroform Ethanol Benzene 
CH3CN-

Filled 
C···H/H···C 33.5 28.2 31.3 31.5 33.5 

C···C 2.2 2.1 2 4.2 2.6 
C···N/N···C 0.1 0.6 0.4 0.5 0.9 
N···H/H···N 17.2 14.5 14.6 14.5 18.4 

H···H 47 41.8 48.6 49.3 44.6 
O···C/C···O - - 0.5 - - 
O···H/H···O - - 2.6 - - 
C···Cl/Cl···C - 4.2 - - - 
Cl···H/H···Cl - 8.3 - - - 
Cl···N/N···Cl - 0.3  - - 
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3D Electron Diffraction (3D ED) 

Scanning transmission electron microscopy imaging and 3D electron 

diffraction have been carried out on a Zeiss Libra 120 transmission electron 

microscope, equipped with a LaB6 thermionic source operating at 120 kV 

(λ=0.0335 Å) and a Timepix single-electron detector by ASI for collecting 

diffraction patterns in low dose mode. 3D electron diffraction data were 

collected on single nanocrystals in nanodiffraction mode with a parallel 

electron beam of 150 nm in diameter. The diffraction patterns were collected 

in stepwise mode, with an angular step of 1° covering an angular range of 

120°. The data collection was carried out in precession mode with a parallel 

beam precessing on a cone surface with a 1° semiangle aperture (PEDT 

protocol), in order to increase the reciprocal space integration. Imaging was 

carried out in STEM mode with a high angular dark field detector (HAADF). 

Crystal data and experimental details for data collection and structure 

refinement are reported in Table S5.1. The 3D ED data were analysed using 

the software PETS.[74] Ab-initio structure determination of TPPM was 

performed by Standard Direct Methods using the SIR2019 package.[79] Data 

were initially refined with a fully kinematical approximation, i.e. neglecting 

dynamical scattering and assuming that Ihkl is proportional to |Fhkl|2. Least-

squares structure refinement was performed with the software SHELXL-

2014[77] interfaced with ShelXle.[80] The kinematically refined structure was 

subsequently refined taking into account the dynamical diffraction theory 

(multiple scattering) of electrons. The diffraction data were properly 

integrated for the dynamical refinement using PETS. Dynamical refinement 

of TPPM was carried out with the software suite Jana2006.[81] 

Crystallographic data for TPPM have been deposited with the Cambridge 

Crystallographic Data Centre as supplementary publication no. 2194031. 
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Figure S5.7: Ortep view of the asymmetric unit of TPPM. 

 
Figure S5.8. Electrostatic potential map of the TPPM structural model, visualized 

as isosurface within the unit cell border. The potential map is calculated from the 

dynamically refined structure by Fourier map calculation. 
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Powder X-ray Diffraction (PXRD) 

The PXRD patterns of the samples were collected using Ni-filtered Cu 

Kα radiation (λKα1 = 1.5406 Å, λKα2 = 1.5444 Å), on a Rigaku SmartLab XE 

diffractometer equipped with a HyPix-3000 detector. The data were 

preliminarily processed with SmartLab Studio II (by Rigaku). Standard 

PXRD patterns were collected in Bragg-Brentano geometry in the 2θ range 

5-35°, placing the sample on a silicon zero background specimen holder. 

Temperature-resolved in situ data collections were performed using a TTK 

600 temperature chamber by Anton Paar, collecting each pattern in a 2θ 

range of 5-27° in 5 minutes during the heating ramp (1°C min-1).  

The LeBail refinement on powder X-ray diffraction data, from temperature-

resolved analysis, was carried out with Jana2006.[81] The background was 

described by manually-picked points, the unit cells were defined from single 

crystal data (SC-XRD or 3D ED) and the profile parameters were obtained 

by cyclic refinements on the entire dataset. The convergence residual values 

of each diffraction pattern are reported in Table S3. The diffraction profile 

temperature is the mean value between initial and final data collection 

temperatures. Each diffractogram, collected during the temperature resolved 

experiment, was analyzed through LeBail refinement. The profile data 

obtained from the refinement were used for the phase fraction estimation of 

TPPM·S (TPPM·CHCl3) and empty TPPM. For both phases, a characteristic 

reflection was selected: (-202) for TPPM at 2θ = 8.02° and (111) for TPPM·S 

at 2θ = 14.39°. The phase fraction calculation was performed comparing the 

peak area of the characteristic reflection for each powder diffraction pattern, 

in accordance with Equation S5.1. 
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 χhiij�k� = lhiij�k�
lhiij�k� + lhiijAm�k� ⋅ 100 (S5.1) 

where χTPPM(T) is the TPPM phase fraction at the temperature T, while 

ATPPM(T) and ATPPM-S(T) are the areas of the (-202) and (111) reflections, 

respectively, for TPPM and TPPM⋅CHCl3 at the temperature T.  

 
Figure S5.9: X-ray powder profile series collected during the temperature-resolved 

analysis. 

 
Figure S5.10: Profile fit from LeBail refinement performed on specific 

diffractograms at characteristic temperatures of the PXRD desorption monitoring 

experiment. The convergence residual values are reported in Table S5.3. 
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Table S5.3: Profile parameters of Le Bail refinement for each diffractogram 

collected during the temperature-resolved experiment. 

Temperature (°C) Rp (%) Rwp (%) 

21 5.4844 7.9947 

25 5.4121 8.0852 

29 5.5843 8.3577 

32 5.7252 8.8281 

36 5.7962 9.1395 

40 6.1616 9.7719 

44 6.0805 10.053 

48 5.9376 9.7978 

52 5.4259 9.2085 

55 5.1261 8.2017 

59 5.0332 7.3885 

63 5.0167 6.9963 

67 5.1857 7.0132 

71 5.4371 7.4023 

75 5.4544 7.346 

79 5.4411 7.3796 

82 5.4497 7.3435 

86 5.5465 7.4895 

90 5.4314 7.2961 

94 5.3235 7.2297 

98 5.3435 7.1588 

102 5.2542 7.1246 

105 5.2839 7.1011 

109 5.1544 6.9531 

113 5.2909 7.008 

117 5.3109 7.0219 

121 5.1686 6.8925 

125 5.2629 6.9829 

129 5.2704 6.8826 

132 5.2591 6.9453 
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Figure S5.11: Powder X-ray diffractograms of TPPM after 2 min and 20 min of 

exposure to cyclohexane vapors. 
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5.3.3 Thermal Characterizations 

Differential Scanning Calorimetry (DSC) 

Differential scanning calorimetry analyses were performed with a Perking 

Elmer instrument, model DSC6000. The desorption analyses were performed 

in holed pans with a heating rate of 5°C min-1 in a temperature range of 30-

220 °C. The cyclic absorption-desorption experiment was performed in a 

closed pan with a heating rate of 10 °C min-1 in a temperature range of 60-

200°C. 

 
Figure S5.12: DSC thermogram of the TPPM·CHCl3 phase, performed with two 

heating-cooling cycles to highlight the stability of the TPPM phase after solvent 

removal.  
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Figure S5.13: Comparison of the thermograms of various TPPM solvates 

highlighting the different heats of desorption; only the heating ramps have been 

reported. The dichloroethane solvate (TPPM·DCE) presents an intermediate value of 

ΔHDes that can probably be related to its low pore occupancy. 
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Thermogravimetric Analysis (TGA) 

Thermogravimetric analyses were performed with a Perking Elmer 

instrument, model TGA 8000. The desorption process leading to the weight 

loss was performed under a heating rate of 5°C min-1 in a temperature range 

of 30-220 °C. 

Relation adopted for the solvate stoichiometry (SSTGA) calculation from TGA 

data: 

 77hno  = ΔY�%� ⋅ �qYhiij + qYn�cde�
qYn�cde

 (S5.2) 

where ΔW(%) is the measured weight loss percentage, while MWTPPM and 

MWGuest are the TPPM and Guest molar weight, respectively.  

 
Figure S5.14: Comparison of the thermogravimetric path for different TPPM-S 

forms. 
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Figure S5.15: Comparison of the solvate stoichiometry among the TPPM solvates. 

The solvate stoichiometry (SSTGA) was estimated from TGA data using Equation S5.2. 
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5.3.4 Packing Coefficients Calculation 

The packing coefficients were calculated as the ratio between the guest 

volume (VGuest) and the volume of the guest binding site (V) present in the 

TPPM-S phase (Equation S5.3). Guest volumes were calculated combining 

the van der Waals Volume (vW) with the probe (radius 1.2 Å) excluded 

volume (vPex), using the MoloVol program.[82] The guest binding site volume 

in the TPPM-S phase was calculated dividing the potential void volume by 

the Z value of the crystal structures. The TPPM-S potential void volume was 

calculated by the program Mercury,[83] using a probe with a radius of 1.2 Å, 

considering the frameworks of the TPPM-S crystal structures from which the 

solvent molecules were removed (15.5 % of the unit cell, 565 Å-3).  

 `an�cde = \n�cde
\ ⋅ 100 (S5.3) 

where PCGuest is the Guest packing coefficient, V the Guest volume and V the 

cavity (guest binding site) volume (V = 140.5 Å-3).  

The guest volume was calculated as follows:  

 \n�cde = �r + �ics (S5.4) 

where vW is the guest van der Waals volume and vPex the probe excluded 

volume.  
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Table S5.4: Solvents volumes and Packing Coefficients. 

Solvent vw (Å-3) vPex (Å-3) Vguest (Å-3) PCguest (%) 

CHCl3 76.23 1.83 78.06 55.56 

DCE 76.78 2.01 78.79 56.08 

PhCH3 99.92 1.70 101.62 72.33 

C6H6 84.03 0.53 84.56 60.18 

C6H12 97.15 3.16 100.31 71.39 

CH3CN 48.34 0.29 48.63 34.61 

CH2Cl2 59.72 0.94 60.67 42.50 

Acetone 62.53 1.72 64.25 44.50 

EtOH 52.28 1.12 53.40 38.01 

C2HCl3 87.78 2.01 89.79 63.91 
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5.3.5 NMR Characterization 

The 1H NMR spectra were collected in CD2Cl2 with few drops of methanol-

d4, in order to completely solubilize the TPPM molecule, on a Bruker AC400 

Avance. 

 
Figure S5.16: 1H NMR spectrum of TPPM (400 MHz, CD2Cl2) δ (ppm): 8.59 (dd; 

J1 = 4.7 Hz, J2 = 1.85 Hz, 8H, a), 7.66 (d, J = 8.6 Hz, 8H, c), 7.58 (dd, J1 = 4.7 Hz, 

J2 = 1.8 Hz, 8H, b), 7.49 (d, J = 8.5 Hz, 8H, d). 
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Solvent loading determination by 1H-NMR spectroscopy 

performed on TPPM-S phases 

 
Figure S5.17: 1H NMR spectrum of TPPM·CHCl3 collected in CD2Cl2. 

 
Figure S5.18: 1H NMR spectrum of TPPM·C6H6 collected in CD2Cl2. 
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Figure S5.19: 1H NMR spectrum of TPPM·PhCH3 collected in CD2Cl2. 

 

Figure S5.20: 1H NMR spectrum of TPPM·DCE collected in CD2Cl2. 
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Figure S5.21: 1H NMR spectrum of TPPM·C2HCl3 solvate collected in CD2Cl2. 

 

Figure S5.22: 1H NMR spectrum of TPPM·C12H12 collected in CD2Cl2. 
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The solvate stoichiometry (SSNMR) was estimated from 1H NMR data 

according to following equation: 

 S7Eju  = Iwxyz{ ⋅ !hiij
I|}}~ ⋅ !n�cde

 (S5.5) 

Where IGuest and ITPPM are the integral associated to guest and TPPM 

diagnostic peaks, respectively; n is the number of hydrogen atoms related to 

the diagnostic peak of interest.  

 
Figure S5.23: Comparison of the solvate stoichiometry among the different TPPM 

solvates.  

 
Figure S5.24: Comparison of SSTGA and SSNMR for different TPPM solvates. 
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Figure S5.25: Solvent competition studies followed by 1H NMR spectroscopy. The 

TPPM·CHCl3 phase was exposed to EtOH vapours for 2 and 20 minutes. The solid 

was then dissolved in CD2Cl2 with few drops of methanol-d4. 1H NMR spectra were 

collected and compared to the one of the initials solvate. 
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5.3.6 Spectroscopic Characterization 

UV-Vis (UltraViolet-Visible) absorption spectra were collected using a 

PerkinElmer Lambda650 spectrophotometer. The solid samples were prepared 

spreading the sample on a quartz plate to produce a thin layer. Absorption 

spectra were collected in transmission, with the light beam orthogonal to the 

sample, using air as reference. Liquid samples were analysed as diluted 

solution (≈10-6) in DCM:MeOH (95:5). 

Fluorescence measurements were performed on a FLS1000 Edinburgh 

Fluorometer; the samples were prepared in the same way of the UV-Vis 

analysis. Emission spectra on solid samples were collected on thinner layers 

with respect to the absorption spectra, to minimize the inner-filter effects and 

to obtain an excitation profile comparable to the absorption spectra. 

Fluorescence analyses were performed placing the quartz support at 45° with 

respect to the excitation beam and tilted off the vertical. Furthermore, long 

pass filters were employed in the emission path (λcut-off[emission] = 330 nm, 

λcut-off[excitation] = 455 nm).  

The solid-state spectroscopic characterization was performed on the 

TPPM-S phases directly obtained by vapor absorption from the empty TPPM 

phase.  

 
Figure S5.26: Absorption, excitation, and emission spectra of the empty TPPM 

phase in DCM:MeOH (95:5) solution. 
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Figure S5.27: Absorption, excitation, and emission spectra of the empty TPPM 

phase in the solid state. 

 
Figure S5.28: Absorption, excitation, and emission spectra of TPPM·CHCl3 in the 

solid state. 
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Figure S5.29: Absorption, excitation, and emission spectra of the TPPM·C6H6 

phase in the solid state. 

 

Figure S5.30: Absorption, excitation, and emission spectra of TPPM·PhCH3 in 

the solid state. 
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Figure S5.31: Absorption, excitation, and emission spectra of TPPM·C2HCl3 in 

the solid state. 

 
Figure S5.32: Absorption, excitation, and emission spectra of TPPM·C6H12 in the 

solid state. 
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Figure S5.33: Absorption, excitation, and emission spectra of TPPM·DCE in the 

solid state. 

 

Figure S5.34: Comparison of the absorption spectra at the solid state for the 

different TPPM phases. 
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Figure S5.35: Comparison of the excitation spectra at the solid state for the 

different TPPM phases. 
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Table S5.5: Emission Ratio value for each TPPM phase characterized by solid-

state spectroscopic methods. To perform a statistical analysis, the emission spectra 

were collected for three different samples. 

TPPM-SOF 

Crystal Phase 

Ratio  

I480nm/I360nm 
Mean Value Standard Deviation 

TPPM.CHCl3 

2.21035 

2.71874 0.49312 2.75085 

3.19502 

TPPM.C6H12 

1.56512 

1.79224 0.5353 1.40794 

2.40366 

TPPM.C6H6 

1.49289 

1.79589 0.26564 1.90603 

1.98874 

TPPM.C2HCl3 

1.6129 

1.4968 0.12073 1.50557 

1.37193 

TPPM.PhCH3 

1.5791 

1.70348 0.17374 1.94918 

1.58215 

TPPM.DCE 

1.64479 

1.72997 0.20764 1.96666 

1.57846 

TPPM 

1.17315 

1.31384 0.15554 1.48086 

1.2875 
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Table S5.6: Significance levels for each group obtained by one-way ANOVA 

calculation by Tukey Test, using 0.05 as significance level. 
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TPPM.CHCl3 
 

      
TPPM.C6H12 0.041 

 

     
TPPM.C6H6 0.042 1 

 

    
TPPM.C2HCl3 0.0054 0.91 0.91     
TPPM.PhCH3 0.022 1 1 0.98    
TPPM.DCE 0.027 1 1 0.97 1 

 

 
TPPM 0.0015 0.55 0.55 0.99 0.75 0.69  
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5.4 Supplementary Information – B (Chapter 5.2) 

5.4.1 Synthetic Procedures 

The TPPM synthesis was carried out following the procedure reported in the 

literature (see Section 5.3.1). [84] 

The mechanochemical reactions were conducted with the addition of a 

small amount of liquid; this synthetic approach is called “Liquid Assisted 

Grinding” (LAG). The amount of liquid added to the reaction mixture and 

the total mass of the solid fraction is related to the parameter η (see in 

Chapter 4.4.1 the Equation 4.1). [85] 

Mechanochemical Synthesis of TPPM⋅BnOH 

TPPM (29.5 mg, 0.047 mmol) and BnOH (18 μL, 0.17 mmol) were placed 

into an agate mortar of 6 cm in diameter. The mixture was manually ground 

with a pestle for 20 min (η = 0.61) and then the mechanochemical crude was 

left in an open container for 1 hour to evaporate the remaining traces of LAG 

additive. 
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5.4.2 Powder X-ray Diffraction (PXRD)  

The PXRD patterns of the samples were collected using Ni-filtered Cu K 

radiation (λKα1 = 1.5406 Å, λKα2 = 1.5444 Å), on a Rigaku SmartLab XE 

diffractometer equipped with a HyPix-3000 detector. The data were processed 

with SmartLab Studio II (by Rigaku). PXRD patterns were collected in 

Bragg-Brentano geometry in the 2θ range 5-75°, placing the sample on a 

silicon zero background specimen holder. The LeBail refinement on powder 

X-ray diffraction data was conducted with Jana2020.[81] Manually selected 

points were used to describe the background, single crystal data (3D ED) were 

used to define the unit cell, and cyclic refinements on the entire dataset were 

used to generate the profile parameters. The peak profile was modelled as a 

Pseudo-Voight function, corrected due to axial divergence asymmetry and it 

is cut outside 20*FMWH range. The refinement converged to Rp = 5.77%, 

wRp = 7.68% and GOF = 2.87 (Figure 5.28). 

Table S5.7: Unit cell parameters obtained from the LeBail Refinement on the 

powder X-ray diffraction data (PXRD). 

 PXRD 

a (Å) 28.469(2) 

b (Å) 7.0652(4) 

c (Å) 21.774(1) 

α (°) 90 

β (°) 120.481(4) 

γ (°) 90 

Vol (Å3) 3774.33(3) 
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5.4.3 3D Electron Diffraction (3D ED) 

Sample Preparation 

The preparation of a sample suitable for 3D ED analysis was conducted using 

directly the mechanochemical reaction crude (see S1.2). The nanocrystalline 

powder of TPPM⋅BnOH was placed on a microscope glass and a TEM sample 

grid (Cu square grid, 300 mesh, holey carbon film) was gently pressed on it.  

Electron Diffractometer 

3D electron diffraction analysis and scanning transmission electron microscopy 

imaging have been carried out on an ELDICO ED-1 electron diffractometer. 

A photograph of the setup is reported in Figure 5.25. The electron gun is 

made with a self-ramping up beam system having a thermionic LaB6 source 

which produces a 160 keV electron beam. The beam is shaped by multiple 

condenser lenses; however, no lens is located close to the sample chamber and 

no projector lenses are used to project the diffraction pattern onto the 

detector.[86] The condenser lenses are accompanied by several deflectors and 

among those is a pair of scanning coils that allow STEM imaging. There is 

only one aperture for both applicable modes, STEM imaging and diffraction. 

In STEM mode a focussed beam with diameters from 30-40 nm can be 

realized. The distance of the last condenser lens to the sample is ca. 35 mm, 

which was designed to leave space for further attachments, but also to have 

a rather large focal length, which means that even out of the focal plane a 

remarkable depth and sharpness of the images can be achieved, e.g. when 

images with a large field of view of a tilted or bent grid are recorded. In 

diffraction mode (parallel beam) recommended beam diameters are in the 

range from 300 to 950 nm with beam divergences in the range from 0.15 to 

0.05 mrad, respectively. 

The goniometer, which can mount a standard TEM grid, is equipped with 

four linear axes and one rotation axis which is vertical [87]. The construction 
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of the goniometer allows to bring any position on a mounted grid into the 

point of intersection between rotation axis and the diffraction mode’s electron 

beam (the usual eucentric point in a standard TEM). The movement of the 

goniometer (especially the sample rotation) is not restricted by any close-by 

optical elements. The detector is a hybrid pixel detector (Dectris QUADRO) 

which allows for continuous rotation experiments by its fast readout and 

neglectable dead time of 100 ns. Due to the fixed sample to detector distance 

and to the absence of any projection system compared to a TEM, once the 

detector distance is calibrated with a standard, no daily calibration is 

necessary and quite precise undistorted measurements of the reciprocal space 

geometry can be performed retrieving precise unit cell parameters.  

The crystals suitable for the 3D ED analysis are searched through STEM 

imaging and their crystal quality is preliminarily checked with a single 

diffraction pattern, placing the beam on the crystal of interest. During the 

analysis, the diffraction patterns are collected while the crystal is rotating, in 

accordance with the continuous-rotation data collection protocol.  

Data Collection and Analysis 

Electron diffraction data were collected on different microcrystals illuminated 

with a parallel electron beam of 750 nm in diameter. The diffraction patterns 

were recorded with a continuous rotation data collection protocol (cRED), 

which consists of a continuous scan of the reciprocal space, in this case, up to 

a maximum of 109° with an angular integration of 0.50° and one second of 

exposure time per frame. The position of the object on the TEM grid was 

assessed through STEM imaging. The eucentric height and the in-plane 

stability of the crystal were corrected through specific routines implemented 

in the software integrated with the instrument. Three different crystals were 

analyzed in total, and two data collections were performed in different regions 

of the Crystal 2. 
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The collected diffraction data of each crystal were separately handled 

using the PETS2 software.[74] The reflection data were indexed determining 

also the orientation matrix, subsequently was performed the optimization of 

the frame orientation and the reflection intensities were integrated. 

Furthermore, the diffraction data were combined together using the PETS2 

merging tool, which increased the completeness of the reflection data. The 

reflection intensities were treated with Jana2020 and the symmetrically 

equivalent reflections were averaged. The merged reflection dataset was used 

for the ab-initio structure determination, performed by Standard Direct 

Methods using the SHELXT software.[76] The data were initially refined with 

a fully kinematical approximation, which consists in neglecting the dynamical 

scattering phenomena and assuming that Ihkl is directly proportional to |Fhkl|2. 

The least-squares refinement was performed with the software SHELXL-2014 

[77] interfaced with Olex2.[88] The position of the solvent molecule was 

assessed from the calculation of the difference electrostatic potential map, with 

a resolution of 0.1 Å. The solvent molecules resulted disordered, so they were 

refined as a rigid body with an occupancy of 0.25. The amount of BnOH 

molecules inferred from the refined occupancy is in agreement with the 

calculated number of electrons from the solvent mask calculation. The solvent 

mask was calculated with Olex2 on the crystal structure with unmodelled 

BnOH molecules (Figure S5.38). The calculation led to 12 electrons per 

asymmetric unit (theoretical number: 14.5 electrons).  

For the dynamical refinement, the reflections were integrated considering 

a rotation semiangle (Δα) of 0.25° (corresponding to half of the angular 

integration step). The integrated intensities were combined together in virtual 

frames with the PETS2 software. Each virtual frame is composed of the sum 

of 8 experimental frames (NF), for a covered semi-tilt range of 2° (Δαv = 

NFΔα), and the number of overlapping frames (NO) was imposed to 4. The 

dynamical refinement was conducted considering the unit cell obtained from 

the crystal 2b data. It was carried out using the Jana2020 software [81] 
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simultaneously on crystal 2a, 2b and 3 datasets (Table S5.9). The dataset from 

crystal 1 was omitted due to quality reasons. Moreover, the dynamical 

refinement was performed after an initial optimization of the crystal thickness 

and frame geometry. The crystal structure was then refined together with the 

crystal thickness of the respective crystals of each data collection.  

Table S5.8: Angular coverage of the data collections performed on the analysed 

microcrystals. The reported values were obtained after a frame-by-frame fine tuning 

of the geometrical parameters, performed with the PETS2 software. 

 Crystal 1 Crystal 2a Crystal 2b Crystal 3 

Starting Angle (°) -69.90 -30.19 -69.73 -3.05 

Ending Angle (°) 28.97 39.14 39.39 64.79 

Angular Range (°) 98.87 69.33 109.11 67.85 

Estimated total dose (e/Å2) 2.75 1.92 3.03 1.89 

*Two different data collections have been conducted on crystal 2. 2a: first data collection 

on crystal 2; 2b: second data collection on crystal 2. Estimated total dose based on 0.0139 e A-

2 s-1 dose rate at an emission current of 20 µA. 

 

Figure S5.36: Electron diffraction patterns from the data collection on crystal 3. 

The figure shows two distinct diffraction patterns at the start (left) and end (right) 

of the data collection. The blue circle highlights in the resolution of 1Å.  
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Figure S5.37: (a) Plot of the shift of the pattern centre. From the centre shift it 

is possible to distinguish the four datasets used in the data reduction process. (b) Plots 

of the geometrical corrections applied to each diffraction pattern. ω: angle comprised 

between the tilt axis and the positive horizontal axis of the image. α: tilt angle. β: 

second tilt angle. (c) Plot of rocking curve (RC) profiles of the merged datasets. The 

lowest curve corresponds to the average RC in the range 0.2 to 0.3 Å-1, the next curves 

are obtained after a step of 0.1 Å-1 until 0.9 to 1 Å-1. The red curve is the calculated 

RC profile while the green line represents the experimental profile.  
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Table S5.9: Unit cell parameters obtained from the analysed crystals. 

 Crystal 1 Crystal 2a Crystal 2b Crystal 3 Merged  

a (Å) 27.98(1) 27.95(1) 27.946(7) 27.90(1) 27.907(7) 

b (Å) 7.014(1) 7.019(1) 7.0236(5) 7.023(2) 7.0195(7) 

c (Å) 21.72(1) 21.555(7) 21.610(3) 21.57(1) 21.592(3) 

α (°) 90 90 90 90 90 

β (°) 118.81(3) 118.62(3) 119.031(14) 118.67(4) 118.821(12) 

γ (°) 90 90 90 90 90 

Vol (Å3) 3734.0(4) 3712.5(3) 3708.7(12) 3705.1(4) 3705.9(12) 

Indexed (%) 59.51 76.30 67.52 65.16 68.80 

Rint(obs) (%) 12.01 11.54 9.93 11.22 24.06 

Completeness (%) 73 51 78 69 82 

Redundancy 2.44 1.99 2.51 2.74 2.61 

The indexed cells belong to an mC Bravais class.  

Table S5.10: Comparison between the unit cell parameters from 3D ED analysis 

and from the LeBail refinement on PXRD data. 

 

3D ED 

TPPM-E 

3D ED 

TPPM⋅0.5BnOH 

PXRD 

TPPM⋅BnOH 

a (Å) 31.4066 27.907(7) 28.469(2) 

b (Å) 7.1129 7.0195(7) 7.0652(4) 

c (Å) 22.063 21.592(3) 21.774(1) 

α (°) 90 90 90 

β (°) 133.175 118.821(12) 120.481(4) 

γ (°) 90 90 90 

Vol (Å3) 3594.3(4) 3705.9(12) 3774.33(3) 

The indexed cells belong to an mC Bravais class.  
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Table S5.11: Crystal data and structure refinement for the TPPM⋅0.5BnOH phase 

from the merged datasets at the kinematical theory level. 

Empirical formula C48.5H35.5N4O0.5 

Formula weight 682.35 

Temperature/K 293(2) 

Crystal system Monoclinic 

Space group C2/c 

a/Å 27.907(7) 

b/Å 7.0195(5) 

c/Å 21.592(3) 

α/° 90 

β/° 118.821(14) 

γ/° 90 

Volume/Å3 3705.9(12) 

Z 4 

ρcalcg/cm3 1.223 

F(000) 1434 

Crystal size/mm3 

Crystal 1: 0.0015 × 0.00055 × 0.00032 

Crystal 2: 0.0042 × 0.0015 × 0.00058 

Crystal 3: 0.001 × 0.0004 × 0.00025 

Radiation Electrons (λ = 0.02851 Å) 

2θ range for data collection/° 0.16 to 1.922 

Index ranges -32 ≤ h ≤ 32, -8 ≤ k ≤ 8, -22 ≤ l ≤ 25 

Reflections collected 7491 

Independent reflections 2636 [Rint= 0.2406, Rsigma= 0.1983] 

Data/restraints/parameters 2636/54/132 

Goodness-of-fit on F2 1.958 

Final R indexes [I>=2σ (I)] R1= 0.2747, wR2= 0.5723 

Final R indexes [all data] R1= 0.3073, wR2= 0.5886 

R1 = Σ║Fo│-│Fc║/Σ│Fo│, wR2 = [Σ[w(Fo
2-Fc

2)2]/Σ[w(Fo
2)2]]1/2 
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Figure S5.38: Representation of the solvent mask as a green surface along the 

crystallographic b-axis direction. 

 
Figure S5.39: Electrostatic potential map of the TPPM structural model, 

visualized as isosurface within the unit cell borders. The potential map is calculated 

from the dynamically refined structure by Fourier map calculations. 
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Table S5.12: Crystal data and structure refinement for the TPPM⋅0.5BnOH phase 

from the dataset simultaneously refined at the dynamical theory level. 

Empirical formula C48.5H35.5N4O0.5 

Formula weight 682.35 

Temperature/K 293(2) 

Crystal system Monoclinic 

Space group C2/c 

a/Å 27.946(7) 

b/Å 7.0236(5) 

c/Å 21.610(3) 

α/° 90 

β/° 119.031(14) 

γ/° 90 

Volume/Å3 3708.7(12) 

Z 4 

ρcalcg/cm3 1.223 

F(000) 1434 

Crystal size/mm3 

Crystal 1: 0.0015 × 0.00055 × 0.00032 

Crystal 2: 0.0042 × 0.0015 × 0.00058 

Crystal 3: 0.001 × 0.0004 × 0.00025 

Radiation Electrons (λ = 0.02851 Å) 

2θ range for data collection/° 0.16 to 1.922 

Index ranges -26 ≤ h ≤ 27, -6 ≤ k ≤ 6, -21 ≤ l ≤ 20 

Reflections collected 15678 

Independent reflections 3291 [Rint= 0.2406, Rsigma= 0.1983] 

Data/restraints/parameters 3291/50/210 

Goodness-of-fit on F2 3.9081 

Final R indexes [I>=3σ (I)] R1= 0.1442, wR2= 0.1479 

Final R indexes [all data] R1= 0.2031, wR2= 0.1532 
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Figure S5.40: View of the TPPM molecule in a ball a stick representation, in 

which the radius of the sphere is directly proportional to Uiso values. (a) Kinematical 

refinement; (b) Dynamical refinement. 
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5.4.4 Thermogravimetric Analysis (TGA) 

The thermogravimetric analysis of TPPM⋅BnOH was conducted on a Perkin 

Elmer Instrument, model TGA 8000. The desorption process of the guest 

molecules was followed in the temperature range 30-350°C with a heating rate 

of 10°C min-1 under nitrogen flux.  

 
Figure S5.41: Thermogravimetric path recorded on the TPPM⋅BnOH crystal 

phase. The blue line corresponds to the weigh percentage on temperature, while the 

red dashed line is the first derivative of the weight percentage. 

The solvate stoichiometry (SSTGA) was calculated from the weight loss, in 

order to define the TPPM/BnOH ratio at atmospheric conditions (Equation 

5.2). The SSTGA of the TPPM⋅BnOH phase, at room conditions, resulted close 

to 1.  
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5.4.5 NMR Characterization 

The 1H NMR spectra were collected in CD2Cl2 with few drops of methanol-

d4, in order to obtain a clear solution of TPPM, on a Bruker AC400 Avance. 

The solvate stoichiometry (SSNMR) from 1H NMR data was calculated in 

accordance with Equation 5.5. 

 
Figure S5.42: 1H NMR spectrum of TPPM⋅BnOH (400 MHz, CD2Cl2) δ (ppm): 

8.57 (dd, J1 = 4.7 Hz, J2 = 1.7 Hz, 8H, a), 7.66 (d, J = 8.6 Hz, 8H, c), 7.59 (dd, J1 

=4.8 Hz, J2 = 1.7 Hz, 8H, b), 7.49 (d, J = 8.6 Hz, 8H, d), 7.33 (m, 4H, f + g ), 7.26 

(m, 1H, h), 4.62 (s, 2H, e). 
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6 Diamondoids Flexibles TPPM-Copper Paddle 

wheels based MOFs 

This chapter will discuss the synthesis and characterisation of a novel class of 

flexible TPPM-based Metal-Organic Frameworks (MOFs), with a particular 

focus on the structural investigation of the involved crystalline structures. As 

elucidated in Chapter 5 (Figure 5.1), the tetra-4-(4-pyridil)phenylmethane 

(TPPM) molecule in the presence of metal centres, due to its four rigid pyridyl 

wings, can acts as a tetrahedral ligand. The use of TPPM as an organic linker 

for MOFs synthesis has been already discussed in the literature. [1–4] Herein 

we describe the utilisation of TPPM with different metal nodes (Cu(II) paddle 

wheels) [5] in order to achieve highly interpenetrated MOFs with a diamond-

like network featuring dynamic behaviour. Moreover, the framework 

functionalization through the introduction of specific fluorinated secondary 

building units (SBUs), and its effects on the absorption of specific fluorinated 

guests will also be discussed.  
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6.1 Introduction 

Metal-organic frameworks (MOFs) are a class of crystalline porous 

materials, formed by combining metal-based secondary building units (SBUs) 

with specific organic linkers through relatively strong bonds (reticular 

material synthesis). MOFs exhibit a broad range of potential applications, 

including gas storage, separations, and catalysis. [6–15] The chemical 

composition and shape of their building units can be largely varied leading to 

materials that offer unique properties, making them the subject of extensive 

study and industrial applications. [16–18]  

The MOF design was facilitated by the introduction of the SBU concept 

(Figure 6.1), in which pre-synthesised units are linked together by rigid 

organic molecules. [5] 

 
Figure 6.1: Representation of the most common inorganic secondary building units 

(SBUs). [5]  

The class of TPPM-based MOFs described in this chapter is characterized 

by the employment of M2(CO2)4 SBUs, in which Copper(II) acts as the metal 

centre. This class of SBUs, known as Cu(II) paddle-wheels, usually gives rise 

to 2D or 3D networks through polytopic carboxylate linkers and can present 

ligands coordinated to the metal in their apical position. In this work, the 

SBU’s carboxylate linkers are constituted by monotopic ligands while the 

TPPM molecules interact with the Cu(II) centres in their apical positions. As 

will be detailed in Section 6.2, the resulting linear SBU combined with the 

TPPM tetrahedral geometry leads to diamond-like networks (dia).  
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Figure 6.2: (a) Schematic representation of a Cu(II)paddle-wheel characterized by 

two ligands in its apical positions. (b) Example of a Cu(II)paddle-wheel with ACN 

molecules fulfilling the Cu(II) coordination sphere. The carboxylate groups are 

represented with a generic residual group (R). 

 
Figure 6.3: Generalized reaction between TPPM and [Cu2(RCO2)4(ACN)2] as 

Cu(II)paddle-wheel source, to obtain a TCP-MOF.  

There are multiple reasons behind the employment of Cu(II)paddle-wheels 

composed of monotopic carboxylate (Figure 6.2). Indeed, their apical ligands 

are usually neutrally charged as are the TPPM molecules. This facilitates the 

network formation through a simple ligand exchange process. Furthermore, 

the resulting dia-net displays the carboxylate residual functions oriented 

inside the framework’s channels (Figure 6.4c). Since the residual groups 

connected to the COO2- function do not take part in the network formation, 

they can be easily modified in order to obtain different isoreticular MOFs 

based on TPPM and Cu(II) paddle-wheels (TCP-MOF, Figure 6.3).  

The TCP-MOF framework is usually characterized by a dia-net with wide 

pores of ~40Å in diameter (Figure 6.4a). This high internal empty volume 

results drastically reduced by the interpenetration of multiple networks, 
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leading to stable and flexible crystal structures, with well-defined channels 

(Figure 6.4c). The interpenetration plays an additional role in the system's 

flexibility, adding additional degrees of freedom as inter-framework 

movements. [19]  

 
Figure 6.4: Comparison between a single TCP-MOF network (a), the resulting 

dia-net (b), and a multi-interpenetrated network with well-defined channels (c). 

TCP-MOFs can undergo a crystal-to-crystal phase transition, between 

open pore and closed pore forms, after the removal of guest molecules 

embedded in their pores. This phase transition can be induced by applying 

external stimuli such as temperature or pressure changes, in analogy to the 

dynamical behaviour of TPPM crystals. [20] However, after the phase 

transitions, TCP-MOFs retain their well-defined framework of coordinative 

interactions (Figure 6.5); they can be classified as third-generation MOFs, a 

class of materials characterized by framework dynamicity, which is an 

essential prerequisite for responsiveness towards external stimuli.  
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Figure 6.5: Example of a reversible crystal-to-crystal phase transition of a generic 

TCP-MOF, between an open pore (left) and a closed pore (right) form. The R groups 

of the SBUs (which would point inside the channels) and hydrogen atoms have been 

omitted for clarity reasons. 

In TCP-MOFs, the residual groups bonded to the SBUs are disposed 

facing the framework’s channels (see Figure 6.5). This introduces another 

variable in the design of this class of MOFs. Indeed, the properties of these 

materials can be additionally tuned by changing the carboxylic ligand 

involved in the SBUs (R-COOH). The last sections of this chapter will be 

focused on the introduction of C-F bonds in the TCP-MOF framework, to 

obtain fluorinated MOFs (F-MOF). The insertion of fluorinated groups in the 

MOF structure could confer several advantages in terms of interactions with 

specific guest molecules, such as relevant fluorinated pollutants. [21] 
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6.2 Results and Discussion 

6.2.1 Synthesis and Characterization of TCP-MOF1 

In order to obtain a crystalline phase of TCP-MOF1, two different solutions 

containing TPPM and [Cu2(AcCO2)4(ACN)2], in a solvent mixture of  

n-BuOH/CHCl3 (1:1 v/v), were placed in contact through a layering process 

and heated at 90°C for 2 days (Scheme 6.1). The layering approach resulted 

to be essential to synthesise a crystalline product. At the end of the reaction, 

the contact region between the two layers presented large green crystals 

suitable for SC-XRD analysis (Figure S6.1).  

 
Scheme 6.1: Synthesis of TCP-MOF1.  

At 200 K, TCP-MOF1 crystallizes in a tetragonal and non-

centrosymmetric space group (`4), with the following unit cell parameters  

a,b = 26.0049(15) Å, c = 7.3356(5) Å (Table S6.1). Its framework is composed 

of TPPM molecules coordinated, through all their pyridyl functionalities, to 

the Cu(II) centres of the SBUs in their apical positions. Thus, the obtained 

MOF presents a 3D polymeric net with {TPPM[Cu2(AcCO2)4]2}n as repeating 

units (Figure 6.6). From the X-ray diffraction data, it was also possible to 

model a CHCl3 and an n-BuOH molecule, both in proximity to the framework 

backbone (Figure S6.2). The TCP-MOF1 presents a diamond-like network 

(dia-net, as calculated by ToposPro software) [22] eight times interpenetrated 

(Figure 6.7). The eight interlaced networks result aligned along the 
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crystallographic c-axis with an average distance of 7.3356(5) Å (Figure S6.3). 

This permits the extension of channels along that direction, accounting for 

~45.7% of the unit cell volume (2267.37 Å3, as calculated by Mercury4 

software). [23] 

 
Figure 6.6: (a) Polymeric repeating unit of TCP-MOF1. (b) Crystal structure 

expansion (oriented along the crystallographic b-axis) and related channels as blue 

surfaces. Copper atoms are represented as green polyhedral while oxygen, nitrogen 

and carbon atoms as red, blue and grey spheres, respectively. The solvent molecules 

have been removed for clarity.  

 
Figure 6.7: Expanded view of the TCP-MOF1 structure. The eight interpenetrated 

networks are represented in different colours. Solvent molecules have been omitted for 

clarity.  
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Interestingly, at 300 K, TCP-MOF1 crystals display different lattice 

parameters, suggesting the occurrence of a temperature-induced single-crystal 

to single-crystal phase transition (Figure 6.8). A complete SC-XRD analysis 

was carried out at 300 K, highlighting the presence of a tetragonal 

centrosymmetric space group (` 4/!) and a,b = 27.389(9) Å, c = 7.304(2) Å 

as unit cell parameters (Table S6.2). It is worth to mention that, in such 

conditions, the thermal motion reduces the structure quality, in terms of 

ADPs values and modelling of solvent molecules. This TCP-MOF1 structure 

displays the phenyl rings disordered on two different positions. Moreover, the 

300 K form presents larger unit cell values with a volume increased by 518.42 

Å3 with respect to the 200 K form. This cell expansion also affects the 

calculated virtual void, which, in this case, is around 53.1% of the unit cell 

volume (2908.93 Å3). 

 
Figure 6.8: TCP-MOF1 single-crystal to single-crystal phase transition. Hydrogen 

atoms, disordered fragments and solvent molecules have been omitted for clarity. 

Copper atoms are represented as green polyhedra while oxygen and nitrogen atoms as 

red and blue spheres, respectively.  
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At 300K, the system displays square-shaped channels, wherein the SBU 

centroids distances are equal for both d1 and d2 (Figure 6.9a). The geometry 

of these channels changes when the temperature is lowered to 200K. Indeed, 

the channels undergo a contraction of d1 and an elongation of d2, subsequently 

leading to a reduction in the pore section area (Figure 6.9b). The distortion 

of these channels occurs through a rotation of the TPPM ligands, causing a 

misalignment between their pyridyl-phenyl wings and the vertical axis of the 

SBU (Figure S6.7).  

 

Figure 6.9: Comparison of the two pore geometries in TCP-MOF1 at 300K (a) 

and 200K (b), both oriented along the c-axis. The distances between the SBU centroids 

are depicted as red (d1) and orange (d2) dashed lines. d1(a) = d2(a) = 19.367(5) Å, 

d1(b) = 13.6644(6) Å; d2(b) = 23.1122(9) Å. Hydrogen atoms, disordered fragments 

and solvent molecules have been omitted for clarity. 

To further investigate if this phase transition could also occur through a 

solvent removal process, crystals of TCP-MOF1 were placed under vacuum 

(~10-3 bar) for 20 minutes at 300K. However, the obtained product resulted 

completely amorphous. Moreover, when exposed to atmospheric conditions for 

two of hours, TCP-MOF1 drastically loses crystallinity leading to a partially 

amorphous product (Figure S6.9). 
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In summary, the TCP-MOF1 phase exhibits a highly interpenetrated 

network and undergoes a temperature-induced single-crystal to single-crystal 

phase transition (Figure 6.8). This process is characterized by the contraction 

of the framework when the system reaches 200K, highlighting the presence of 

a potentially flexible framework. Nevertheless, because of its susceptibility to 

the extraction of embedded guest molecules, TCP-MOF1 can be categorized 

as a first-generation MOF (Figure S6.9). 

6.2.2 Synthesis and Characterization of TCP-MOF2 

To enhance the stability of the TCP-MOF framework against the removal of 

guest molecules, a new SBU was introduced. The acetate ligand was therefore 

substituted with benzoate, in order to increase the inter- and intra-framework 

interactions. The resulting SBU of general formula [Cu2(PhCO2)4(ACN)2] was 

synthesized following the procedure reported in the supplementary 

information section. TCP-MOF2 was then synthesized in DMF from a 

mixture of TPPM, [Cu2(PhCO2)4(ACN)2] and benzoic acid, left at 90°C for 3 

days. The excess of benzoic acid acts as a modulating agent decelerating the 

reaction speed, a requisite condition for achieving a crystalline material.  

 
Scheme 6.2: Synthesis of TCP-MOF2. 

The obtained product crystallizes in micrometric crystals (Figure S6.10), 

whose PXRD profile does not correspond to any known structure. The small 

crystalline domains hamper any SC-XRD diffraction characterization, 

requiring the usage of 3D electron diffraction (3D ED). Due to the beam 
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sensitivity of the material, the analysis was carried out using a special low-

dose setup, in which the electron dose is below 0.05 el⋅s-1 Å2. The diffraction 

patterns were collected following a peculiar continuous rotation (cRED) 

protocol, in which the parallel electron beam is scanning on a square area of 

300x300nm2 (see Chapter 2.2) During the STEM-cRED data collection 

protocol, the diffracted electrons pass through the high-angle annular dark 

field (HAADF) STEM detector allowing the live-tracking of the crystal. In 

the meantime, the Timepix single electron detector, placed below the HAADF, 

is collecting the electron diffraction patterns. [24] The 3D ED analysis was 

carried out on two different crystals, in order to improve data completeness. 

The PETS2 software [25] was employed to analyse the diffraction patterns 

and subsequently find the unit cell, index, and integrate the reflection 

intensities. From the reciprocal space reconstruction, the sample was indexed 

in the monoclinic primitive lattice with parameters a = 25.534(7) Å, b = 

7.485(3) Å, c = 22.287(9) Å, β = 98.81(3) ° (Table S6.6). The unit cell 

determination from 3D ED data was checked on PXRD data through Le Bail 

refinement (Figure 6.10), revealing a distinct congruence between the two 

analyses (Table S6.4).  

 
Figure 6.10: Profile fit from Le Bail refinement on TCP-MOF2. The refinement 

converged to Rp = 6.85%, wRp = 8.69% and GOF = 6.37. 
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The indexed data were integrated up to 0.80 Å of resolution and the structural 

model was solved ab initio through the Superflip software. [26] The obtained 

model was refined kinematically, revealing the formation of the TPPM-based 

MOF TCP-MOF2 (Figure 6.12a). TCP-MOF2 presents a diamond-like 

network eight times interpenetrated (as calculated by ToposPro software), 

[22] in analogy to TCP-MOF1.  

Interestingly, in this product, the framework connectivity comprises 

{TPPM[Cu2(PhCO2)4][Cu(PhCO2)2]}n repeating units (Figure 6.11a), in 

which TPPM molecules are respectively coordinated to Cu(II)paddle-wheels 

(Figure 6.11b) and  Cu(II) octahedral complexes (Figure 6.11c). In both metal 

nodes, the TPPM molecules result coordinated in metals' apical positions, 

while the benzoate ligands are disposed along the equatorial ones.  

 
Figure 6.11: Polymeric repeating unit of TCP-MOF2 (a), Copper(II) paddle-wheel 

(b) and octahedral complex (c). Copper atoms are represented as green polyhedra 

while oxygen, nitrogen, and carbon atoms as red, blue and grey spheres, respectively. 

The solvent molecules have been removed for clarity.  
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The resulting crystal structure exhibits channels oriented along the 

crystallographic b-axis, accounting for 16.7% of the unit cell volume (703.92 

Å3, Figure 6.12b). From the kinematical refinement it was possible to 

determine the solvent molecules embedded in those channels (Figure 6.12c). 

Thus, the TCP-MOF2 asymmetric unit was modelized with a single DMF 

molecule presenting an occupancy of 0.5. The partial occupancy of these 

solvent molecules is also supported by TGA analysis, which shows a weight 

loss attributable to a DMF stoichiometry of 0.35 (Figure S6.20).  

 
Figure 6.12: Crystal structure expansion of TCP-MOF2 oriented along the 

crystallographic b-axis (a) with its relative channels as blue surfaces (b) and with the 

DMF molecules embedded in the frameworks channels (c). Copper atoms are 

represented as green polyhedra while oxygen, nitrogen and carbon atoms as red, blue 

and grey spheres, respectively. In (a) the solvent molecules and hydrogen atoms have 

been removed for clarity.  
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In contrast to TCP-MOF1, the TCP-MOF2 phase results stable under 

atmospheric conditions also after days of exposure. Thus, to investigate its 

stability upon the removal of the solvent molecules trapped in its channels, 

TCP-MOF2 was heated at 130°C for 1 day. The resulting product is 

crystalline and exhibits a PXRD profile that differs from the diffractogram of 

the initial sample (Figure 6.13). This result suggests the formation of a new, 

unknown crystalline phase after the thermal treatment (TCP-MOF2(E)). 

Further characterization will be focused on the crystal structure termination 

of this novel phase obtained from TCP-MOF2.  

 
Figure 6.13: Comparison between the PXRD profile of TCP-MOF2 and TCP-

MOF2(E).  
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6.2.3 Synthesis and Characterization of TCP-MOF3 

Diverse reaction conditions were tested with the aim to obtain a TCP-MOF 

based on [Cu2(PhCO2)4] units only, and with the same connectivity displayed 

by TCP-MOF1. A novel crystalline phase was obtained after layering different 

solutions containing TPPM, benzoic acid and [Cu2(PhCO2)4(ACN)2], in a 

solvent mixture of iPrOH/CHCl3 (1:1 v/v) while heating the system at 50°C 

for 3 days (Scheme 6.3). The layering approach and the usage of benzoic acid, 

as modulating agent, resulted to be essential to obtain a crystalline product. 

 
Scheme 6.3: Solvothermal synthesis of TCP-MOF3. 

The resulting product was obtained as rod-shaped micrometric crystals 

(Figure S6.11a), whose PXRD profile did not correspond to any known 

structure. Due to the presence of small crystalline domains, 3D electron 

diffraction (3D ED) was employed for the structural characterization. The 

analysis was carried out using the special low-dose setup adopted also for the 

structure elucidation of TCP-MOF2 (electron dose below 0.05 el⋅s-1⋅Å2). The 

diffraction patterns were collected following a PEDT data collection protocol 

(see. Chapter 2.2). From the reciprocal space reconstruction a tetragonal 

lattice was identified, with space group ` 4��2 and unit cell parameters a = 

22.974(8) Å and c = 9.005(4) Å (Table S6.7). The indexed reflections were 

then integrated and the crystal structure was solved ab initio and 

kinematically refined, revealing the presence of a 3D coordination polymer 
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based on TPPM and Cu(II)paddle-wheels (TCP-MOF3, Figure 6.14), of 

general formula {TPPM[Cu2(PhCO2)4]2}n. The repeating units form a 

diamond-like network (dia-net) that is eight times interpenetrated, [22] as the 

previously described TCP-MOFs. Moreover, by orienting the TCP-MOF3 

along the crystallographic c-axis it is possible to distinguish the phenyl rings 

of the SBUs protruding outside the polymeric network. In TCP-MOF3, as 

anticipated for this particular type of MOF, the substituent of the carboxylic 

acids constituting the SBUs are positioned toward the centre of the channels, 

in which guest molecules can be entrapped (Figure 6.15a). Unlike TCP-MOF1, 

this structure does not feature open channels along the c-axis. Instead, it 

displays small and isolated void regions, which constitute the 2.9% of the unit 

cell volume (126.75 Å3, Figure 6.15b). 

 
Figure 6.14: Polymeric repeating unit of TCP-MOF3. Copper atoms are 

represented as green polyhedra while oxygen, nitrogen, and carbon atoms as red, blue 

and grey spheres, respectively.  
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Figure 6.15: Crystal structure expansion of TCP-MOF3 oriented along the 

crystallographic c-axis (a) with its relative isolated voids as blue surfaces (b). Copper 

atoms are represented as green polyhedra while oxygen, nitrogen and carbon atoms 

are shown as red, blue and grey spheres, respectively. 

The comparison between the calculated TCP-MOF3 PXRD profile, 

calculated from the 3D ED model, and the experimental one, reveals that they 

derive from different crystal structures (Figure 6.16). Moreover, the 

experimental PXRD diffractogram seems to be correlated to a crystal lattice 

with a slightly larger unit cell. The calculated diffractogram was named TCP-

MOF3(Empty Phase) since it does not contain solvent molecules trapped in 

its framework. 

 
Figure 6.16: Comparison between the experimental and calculated PXRD profile 

of TCP-MOF3.  
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The empty phase of TCP-MOF3 was also compared to the  

TCP-MOF1-200K phase, revealing similarities in both frameworks. As 

illustrated in Figure 6.17, the TCP-MOF3 structure exhibits two 

Cu(II)paddle-wheels along the (200) plane that are closer together compared 

to those positioned on the (2�00) plane. In TPC-MOF1, at 200K, this 

asymmetry in the distanced between the centroids of SBUs was responsible of 

a reduction in pore size. Therefore, the empty phase of TCP-MOF3 can be 

considered as a contracted form of a TCP-MOF constituted of 

{TPPM[Cu2(PhCO2)4]2}n repeating units.  

 
Figure 6.17: Comparison between the crystal structure of TCP-MOF3-Empty 

Phase (a) and TCP-MOF2-200K (b), both oriented along the crystallographic c-axis. 

Phenyl ring and methyl groups have been coloured in grey, to highlight the similarities 

of their frameworks.  

To assess the framework flexibility of this material upon the removal of 

guest molecules, it was first necessary to isolate the expanded, solvated phase 

of TCP-MOF3, assuming that the initial empty phase was the contracted 

form. The product obtained from the reaction reported in Scheme 6.3 was 

thus soaked in BnOH for a day, in order to fill its pores with a high-boiling 

solvent. This step was intended to prevent the extraction of guest molecules 

during the 3D ED analysis, which is carried out under the high vacuum 

conditions of a TEM column (10-10 bar, see Chapter 5.2). Interestingly, the 
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same material could also be directly synthesized through a mechanochemical 

approach. The reaction was conducted in a mixer mill operating at 20 Hz, for 

30 minutes and using BnOH as liquid additive (Scheme 6.4). This 

environmentally friendly approach is also very effective in terms of yield, 

allowing to achieve larger quantities of TCP-MOF3 in few minutes. However, 

the mechanochemical product is less crystalline than the solvothermal one 

(Figure 6.18). For this reason, the 3D ED analysis was carried out on the 

product obtained from the soaking process. 

 
Scheme 6.4: Mechanochemical synthesis of TCP-MOF3. 

 
Figure 6.18: Superposition of the PXRD profiles of the TCP-MOF3.BnOH crystals 

obtained through soaking and mechanosythesis. 

The 3D ED data collection was conducted on a single nanocrystal (Figure 

S6.11) through a STEM-cRED data collection protocol. The reconstructed 

reciprocal space was exhibiting a different symmetry with respect to the 
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contracted phase of TCP-MOF3. The collected data were indexed with a 

tetragonal unit cell in the ` 4/! space group, featuring the cell parameters  

a = 23.043(5) Å and c = 8.803(2) Å. The structure could be solved ab initio 

and refined with a kinematical approach. The resulting structure corresponds 

to a MOF with the same connectivity of the empty, contracted form of TCP-

MOF3 (Figure 6.19, Table S6.8, Figure S6.16). 

 
Figure 6.19: Polymeric repeating unit of TCP-MOF3.BnOH (a) and its 

superpositions with the TCP-MOF3 empty phase, oriented along the crystallographic 

c and b axes (b and c) respectively Copper atoms are represented as green and orange 

polyhedra for TCP-MOF3.BnOH and the TCP-MOF empty phase, respectively. 

Oxygen, nitrogen, and carbon atoms as red, blue, and grey spheres, respectively.  
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If compared to the empty phase, the {TPPM[Cu2(PhCO2)4]2}n repeating 

units show differences in their conformational arrangement. Indeed, in this 

new phase, the pyridyl-phenyl wings are slightly distorted, leading to a shift 

in the position of the metal nodes (Figure 6.19b-c). Along the a and b axes, 

the centroids of the Cu(II)paddle-wheels are now equally distanced, resulting 

in a square-like geometry comparable to the TCP-MOF1 300K phase  

(Figure 6.20). This positional change of the SBU induces a rearrangement of 

their phenyl substituents, leading to the opening of pores that run along the 

c-axis (10.7% of the unit cell volume, 501.9 Å3, Figure 6.21). Thus, the TCP-

MOF3.BnOH can be considered as the TCP-MOF3 expanded phase.  

 
Figure 6.20: Comparison of the SBUs centroids distances in TCP-MOF3.BnOH 

and TCP-MOF3 empty phase, both oriented along the c-axis. The distances between 

the centroids are depicted as red (d1) and orange (d2) dashed lines. d1(a) = d2(a) = 

16.294(3) Å, d1(b) = 13.202(3) Å; d2(b) = 18.015(5) Å. Hydrogen atoms have been 

omitted for clarity. 

Moreover, the calculated PXRD profile of the TCP-MOF3.BnOH phase 

was in agreement with the experimental pattern. To further confirm the 

comparison, a Le Bail refinement was conducted staring from the 3D ED 

lattice parameter (Figure 6.22). The resulting unit cell values showed  

a,b = 23.2663(8) Å and c = 8.8096(5) Å, indicating the congruence of the two 

crystal systems (Table S6.5).  
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Figure 6.21: Crystal structure expansion of TCP-MOF3.BnOH oriented along the 

crystallographic c-axis (a) with its relative isolated voids as blue surfaces (b). 

 
Figure 6.22: PXRD profile comparison between the experimental and calculated 

patterns of TCP-MOF3.BnOH (a). Profile fit from Le Bail refinement on TCP-

MOF3.BnOH. The shown range is limited to 2θ values of 3-50 for clarity, whereas the 

refinement was carried out in the range 3-94°. The refinement converged to Rp = 

3.39%, wRp = 6.05% and GOF = 2.29. 



6 - Diamondoids Flexibles TPPM-Copper Paddle wheels based MOFs 

176 

From the kinematical refinement it was not possible to modelise the 

solvent molecules embedded in the channels of the structure. Moreover, a 

TGA analysis conducted on this material showed the removal of the solvent 

molecules before its thermal degradation. The solvent stoichiometry (SSTGA) 

calculated from its weight loss resulted being around six molecules of BnOH 

for repeating unit (Figure S6.21). However, this value of SSTGA is too high to 

solely correspond to the removal of solvent molecules trapped in the MOF 

channels. Indeed, from the first derivative of the TGA thermogram we can 

clearly distinguish the presence of two different processes at 90 and 114°C. 

The excess of BnOH and the presence of two thermal desorption processes 

might be correlated to a fraction of solvent trapped on the surfaces of the 

TCP-MOF3 nanocrystals.  

 
Figure 6.23: Temperature induced guest removal of TCP-MOF3.BnOH analysed 

by temperature-resolved in situ powder X-ray diffraction, 2D projection along the 

intensity axis.  

A temperature-resolved in situ PXRD analysis was conducted to 

investigate the presence of a phase transition between the TCP-MOF3 empty 

phase and TCP-MOF3.BnOH. From the temperature-resolved diffractograms 

it is evident the presence of a phase transition around 180°C, followed by the 
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amorphization of the sample at 250°C. The discrepancies in temperature 

between TGA and the temperature-resolved in situ PXRD analysis, might be 

correlated to the different conditions in which they have been carried out. 

Nevertheless, from Figure 6.23 we can clearly distinguish that such phase 

transition involves the transformation of TCP-MOF.BnOH in TCP-MOF3. It 

is reasonable to associate this transformation to a temperature-induced 

desolvation process, moving from an expanded, filled phase (TCP-

MOF.BnOH) to an empty contracted one (TCP-MOF3). In the case of the 

3D ED analysis conducted on the as-synthesized TCP-MOF3 (Scheme 6.3), 

the contracted form (Figure 6.15) is likely obtained due to the extraction of 

the guest molecules induced by the high vacuum conditions in the TEM 

column. In summary, the obtained results suggest that the phase transition 

between the expanded and the contracted forms of TCP-MOF3 can be 

triggered by the extraction of guest molecules trapped in the pores, achieved 

by applying heat or under vacuum (Figure 6.24). 

 
Figure 6.24: Schematization of the phase transition between TCP-MOF3.BnOH 

(left) and TCP-MOF3 (right) after the removal of guest molecules. Hydrogen atoms 

have been omitted for clarity. Copper atoms are represented as green polyhedra while 

oxygen and nitrogen atoms as red and blue spheres, respectively. 
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Figure 6.25: View of the principal inter-framework distances along the c-axis for 

the two TPPM fragments in the asymmetric unit of TCP-MOF3.BnOH (a) and of the 

TCP-MOF3 empty phase (b). The rings centroids of the pyridyl and phenyl rings are 

represented in red and blue, respectively. The three distances (turquoise dashed lines) 

are equal for both fragments and equivalent to 8.303(3) Å for TCP-MOF3.BnOH and 

9.005(4) Å for the TCP-MOF3 empty phase, respectively. 

The observed phase transition denotes the presence of a flexible 

framework, capable to rearrange its nets after the desolvation process. In order 

to compensate the reduction of interactions after the guest extraction, the 

material undergoes an overall conformational rearrangement of its TPPM 

pyridyl-phenyl arms, followed by an increase in inter-framework distances 

between the interlaced nets (Figure 6.25, Figure S6.19). Remarkably, the 

obtaining of a crystalline contracted form upon guest removal allows to 

classify TCP-MOF3 as a third-generation MOF. [20] 

Gas sorption measurements have been conducted on the TCP-MOF3 

contracted phase, in collaboration with the group of Prof. Ocean Cheung from 

Uppsala University. The nitrogen adsorption isotherm reveals the presence of 

an initial Langmuir-like adsorption region, which reflects the presence of 

micropores. The subsequent increase of the amount of nitrogen adsorbed is 

ascribable to the presence of mesopores, followed at the end by a pronounced 

interparticle condensation (Figure 6.26). The analysis also revealed a pore 

volume value of 0.29 cm3 g-1, which is in line with the predicted value of  

0.285 cm3 g-1 (calculation performed with the pore analyser tool in Mercury 

software). [23] However, the experimental surface area values were found to 

be almost the double of the expected ones (Table 6.1). This is probably 
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correlated to the presence of a large contribution of interparticle condensation 

in the total amount of gas adsorbed. Moreover, from the pore size plot it is 

possible to distinguish the presence of a bimodal distribution, related to pores 

with diameters of 0.74 and 0.85 nm. These pore size values are compatible 

with the calculated value of 0.56 nm, considering the material flexibility and 

the different characterization conditions, in term of temperature and pressure. 

 
Figure 6.26: Nitrogen adsorption isotherms of TCP-MOF3 recorded at liquid N2 

temperature (a), and its relative pore size distribution and cumulative pore volume 

plots (b). 

Table 6.1: Comparison between the experimental and calculated values of surface 

area, pore diameter and pore volume for TCP-MOF3. 

 Experimental Calculated 

SSABET (m2 g-1) 206.3 
84.96 

SSALangmuir (m2 g-1) 260.0 

Pore volume (cm3) 0.29 0.285 

Peak pore size (nm) 0.74, 0.85 0.56 

The nitrogen adsorption displayed in the microporous region in Figure 

6.26a, is endorsed by a value of pore volume compatible to the TCP-MOF3 

expanded phase This result indicates that the TCP-MOF3 empty phase can 

be converted to the filled one when exposed to nitrogen already at small 

relative pressures, underlining the reversibility of the conversion process 

between its empty and contracted forms (Figure 6.27). 
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Figure 6.27: Schematic representation of the reversible process between TCP-

MOF3 expanded (left) and contracted (right) forms. The TCP-MOF3 expanded form 

was depicted with light-blue spheres embedded in its pores, to represent the guest 

molecules. 

Subsequently, TCP-MOF3 was tested for the gas sorption of greenhouse 

gases such as CO2, CH4 and SF6 (Figure 6.28). The obtained results 

highlighted a pronounced adsorption of SF6 al low pressure that suggest a 

moderate affinity of the framework towards this gas. Therefore, the next steps 

in our investigation were directed to the synthesis of a fluorinated TCP-MOF, 

isoreticular with TCP-MOF3, with the aim of studying the role of the 

fluorination on the affinity of the materials towards the adsorption of CO2 

and SF6. 

 
Figure 6.28: N2, CH4, SF6 and CO2 gas adsorption isotherms of TCP-MOF3 

measured at 293K.   
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6.2.4 Synthesis and characterization of fluorinated TCP-MOFs 

This section is focused on the synthesis of two fluorinated TCP-MOFs, that 

were found to be isotericular to TCP-MOF2 and TCP-MOF3, respectively. 

The fluorine atoms were inserted in the framework through the 

functionalization of the carboxylic ligands of the original SBU; by substituting 

the benzoate ligands in [Cu2(PhCO2)4(ACN)2] with 4-fluoro benzoate  

(p-FPhCO2
-) the analogous complex [Cu2(p-FPhCO2)4(ACN)2] was obtained 

(Figure 6.29). 

 
Figure 6.29: Molecular sketch (a) and molecular structure from SC-XRD data (b) 

of the [Cu2(p-FPhCO2)4(ACN)2] complex. 

The new MOFs were also compared to their not-fluorinated analogous in 

terms of absorption of specific guest molecules.  
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Synthesis and characterization of TCP-MOF4, the fluorinated 

version of TCP-MOF2 

The synthesis of TCP-MOF4 was conducted under analogous condition to 

those employed for the solvothermal synthesis of TCP-MOF3. Thus, three 

different solutions were used, containing TPPM, p-fluoro benzoic acid (p-

FBzA) and [Cu2(p-FPhCO2)4(ACN)2], respectively, in a solvent mixture of 
iPrOH/CHCl3. The above-mentioned solutions were then placed in contact by 

layering and heated up at 80°C for 3 days (Scheme 6.5). Any attempt to 

synthesize TCP-MOF4 in the same reaction conditions of TCP-MOF2 

generally led to an amorphous product. while the use of a large amount of  

p-FBzA as modulating agent was shown to play an important role in obtaining 

a crystalline product. This indicates that small modifications of the SBU 

precursor drastically change its reactivity to obtain this class of metal-organic 

frameworks.  

Cu

Cu

 

Scheme 6.5: Synthesis of TCP-MOF4. 

TCP-MOF4 exhibits a distinct PXRD pattern showing similarities to the 

powder profile of TCP-MOF2. Its micrometric crystals were characterized 

through 3D ED analysis. The data collection was carried out following the 

STEM-cRED protocol.  
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The diffraction patterns were combined together and the reciprocal space 

reconstructed, indicating a monoclinic system in the space group ` 2/! with 

lattice parameters a = 25.632(11) Å, b = 7.653(2) Å, c = 23.063(9) Å, β = 

98.12(3) Å. The unit cell obtained is quite close to the TCP-MOF2, as 

evidenced by the peak coincidence between the two PXRD patterns (Figure 

6.30, Table 6.2). 

 
Figure 6.30: PXRD profile comparison between the experimental data  

of TCP-MOF4 and the calculated pattern of TCP-MOF2.  

Table 6.2: Unit cell parameter comparison between TCP-MOF2 and TCP-MOF4. 

 TCP-MOF2 TCP-MOF4 

a (Å) 25.534(7) 25.632(11) 

b (Å) 7.485(3) 7.653(2) 

c (Å) 22.287(9) 23.063(9) 

α (°) 90 90 

β (°) 98.81(3) 98.12(3) 

γ (°) 90 90 

Vol (Å3) 4674.2(3) 4768.8(6) 
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Figure 6.31: Polymeric repeating unit of TCP-MOF4. 

The indexed reflections were then integrated, and the crystal structure 

resolved through ab initio methods. The kinematical refinement revealed the 

presence of a fluorinate metal-organic framework isoreticular to TCP-MOF2 

of general formula {TPPM[Cu2(p-FPhCO2)4][Cu(p-FPhCO2)2]}n (Figure 6.31, 

Figure 6.32a-b). The channel of TCP-MOF4 resulted partially occupied by p-

FBzA molecules (site occupancy 0.75), which are involved in H-bond 

interactions with the polymeric backbone of the structure. The resulting 

channels are oriented along the crystallographic b-axis, accounting for 16.7% 

of the unit cell volume (748.95 Å3) which is the same percentage of virtual 

void found in TCP-MOF2 (Figure 6.32c-d). The presence of F atoms appears 

to have no impact on the pore size of TCP-MOF4. In both structures, the 

channels are divided in two cavities delimited on one side by TPPM molecules 

and on the other side by the aryl substituents of the carboxylic groups 

coordinated to the metal centres. In TCP-MOF2, these aromatic moieties 

interact with each other through CH…π contacts, whereas in TCP-MOF4 they 

interact via C-H…F interactions. 
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Figure 6.32: Crystal structure expansion of TCP-MOF4 (a) and TCP-MOF2 (b) 

both oriented along their crystallographic b-axis. Calculated channels of TCP-MOF4 

as blue surfaces (c) and packing expansion showing the p-FBzA molecules embedded 

in the framework (d). Copper atoms are represented as green polyhedra while oxygen, 

nitrogen, fluorine and carbon atoms are shown as red, blue, green and grey spheres, 

respectively.  

The electrostatic potential running along the cavities was then calculated 

for both TCP-MOF2 and TCP-MOF4. The calculation was carried out with 

the Material Studio software suite [27], using the DMol3 package with a m061 

functional (Figure 6.33). The potential maps thus obtained for both 

frameworks show the negative charge surrounding the carboxylic oxygen 

facing the inner side of the cavities. Furthermore, TCP-MOF4 displays an 

additional negative potential in proximity of the fluorine atoms, with an 

increase of the negative charged regions along the cavity of this framework. 
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Figure 6.33: Potential electrostatic surfaces of the repeating unit and of the 

expanded structure for TCP-MOF2 (a,c) and TCP-MOF4 (b,d). The expanded 

structures have been oriented along the crystallographic b-axis, to emphasize the 

potential along the channels. The surfaces have been calculated at the m061 level of 

theory using the DMol3 package of Material Studio software. [27] 

 
Figure 6.34: PXRD profile comparison between the TCP-MOF4 filled phase (1) 

and the washed products (2).  
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In order to remove the p-FBzA molecules contained in the TCP-MOF4 

channels, the as-synthesized product was washed with chloroform. 

Interestingly, after a few hours from this process, the material presented a 

different PXRD pattern from the initial one (Figure 6.34). To investigate the 

reason behind this change, a temperature-resolved in situ PXRD analysis was 

carried out on the crude product. The analysis revealed that upon heating, 

TCP-MOF4 undergoes a phase transition: around 170°C, a crystalline phase 

appears with a powder profile similar to the pattern of the washed product 

(Figure 6.35). This result suggests that after the removal of the guest 

molecules embedded in the channels, the TCP-MOF4 framework maintain its 

crystallinity, leading to a new (likely) contracted phase. The absence of guest 

molecules in washed TCP-MOF4 was also confirmed by TGA analysis, since 

the thermogram only displayed a weight loss at 332 °C related to the thermal 

degradation of the material. Further characterization will be carried out to 

elucidate the crystal structure of this new phase. 

 
Figure 6.35: Temperature-induced guest removal of TCP-MOF4 analysed by 

temperature-resolved in situ powder X-ray diffraction; 2D projection along the 

intensity axis.  
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The fluorinated TCP-MOF4 exhibits a moderate stability in water. Its 

crystallinity was confirmed even after soaking into an aqueous suspension for 

seven days.  

 
Figure 6.36: Stability experiment on TCP-MOF4 in water. The experiment was 

conducted on the washed product to prevent any contamination from the guest 

molecules contained in the raw material.  

After confirming its stability in aqueous media, a preliminary experiment 

was carried out to test the role of fluorination in TCP-MOF4 toward the 

adsorption of fluorinated compounds in water. The sodium salts of 

perfluorobutanoic acid (NaPFB) and perfluorooctanoic acid (NaPFO) were 

selected as target molecules. Then, the capability of TCP-MOF4 to adsorb 

PFAS from water was compared to that of its not-fluorinated counterpart 

(TCP-MOF2). Initially, the MOFs were exposed to a 5 mM solution of each 

target molecules for 24 h. Subsequently, the solid was recovered and washed 

with distilled water. The presence of PFAS was then estimated through 19F-

NMR after digesting the solid with a DCl/D2O (2:8) solution. Neither TCP-

MOF2 nor TCP-MOF4 were found to absorb NaPFB (Figure S6.24, Figure 

S6.26). However, TCP-MOF4 demonstrated the capability to adsorb a 

moderate amount of NaPFO, estimated to be around 25.4±0.5% in moles 
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(Figure 6.37, Figure S6.30). In contrast, the 19F-NMR of TCP-MOF2 showed 

no signals associated with the presence of NaPFO, suggesting a lack of affinity 

for this class of pollutants (Figure S6.25).  

 
Figure 6.37: Schematic representation of the PFAS exposure experiment (a).  

19F-NMR spectrum of TCP-MOF4 after the exposure to the NaPFO solution (b). 

Details of the experiment have been reported in the dedicated section of the 

supplementary information.  

  



6 - Diamondoids Flexibles TPPM-Copper Paddle wheels based MOFs 

190 

A portion of the TCP-MOF4 that has been exposed to the NaPFO 

solution, was characterized by PXRD analysis to check the presence of any 

structural changes after the adsorption experiment (Figure 6.38). The 

obtained powder profile differs from the initial one and appears to be the 

combination of the two TCP-MOF4 phases described in Figure 6.34. As the 

PFAS exposure experiment started from the crystalline phase supposed to be 

the contracted form of TCP-MOF4, the observation of a fraction correlated 

to the filled phase of TCP-MOF4 suggests that this material can expands its 

framework when exposed to specific guest molecules. Moreover, the partial 

absorption of NaPFO was supported by the incomplete conversion to the 

TCP-MOF4 expanded form during the adsorption experiment. The results 

suggest that the adsorption process takes place primarily at the surface of the 

material. To determine the nature of this adsorption phenomenon, further 

investigations are required. 

 
Figure 6.38: PXRD profile comparison between the TCP-MOF4 filled phase (1), 

washed phase (2) and after the NaPFO adsorption experiment.  
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Synthesis and characterization of TCP-MOF5, the fluorinated 

version of TCP-MOF3 

TCP-MOF5 was synthesized with the aim of creating a fluorinated metal-

organic framework isoreticular to TCP-MOF3. The objective was to compare 

their properties towards the adsorption of greenhouse gases.  

TCP-MOF5 was synthesized using a different approach compared to the 

synthetic methods employed for the previously described TCP-MOFs. TPPM 

and [Cu2(p-FPhCO2)4(ACN)2] were suspended in o-Dichloro Benzene  

(o-DCB) and left under stirring at 140°C for 3 hours (Scheme 6.6). Under 

these conditions, a crystalline product was achieved without the employment 

of p-FBzA as a modulating agent. The crude product was washed at room 

temperature with chloroform and characterized through PXRD analysis.  

 
Scheme 6.6: Synthesis of TCP-MOF5. 

The PXRD pattern of the product displays similarities to the powder 

profile of TCP-MOF3.BnOH, with peaks slightly shifted towards low 2θ 

values. This suggests a potential increase of the unit cell parameters (Figure 

6.39). The micrometric crystals of the product were then characterized 

through 3D ED analysis in cRED mode. The diffraction patterns were 

combined, and the reciprocal space was reconstructed, indicating a tetragonal 

system in the space group ` 4/! with lattice parameters a = 24.387(11) Å,  

c = 8.284(5) Å. The indexed reflection data confirmed the presence of a unit 
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cell that is slightly broader compared to the expanded phase of TCP-MOF3 

(Table 6.3). 

 
Figure 6.39: PXRD profile comparison between the reaction product TCP-MOF5 

and the calculated pattern of TCP-MOF3. 

Table 6.3: Unit cell parameter comparison between TCP-MOF2 and TCP-MOF4. 

 TCP-MOF3 TCP-MOF5 

a (Å) 23.043(5) 24.387(11) 

b (Å) 23.043(5) 24.387(11) 

c (Å) 8.803(2) 8.284(5) 

α (°) 90 90 

β (°) 90 90 

γ (°) 90 90 

Vol (Å3) 4674.2(18) 4927(4) 

The reflections were integrated, and the structure was solved using ab 

initio methods, followed by a kinematical refinement. The resulting structure 

corresponds to a MOF with an identical polymeric backbone as TCP-MOF3, 

but containing Cu(II) paddle-wheels with p-fluoro benzoate ligands  

(Figure 6.40). TCP-MOF5 has general formula {TPPM[Cu2(p-FPhCO2)4]2}n  

and displays an eight-fold interpenetrated diamond-like network. The crystal 
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structure exhibits channels running along the crystallographic c-axis, likely 

occupied by unmodelled solvent molecules, constituting the 12.5% of the unit 

cell volume (614 Å3, Figure 6.42). The PXRD pattern, calculated from the 

structural model obtained by 3D ED, corresponds to the pattern of the bulk 

reaction product (Figure 6.41).  

 
Figure 6.40: Polymeric repeating unit of TCP-MOF5 

 
Figure 6.41: PXRD profile comparison between the TCP-MOF5 reaction product 

and the calculated pattern from its structural model solved by 3D ED. 
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Figure 6.42: Crystal structure expansion of TCP-MOF5 (a) and TCP-MOF3 (b) 

both oriented along their crystallographic b-axis. The calculated channels of TCP-

MOF5 have been represented as blue surfaces (c). Copper atoms are represented as 

green polyhedral while oxygen, nitrogen, fluorine, and carbon atoms are shown as red, 

blue, green and grey spheres, respectively.  

The electrostatic potential map of the entire framework was calculated for 

both TCP-MOF3 and TCP-MOF5 (Figure 6.43). The calculation reveals an 

enhancement of the negative charge surrounding the cavities in TCP-MOF5, 

with respect to TCP-MOF3. In both frameworks, the aryl groups are packed 

together through π-π staking, forming rods of aromatic groups along the 

channel walls. In TCP-MOF5, the mono-fluorinated rings approach the 

neighbouring groups, establishing CH…F interactions and positioning the  
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F atoms on the edges of the cavities. The pores of these frameworks are 

surrounded by the aryl substituents of the SBUs, amplifying the effect of the 

fluorinated groups on their electrostatic potential, with respect to the  

TCP-MOF2-4 series.  

 
Figure 6.43: Potential electrostatic surfaces of the repeating unit and of the 

expanded structure for TCP-MOF3 (a,c) and TCP-MOF5 (b,d). The expanded 

structures have been oriented along the crystallographic c-axis, to emphasize the 

potential along the channels. The surfaces have been calculated at the m061 level of 

theory using the DMol3 package of Material Studio software. [27] 

To characterize the thermal stability of the product, a TGA analysis was 

then carried out, revealing a weight loss of the 3.16% until 130°C followed by 

thermal degradation around 325°C. Subsequently, TCP-MOF5 was heated to 

150°C under vacuum, to completely evacuate solvent molecules from its pores. 

Gas sorption measurements were conducted on the activated TCP-MOF5, in 

collaboration with the group of Prof. Ocean Cheung form Uppsala University. 

The nitrogen adsorption isotherm reveals the presence of an initial  
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Langmuir-like adsorption region, which reflects the presence of micropores. 

The subsequent rise in the amount of adsorbed nitrogen can be attributed to 

a more pronounced presence of mesopores, ending in an interparticle 

condensation (Figure 6.44). The analysis displays a pore volume value of  

0.25 cm3 g-1, which is in line with the predicted value of 0.287 cm3 g-1 

(calculation performed with the pore analyser tool in Mercury software). [23] 

Moreover, experimental surface area values were found in line with the 

expected ones (Table 6.4). Lastly, from the pore size plot, pores with a 

diameter of 1.4 nm were estimated, a value which does not match with the 

TCP-MOF5 crystal structure. 

 
Figure 6.44: Nitrogen adsorption isotherm of TCP-MOF5 recorded at liquid N2 

temperature (a), and its relative pore size distribution and cumulative pore volume 

plots (b). 

Table 6.4: Comparison between the experimental and calculated values of surface 

area, pore diameter and pore volume for TCP-MOF5. 

 Experimental Calculated 

SSABET (m2 g-1) 117 
147.26 

SSALangmuir (m2 g-1) 150 

Pore volume (cm3) 0.25 0.287 
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TCP-MOF5 was then tested for the gas sorption of greenhouse gases, 

including CO2, CH4 and SF6 (Figure 6.45). In contrast to TCP-MOF3, the 

obtained results do not evidence a pronounced adsorption of SF6 al low 

pressure. The CO2 adsorption is slightly increased compared to TCP-MOF3, 

possibly due to electrostatic potential charge separation along the channels. 

These difference in the electrostatic potentials and the presence of alternating 

C-H and C-F groups can promote interactions with the quadrupole moment 

of the gas. [28] 

 

Figure 6.45: N2, CH4, SF6 and CO2 gas adsorption isotherms of TCP-

MOF5 measured at 293K. 

As observed for TCP-MOF3, the material displays a nitrogen adsorption 

in the microporous region (Figure 6.44a) and the measured pore volume value 

is comparable to the TCP-MOF5 filled phase. These results suggest that the 

activated TCP-MOF5 can be converted back to the expanded phase when 

exposed to nitrogen, already at small relative pressures. Nevertheless, the 

structural characterization of TCP-MOF5 is currently in a preliminary stage, 

and further characterization will be focused on discovering the presence of its 

corresponding contracted phase and verifying the reversibility of the 

conversion process with the expanded form. 
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6.3 Conclusions 

In this chapter a new series of metal-organic frameworks was investigated, 

composed by TPPM molecules connected to Cu(II) paddle wheels (TCP-

MOFs) and based on a highly interpenetrated diamond-like network. The 

special arrangement of the building blocks allows to tune the properties of 

these MOFs through the modification of the carboxylic ligands surrounding 

the SBUs. Initially, the influence of the SBUs on the flexibility of the 

framework was demonstrated by the development of a first-generation  

TCP-MOF (TCP-MOF1) and its analogous third-generation MOF  

(TCP-MOF3). Through fluorination of the SBUs, two series of isoreticular 

TCP-MOFs (TCP-MOF1 and TCP-MOF3, TCP-MOF2 and TCP-MOF4) 

were identified and their different properties investigated. 3D ED analysis 

played a crucial role in the structure elucidation of these materials,  

indeed 5 out of 7 TCP-MOFs structures required this technique to be solved. 

The possibility to analyse micro- or nanometric crystal as single crystals, 

through the 3D electron diffraction technique, allowed to focalize the synthetic 

efforts on exploring a wide chemical space instead of growing large crystals. 

This research might be considered as a further step in the exploration of 

flexible metal-organic frameworks, highlighting the potential of implementing 

3D ED analysis in their structural characterization to enhance their 

development process.  
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6.4 Supplementary Information 

6.4.1 Synthetic Procedures 

[Cu2(CH3CO2)4(ACN)2] Synthesis 

 

The synthesis was conducted solubilizing copper acetate monohydrate (500 

mg) in 200 mL of ACN. Molecular sieves (3 Å) were added to the solution. 

After 2h, the solution was filtered, and the solvent evaporated under reduced 

pressure. The product was obtained as large dark-green crystals suitable for 

single crystal X-ray diffraction. The solid state analysis confirmed the 

structure of the paddle-wheel of general formula [Cu2(CH3CO2)4(ACN)2].ACN 

(quantitative yield, CSD ref. code: HILNUL). [29] 

[Cu2(PhCO2)4(ACN)2] Synthesis 

 

The synthesis was conducted by mixing into an agate mortar benzoic acid 

(500 mg, 4.1 mmol) and sodium hydroxide (164 mg, 4.1 mmol). Then, 500 µL 

of water were added and a liquid assisted grinding (LAG) was performed for 
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10 minutes. In the meantime, copper sulphate pentahydrate (511 mg, 2.1 

mmol) was added to 5 mL of water and sonicated for 20 minutes until 

complete solubilization. The mechanochemical product was then solubilized 

in 10 mL of water and the copper sulphate solution was added, immediately 

obtaining a blue precipitate. The mixture was cooled into an ice bath and the 

precipitated was filtered. The obtained solid was subsequently solubilized in 

200 mL of ACN and molecular sieves (3 Å) were added to the mixture. After 

2h, the reaction mixture was filtered, and the solvent evaporated under 

reduced pressure. The product was then recrystalized at 4°C, isolating blue 

crystals suitable for single crystal X-ray diffraction. The solid state analysis 

confirmed the structure of the paddle-wheel of general formula 

[Cu2(PhCO2)4(ACN)2].ACN (376 mg, 51% yield, CSD ref. code: QILXOY). 

[30]  

[Cu2(p-FPhCO2)4(ACN)2] Synthesis 

 

The synthesis was conducted by mixing into an agate mortar 4-fluoro benzoic 

acid (500 mg, 3.6 mmol) and sodium hydroxide (142.7 mg, 3.6 mmol). Then, 

500 µL of water were added and a liquid assisted grinding (LAG) was 

performed for 10 minutes. In the meantime, copper sulphate pentahydrate 

(445.5 mg, 1.8 mmol) was added to 5 mL of water and sonicated for 20 minutes 

until complete solubilization. The mechanochemical product was then 
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solubilized in 10 mL of water and the copper sulphate solution was added, 

immediately obtaining a blue precipitate. The mixture was cooled into an ice 

bath and the precipitated was filtered. The obtained solid was subsequently 

solubilized in 200 mL of ACN and molecular sieves (3 Å) were added to the 

mixture. After 2h, the reaction mixture was filtered, and the solvent 

evaporated under reduced pressure. The product was then recrystallized at 

4°C, isolating blue crystals suitable for single crystal X-ray diffraction (Table 

S6.3, Figure S6.8). The solid-state analysis confirmed the structure of the 

paddle-wheel of general formula [Cu2(p-FPhCO2)4(ACN)2] (407 mg, 52% 

yield). 

TPPM Synthesis 
N

N

N

N

TPPM  

The TPPM synthesis was carried out following the procedure reported in 

Chapter 5.3.1 and in the literature. [2] 
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TCP-MOF1 Synthesis 

 

The TCP-MOF1 synthesis was conducted solubilizing the TPPM molecule 

(3.34 mg, 5.31 µmol) in 3.2 mL of a CHCl3/n-BuOH 2:1 solution, and 

[Cu2(CH3CO2)4(ACN)2].ACN (5.12 mg, 10.75 µmol ) into 2.8 mL of a 

CHCl3/n-BuOH 1:2 solution. The solution of TPPM was then placed into a 

glass tube with a Teflon screw cap, then the [Cu2(CH3CO2)4(ACN)2].ACN 

solution was carefully added, in order to obtain two different layers. The 

reaction was then heated at 90° C for 2 days, obtaining large crystals suitable 

for SC-XRD diffraction analysis (Figure S6.2, Figure S6.5, Table S6.1, Table 

S6.2).  
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TCP-MOF2 Synthesis 

 

The TCP-MOF2 synthesis was carried out adding the TPPM molecule (6.67 

mg, 10.6 µmol), [Cu2(PhCO2)4(ACN)2].ACN (15.34 mg, 21.17 µmol), benzoic 

acid (149.56 mg, 1.22 mmol), and 10 mL of DMF into a glass tube with a 

Teflon screw cap. The mixture was then heated up to 90°C for 3 days. The 

reaction crude was then washed with a CHCl3/MeOH 9:1 solution and dried 

under reduced pressure. The product appears as a light-blue powder, that was 

characterized through HAADF-STEM, 3D ED, PXRD and TGA analysis 

(Table S6.6, Figure S6.14, Figure S6.20, Figure S6.10).  
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TCP-MOF3 Solvothermal Synthesis 

 

The TCP-MOF3 synthesis was conducted solubilizing the TPPM molecule 

(2.90 mg, 4.61 µmol) in 2.8 mL of a CHCl3/iPrOH 2:1 solution, benzoic acid 

(15.4 mg, 12.61 µmol) into 1.5 mL of a CHCl3/ iPrOH 1:1 solution, and 

[Cu2(PhCO2)4(ACN)2].ACN (6.97 mg, 9.62 µmol) into 2.8 mL of a CHCl3/ 

iPrOH 1:2 solution. The solution of TPPM was then placed into a glass tube 

with a Teflon screw cap, then the benzoic acid solution, followed by the 

[Cu2(PhCO2)4(ACN)2].ACN solution, were carefully added, in order to obtain 

three different layers. The reaction was then heated at 50° C for 3 days. The 

obtained green powder was then rinsed with a CHCl3/MeOH 9:1 solution and 

dried under reduced pressure. The product was then characterized through 

HAADF-STEM, 3D ED and PXRD analysis (Table S6.7, Table S6.8, Figure 

S6.11, Figure S6.15, Figure S6.16).  
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TCP-MOF3 Mechanochemical Synthesis 

 

The mechanochemical synthesis of TCP-MOF3 was carried out placing the 

TPPM molecule (29.5 mg, 46.9 µmol), [Cu2(PhCO2)4(ACN)2].ACN (66.2 mg, 

91.3 µmol) and 50 µL of benzyl alcohol into an agate jar with two 5 mm agate 

spheres. The mixture was ground into a Retsch mixer mill MM 400 operating 

at 20 Hz form 30 min. The grinding crude was left in an open container to 

evaporate the remaining traces of LAG additive. The obtained green powder 

was then washed with a CHCl3/MeOH 9:1 solution, dried under reduced 

pressure and characterized through PXRD analysis.  
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TCP-MOF4 Synthesis 

 

The TCP-MOF4 synthesis was conducted solubilizing the TPPM molecule 

(3.11 mg, 4.95 µmol) in 3.0 mL of a CHCl3/iPrOH 2:1 solution, benzoic acid 

(8.78 mg, 62.7 µmol) into 2.5 mL of a CHCl3/ iPrOH 1:1 solution, and [Cu2(p-

FPhCO2)4(ACN)2] (7.29 mg, 9.53 µmol) into 3 mL of a CHCl3/ iPrOH 1:2 

solution. The solution of TPPM was then placed into a glass tube with a 

Teflon screw cap, then the benzoic acid solution followed by the [Cu2(p-

FPhCO2)4(ACN)2].ACN solution were carefully added, in order to obtain 

three different layers. The reaction was then heated at 80° C for 2 days. The 

obtained green powder was then rinsed with a CHCl3/MeOH 9:1 solution and 

dried under reduced pressure. The product was then characterized through 

HAADF-STEM, 3D ED, PXRD and TGA analysis (Table S6.9, Figure S6.12, 

Figure S6.17, Figure S 6.22).  
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TCP-MOF5 Synthesis 

C
u

Cu

 

The TCP-MOF5 synthesis was carried out adding the TPPM molecule (7.44 

mg, 11.8 µmol), [Cu2(p-FPhCO2)4(ACN)2] (18.50 mg, 24.16 µmol) and 20 mL 

of o-DCB into a glass tube with a Teflon screw cap. The mixture was then 

heated up to 140°C for two hours. The reaction crude was then washed with 

a CHCl3/MeOH 9:1 solution and dried under reduced pressure. The product 

appears as a green powder, that was characterized through HAADF-STEM, 

3D ED, PXRD and TGA analysis (Table S6.10, Figure S6.13, Figure S6.18, 

Figure S6.23).  
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6.4.2 Structural Characterization 

Single Crystal X-ray Diffraction (SC-XRD) 

The crystal structures of TCP-MOF1 were determined by X-ray diffraction 

on single crystals. Crystal data and experimental details for data collection 

and structure refinement are reported in Table S6.1. Intensity data and cell 

parameters were recorded at 200(2) K and 300(2) K, respectively, for the 

contracted and expanded phase, on a Bruker D8 Venture PhotonII 

diffractometer (CuKα radiation λ = 1.54178 Å). The raw frame data were 

processed using SAINT and SADABS to yield the reflection data files. [31] 

The structures were solved by Direct Methods using the SHELXT program[32] 

and refined on Fo
2 by full-matrix least-squares procedures, using SHELXL-

2018[33] in the WinGX suite v.2014.1.[34] All non-hydrogen atoms were 

refined with anisotropic atomic displacements, with the exception of some of 

the disordered solvents. The hydrogen atoms were included in the refinement 

at idealized geometry and refined “riding” on the corresponding parent atoms. 

The weighting schemes used in the last cycle of refinement were  

w = 1/ [σ2Fo
2+ (0.2000P)2] and w = 1/ [σ2Fo

2+ (0.5108P)2], where  

P = (Fo
2 + 2Fc

2)/3, for TCP-MOF1 200K and TCP-MOF1 300K, 

respectively.  

 

 
Figure S6.1: Optical Microscope image of TCP-MOF1 crystals. 
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Table S6.1: Crystallographic information for TCP-MOF1 200K 

Empirical formula C45H30N4O4Cl3Cu 

Formula weight 860.62 

Temperature/K 200(2) 

Crystal system tetragonal 

Space group P-4 

a/Å 26.0049(15) 

b/Å 26.0049(15) 

c/Å 7.3356(5) 

α/° 90 

β/° 90 

γ/° 90 

Volume/Å3 4960.7(7) 

Z 4 

ρcalcg/cm3 1.152 

µ/mm-1 2.432 

F(000) 1760.0 

Radiation CuKα (λ = 1.54178) 

2θ range for data collection/° 3.398 to 118.23 

Index ranges -28 ≤ h ≤ 28, -28 ≤ k ≤ 28, -6 ≤ l ≤ 8 

Reflections collected 25468 

Independent reflections 7111 [Rint = 0.1146, Rsigma = 0.0925] 

Data/restraints/parameters 7111/0/469 

Goodness-of-fit on F2 1.372 

Final R indexes [I>=2σ (I)] a R1 = 0.1362, wR2 = 0.3461 

Final R indexes [all data] a R1 = 0.1569, wR2 = 0.3647 

a R1 = Σ║Fo│-│Fc║/Σ│Fo│, wR2 = [Σ[w(Fo
2-Fc

2)2]/Σ[w(Fo
2)2]]1/2 
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Table S6.2: Crystallographic information for TCP-MOF1 300K 

Empirical formula C61H56N4O16Cu4 

Formula weight 1355.25 

Temperature/K 299(2) 

Crystal system tetragonal 

Space group P4/n 

a/Å 27.389(9) 

b/Å 27.389(9) 

c/Å 7.304(2) 

α/° 90 

β/° 90 

γ/° 90 

Volume/Å3 5479(4) 

Z 2 

ρcalcg/cm3 0.821 

µ/mm-1 1.203 

F(000) 1388.0 

Radiation CuKα (λ = 1.54178) 

2θ range for data collection/° 4.562 to 109.9 

Index ranges -28 ≤ h ≤ 28, -25 ≤ k ≤ 28, -7 ≤ l ≤ 6 

Reflections collected 19208 

Independent reflections 3392 [Rint = 0.1478, Rsigma = 0.1169] 

Data/restraints/parameters 3392/3/230 

Goodness-of-fit on F2 1.002 

Final R indexes [I>=2σ (I)] a R1 = 0.2011, wR2 = 0.5269 

Final R indexes [all data] a R1 = 0.2989, wR2 = 0.6229 

a R1 = Σ║Fo│-│Fc║/Σ│Fo│, wR2 = [Σ[w(Fo
2-Fc

2)2]/Σ[w(Fo
2)2]]1/2 
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Table S6.3: Crystallographic information for [Cu2(p-FPhCO2)4(ACN)2] 

Empirical formula C32H22Cu2F4N2O8 

Formula weight 765.59 

Temperature/K 200.00(10) 

Crystal system triclinic 

Space group P-1 

a/Å 10.1124(4) 

b/Å 10.3357(4) 

c/Å 10.4275(4) 

α/° 71.530(4) 

β/° 70.551(4) 

γ/° 67.444(4) 

Volume/Å3 926.42(7) 

Z 1 

ρcalcg/cm3 1.372 

µ/mm-1 1.214 

F(000) 386.0 

Radiation Mo Kα (λ = 0.71073) 

2θ range for data collection/° 4.494 to 61.014 

Index ranges -14 ≤ h ≤ 14, -14 ≤ k ≤ 14, -14 ≤ l ≤ 14 

Reflections collected 39860 

Independent reflections 5631 [Rint = 0.0644, Rsigma = 0.0295] 

Data/restraints/parameters 5631/0/218 

Goodness-of-fit on F2 1.086 

Final R indexes [I>=2σ (I)] a R1 = 0.0428, wR2 = 0.1147 

Final R indexes [all data] a R1 = 0.0445, wR2 = 0.1161 

a R1 = Σ║Fo│-│Fc║/Σ│Fo│, wR2 = [Σ[w(Fo
2-Fc

2)2]/Σ[w(Fo
2)2]]1/2 
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Figure S6.2: Ortep view of the asymmetric unit of TCP-MOF1 at 200K 

(probability level 50%). To highlight all the atoms involved, the asymmetric unit is 

represented in two different orientations. In (a), solvent molecules have been removed 

for clarity.  

 
Figure S6.3: View of the principal inter-framework distances that occur along the 

c-axis for the two TPPM fragments in the asymmetric unit of TCP-MOF1 at 200K 

(see Figure S6.2): A (a) and B (a) . Pyridyl rings and phenyl rings centroids are 

represented in red and blue, respectively. The distances d1 (pyridyl centroids 

distances), d2 (phenyl centroid distances) and d3 (C1 distances) are equal for both 

fragments and equivalent to 7.3356(5) Å.  
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Figure S6.4: Packing of the TCP-MOF1 crystal structure oriented along the 

crystallographic c-axis. Copper atoms are represented as green ellipsoids, while the 

solvent molecules embedded in the channel are depicted as CPK models.  

 
Figure S6.5: Ortep view of the asymmetric unit of TCP-MOF1 at 300K 

(probability level 30%). Two different views of the structure are reported, to highlight 

the presence of positional disorder on the TPPM phenyl ring.  
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Figure S6.6: View of the principal inter-framework distances that occur along the 

c-axis for the two TPPM fragments in the asymmetric unit of TCP-MOF1 at 300K. 

Pyridyl rings and phenyl rings centroids are represented in red and blue, respectively. 

The distances d1 (pyridyl centroids distances), d2 (phenyl centroid distances) and d3 

(C1 distances) are equal for both fragments and equivalent to 7.304(2) Å. 

 
Figure S6.7: Asymmetric unit of TCP-MOF1 at 200K (a) and 300K (b). In the 

figure, the angle between C1-N1-Cu1 is reported, to highlight the differences in terms 

of coordination geometry between both structures.  
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Figure S6.8: Ortep view of the asymmetric unit of [Cu2(p-FPhCO2)4(ACN)2] 

(probability level 30%).  
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Powder X-ray Diffraction (PXRD) 

The powder X-ray diffraction data used for refinement analysis were collected 

in 0.3 mm borosilicate glass capillary, using Cu Kα1 radiation (λ=1.5406 Å) 

on a STOE Stadi P equipped with a Ge (111) Johansson focussing 

monochromator from STOE & Cie and a Mythen2 1K detector from Dectris. 

Data were preliminarily processed with WinXPOW (by STOE & Cie). The 

LeBail refinement on powder X-ray diffraction data was conducted with 

Jana2020.[35] Manually selected points were used to describe the background, 

single crystal data (3D ED) were used to define the unit cell, and cyclic 

refinements on the entire dataset were used to generate the profile parameters. 

The peak profile was modelled as a Pseudo-Voight function, corrected due to 

axial divergence asymmetry and cut outside 20*FMWH range. 

Temperature-resolved in situ data collections were performed using a High 

Temperature Attachment for capillaries provided by STOE, collecting each 

diffraction pattern in a 2θ range of 3.7°- 22.2° every 10°C with a heating ramp 

of 10°C/min.  

The PXRD patterns of the remaining samples were collected using Ni-

filtered Cu K radiation (λKα1 = 1.5406 Å, λKα2 = 1.5444 Å), on a Rigaku 

SmartLab XE diffractometer equipped with a HyPix-3000 detector. The data 

were collected in Bragg-Brentano geometry and processed with SmartLab 

Studio II (by Rigaku).  
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Figure S6.9: PXRD profile of TPC-MOF1 after the 2 hours of exposure at 

atmospheric conditions. 

Table S6.4: Comparison between the unit cell parameters from 3D ED analysis 

and from the Le Bail refinement on PXRD data, for the TCP-MOF2 structure.  

 3D ED PXRD 

a (Å) 25.534(7) 25.743(2) 

b (Å) 7.485(3) 7.5507(8) 

c (Å) 22.287(9) 22.229(2) 

α (°) 90 90 

β (°) 98.81(3) 99.039(4) 

γ (°) 90 90 

Vol (Å3) 4209.3(3) 4266.4(5) 
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Table S6.5: Comparison between the unit cell parameters from 3D ED analysis 

and from the Le Bail refinement on PXRD data, for the TCP-MOF3.BnOH structure.  

 3D ED PXRD 

a (Å) 23.043(5) 23.2663(8) 

b (Å) 23.043(5) 23.2663(8) 

c (Å) 8.803(2) 8.8096(5) 

α (°) 90 90 

β (°) 90 90 

γ (°) 90 90 

Vol (Å3) 4674.2(3) 4768.8(6) 
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3D Electron Diffraction (3D ED) and TEM analysis 

Scanning transmission electron microscopy imaging and 3D electron 

diffraction were carried out on a Zeiss Libra 120 transmission electron 

microscope, equipped with a LaB6 thermionic source operating at 120 kV 

(λ=0.0335 Å) and a Timepix single-electron detector by ASI for collecting 

diffraction patterns in low dose mode. 3D electron diffraction data were 

collected on single nanocrystals in nanodiffraction mode with a parallel 

electron beam of 150 nm in diameter. Imaging was carried out in STEM mode 

with a high angular dark field detector (HAADF). The 3D ED data were 

analysed using the software PETS.[25] The ab-initio structure determination 

of TCP-MOF2 was performed using the Superflip [26] package, while 

SHELXT was used for TCP-MOF3, TCP-MOF3·BnOH, TCP-MOF4 and 

TCP-MOF5.[32] Data were refined with a fully kinematical approximation, 

i.e. neglecting dynamical scattering and assuming that Ihkl is proportional to 

|Fhkl|2. Least-squares structure refinement was performed with the software 

SHELXL-2014 [33] interfaced with Olex2.[36]  
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Table S6.6: Crystallographic information for TCP-MOF2 

Empirical formula C45H34.5Cu1.5N2.5O6.5 

Formula weight 809.60 

Temperature/K 293(2) 

Crystal system Monoclinic 

Space group P2/n 

a/Å 25.534(7) 

b/Å 7.485(3) 

c/Å 22.287(9) 

α/° 90 

β/° 98.81(3) 

γ/° 90 

Volume/Å3 4209.3(3) 

Z 4 

ρcalcg/cm3 1.278 

F(000) 696 

Radiation Electrons (λ = 0.0335 Å) 

2θ range for data collection/° 0.124 to 2.382 

Index ranges -31 ≤ h ≤ 31, -9 ≤ k ≤ 9, -27 ≤ l ≤ 27 

Reflections collected 22319 

Independent reflections 7993 [Rint= 0.3403, Rsigma= 0.2904] 

Data/restraints/parameters 7993/73/210 

Goodness-of-fit on F2 1.336 

Final R indexes [I>=2σ (I)] a R1= 0.2917, wR2= 0.5871 

Final R indexes [all data] a R1= 0.4137, wR2= 0.5871 

a R1 = Σ║Fo│-│Fc║/Σ│Fo│, wR2 = [Σ[w(Fo
2-Fc

2)2]/Σ[w(Fo
2)2]]1/2 
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Table S6.7: Crystallographic information for TCP-MOF3 

Empirical formula C25.25H18CuNO4 

Formula weight 462.97 

Temperature/K 293(2) 

Crystal system tetragonal 

Space group P-4b2 

a/Å 22.074(8) 

b/Å 22.074(8) 

c/Å 9.005(4) 

α/° 90 

β/° 90 

γ/° 90 

Volume/Å3 4388(4) 

Z 8 

ρcalcg/cm3 1.402 

F(000) 695.0 

Radiation Electrons (λ = 0.0335 Å) 

2θ range for data collection/° 0.122 to 1.706 

Index ranges -15 ≤ h ≤ 15, -18 ≤ k ≤ 19, -8 ≤ l ≤ 7 

Reflections collected 6431 

Independent reflections 1617 [Rint = 0.3149, Rsigma = 0.2032] 

Data/restraints/parameters 1617/86/126 

Goodness-of-fit on F2 1.718 

Final R indexes [I>=2σ (I)] a R1 = 0.2029, wR2 = 0.4125 

Final R indexes [all data] a R1 = 0.2591, wR2 = 0.4458 

a R1 = Σ║Fo│-│Fc║/Σ│Fo│, wR2 = [Σ[w(Fo
2-Fc

2)2]/Σ[w(Fo
2)2]]1/2 
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Table S6.8: Crystallographic information for TCP-MOF3.BnOH 

Empirical formula C25.25H18CuNO4 

Formula weight 462.97 

Temperature/K 293(2) 

Crystal system tetragonal 

Space group P4/n 

a/Å 23.043(5) 

b/Å 23.043(5) 

c/Å 8.803(2) 

α/° 90 

β/° 90 

γ/° 90 

Volume/Å3 4674.2(18) 

Z 8 

ρcalcg/cm3 1.309 

F(000) 695 

Radiation Electrons (λ = 0.0335 Å) 

2θ range for data collection/° 0.118 to 2.02 

Index ranges -24 ≤ h ≤ 24, -18 ≤ k ≤ 19, -9 ≤ l ≤ 9 

Reflections collected 9252 

Independent reflections 2565 [Rint = 0.3536, Rsigma = 0.2548] 

Data/restraints/parameters 2565/192/258 

Goodness-of-fit on F2 1.470 

Final R indexes [I>=2σ (I)] a R1 = 0.2344, wR2 = 0.5105 

Final R indexes [all data] a R1 = 0.2836, wR2 = 0.5600 

a R1 = Σ║Fo│-│Fc║/Σ│Fo│, wR2 = [Σ[w(Fo
2-Fc

2)2]/Σ[w(Fo
2)2]]1/2 
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Table S6.9: Crystallographic information for TCP-MOF4 

Empirical formula C48.75H31.75Cu1.5F3.75N2O7.5 

Formula weight 932.11 

Temperature/K 293(2) 

Crystal system monoclinic 

Space group P2/n 

a/Å 25.632(11) 

b/Å 7.653(2) 

c/Å 23.063(9) 

α/° 90 

β/° 98.12(3) 

γ/° 90 

Volume/Å3 4478(3) 

Z 4 

ρcalcg/cm3 1.382 

F(000) 682.0 

Radiation Electrons (λ = 0.0335 Å) 

2θ range for data collection/° 0.104 to 2.132 

Index ranges -28 ≤ h ≤ 28, -8 ≤ k ≤ 8, -25 ≤ l ≤ 25 

Reflections collected 14073 

Independent reflections 4477 [Rint = 0.3812, Rsigma = 0.3348] 

Data/restraints/parameters 4477/29/217 

Goodness-of-fit on F2 1.335 

Final R indexes [I>=2σ (I)] a R1 = 0.2558, wR2 = 0.5176 

Final R indexes [all data] a R1 = 0.3841, wR2 = 0.5956 

a R1 = Σ║Fo│-│Fc║/Σ│Fo│, wR2 = [Σ[w(Fo
2-Fc

2)2]/Σ[w(Fo
2)2]]1/2 
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Table S6.10: Crystallographic information for TCP-MOF5 

Empirical formula C25.25CuF2NO4 

Formula weight 4920.00 

Temperature/K 293(2) 

Crystal system Tetragonal 

Space group P4/n 

a/Å 24.387(11) 

b/Å 24.387(11) 

c/Å 8.284(5) 

α/° 90 

β/° 90 

γ/° 90 

Volume/Å3 4927(4) 

Z 8 

ρcalcg/cm3 1.658 

F(000) 711 

Radiation Electrons (λ = 0.0335 Å) 

2θ range for data collection/° 0.158 to 1.478 

Index ranges -18 ≤ h ≤ 18, -18 ≤ k ≤ 18, -6 ≤ l ≤ 6 

Reflections collected 9907 

Independent reflections 1177 [Rint = 0.3297, Rsigma = 0.2312] 

Data/restraints/parameters 1177/56/87 

Goodness-of-fit on F2 1.696 

Final R indexes [I>=2σ (I)] a R1 = 0.2929, wR2 = 0.6023 

Final R indexes [all data] a R1 = 0.3670, wR2 = 0.6599 

a R1 = Σ║Fo│-│Fc║/Σ│Fo│, wR2 = [Σ[w(Fo
2-Fc

2)2]/Σ[w(Fo
2)2]]1/2 
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Figure S6.10: HAADF-STEM image of the TCP-MOF2 nanocrystals used for the 

3D ED data collection. 

 
Figure S6.11: HAADF-STEM image of the TCP-MOF3 nanocrystals used for the 

3D ED data collection. (right) TCP-MOF3 empty phase, (left) TCP-MOF3.BnOH 

phase.  

 
Figure S6.12: HAADF-STEM image of the TCP-MOF4 nanocrystals used for the 

3D ED data collection. 
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Figure S6.13: HAADF-STEM image of the TCP-MOF5 nanocrystals used for the 

3D ED data collection. 

 

Figure S6.14: Ortep view of the asymmetric unit of TCP-MOF2 (probability level 

50%). 



6 - Diamondoids Flexibles TPPM-Copper Paddle wheels based MOFs 

227 

 
Figure S6.15: Ortep view of the asymmetric unit of TCP-MOF3 empty phase 

(probability level 30%). 

 

 
Figure S6.16: Ortep view of the asymmetric unit of TCP-MOF3.BnOH 

(probability level 30%). 



6 - Diamondoids Flexibles TPPM-Copper Paddle wheels based MOFs 

228 

 
Figure S6.17: Ortep view of the asymmetric unit of TCP-MOF4 (probability level 

30%). 

 
Figure S6.18: Ortep view of the asymmetric unit of TCP-MOF5 (probability level 

30%). 

 

 



6 - Diamondoids Flexibles TPPM-Copper Paddle wheels based MOFs 

229 

 

Figure S6.19: Asymmetric unit of TCP-MOF3.BnOH (a) and TCP-MOF3 empty 

phase (b). In the figure, the angle between C1-N1-Cu1 is reported, to highlight the 

differences in terms of coordination geometry between both crystal structures. 
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6.4.3 Thermogravimetric Analyses (TGA) 

The thermogravimetric analyses were conducted on a Perkin Elmer 

Instrument, model TGA 8000. The experiments were carried out in the 

temperature range 30-550°C with a heating rate of 20°C min-1 under air flux.  

 
Figure S6.20: Thermogravimetric path recorded on the TCP-MOF2 crystal phase. 

 
Figure S6.21: Thermogravimetric path recorded on the TCP-MOF3 crystal phase. 
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Figure S 6.22: Thermogravimetric path recorded on the TCP-MOF4 crystal phase 

after the washing process. 

 
Figure S6.23: Thermogravimetric path recorded on the TCP-MOF5 crystal phase. 
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6.4.4 Gas sorption 

The gas sorption measurements were carried out at Uppsala University by 

Professor Ocean Cheung. The gas sorption measurements were performed on 

a Micromeritics ASAP202 surface analyser. Before gas sorption 

measurements, the as-synthesized MOFs were activated under dynamical 

vacuum at 150°C.  

6.4.5 PFAS adsorption experiment on TCP-MOF2 and TCP-

MOF4 

The 19F NMR spectra were collected in 450µL of DMSO-d6 with 50µL of 

DCl/D2O (2:8), in order to completely digest the material and hamper the 

influence of the paramagnetic Cu(II) ions. The analysis was conducted on a 

Jeol 600 MHz ECZ600R. The TCP-MOF2 spectra were recorder with the 

addition of 50µL of 0.03 mM aqueous solution of trifluoro ethanol as internal 

standard. 

 

The adsorption experiment was carried out in triplicate for both TCP-

MOF2 and TCP-MOF4. The procedure consisted in placing about 1 mg of 

the MOF into a 1.5mL Eppendorf vial, followed by the addition of 1 mL of a 

5mM solution of NaPFB or NaPFO. After 24 hours, the aqueous solution was 

removed by centrifugation and the solid was rinsed two times with distilled 

water. Then, 50mL of a DCl/D2O (2:8) solution were added to the solid in 

order to completely destroy its polymeric network. Subsequently, the product 

was completely solubilized in DMSO-d6 and characterized through 19F NMR 

spectroscopy.  
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Figure S6.24: 19F NMR spectra of TCP-MOF2 after the exposure to the NaPFB 

solution. (565 MHz, DMSO-d6) δ (ppm): -75.8 (t, J = 8.8 Hz, 3F, TFE).  

 
Figure S6.25: 19F NMR spectra of TCP-MOF2 after the exposure to the NaPFO 

solution. (565 MHz, DMSO-d6) δ (ppm): -75.8 (t, J = 8.8 Hz, 3F, TFE).  
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Figure S6.26: 19F NMR spectra of TCP-MOF4 after the exposure to the NaPFB 

solution. (565 MHz, DMSO-d6) δ (ppm): -106.5 (m, 6F, p-FBzA from TCP-MOF4). 

 
Figure S6.27: 19F NMR spectrum of TCP-MOF4 after the exposure to the NaPFO 

solution, first experiment. (565 MHz, DMSO-d6) δ (ppm): -80.4 (t, J = 9.70 Hz, 3F, 

a), -106.5 (m, 6F, h), -118.1 (m, 2F, b), -121.4 (m, 2F, c), -121.7(m, 2F, d), -122.4 (m, 

2F, e), -122.5 (m, 2F, f), -125.6 (m, 2F, g).  
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Figure S6.28: 19F NMR spectrum of TCP-MOF4 after the exposure to the NaPFO 

solution, second experiment. 

 
Figure S6.29: 19F NMR spectrum of TCP-MOF4 after the exposure to the NaPFO 

solution, third experiment. 
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Figure S6.30: 19F NMR spectra of TCP-MOF4 after the exposure to the NaPFO 

solution, stacked view of the three experiments. 
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7 Bismuth-based MOFs and their structural 

investigation through 3D ED analysis 

This chapter discusses the research project that was carried out during an 

exchange period at Stockholm University, under the supervision of Prof. 

Andrew Kentaro Inge. The main topic focuses on the synthesis and 

characterisation of bismuth(III)-based Metal-Organic Frameworks. The 

chapter is divided into two sections, which differ for the ligands employed in 

the synthesis of the final materials. The first section describes the synthesis of 

two novel Bismuth tricarboxylate MOFs under green conditions, using 4,4′,4′′-

nitrilotrisbenzoic acid (H3NTB) as the organic linker and Bi(III) as the medal 

node. In both cases, the crystal structure was solved through 3D Electron 

diffraction analysis and then refined against powder X-ray diffraction data. 

The second section aims the synthesis of bismuth-based MOFs using the 

protocatechuic acid as a ligand. This part also discusses a peculiar Bi-π 

interaction discovered in Bi-Protocatechuate 2D coordination polymers and 

how its formation can be prevented to achieve a 3D network.  
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7.1 Introduction 

Bismuth-based Metal-Organic Frameworks (Bi-MOFs) are a promising type 

of reticular materials that have attracted attention due to their fascinating 

properties and functionalities. However, this particular class of MOFs is still 

in an emerging stage of development due to constraints posed by the variety 

of coordination environments and the low solubility of Bi(III) cations. [1,2] In 

the last decade, there has been a growing interest in researching MOFs that 

incorporate main group metals such as Bi, Sn, Al, and In. Bismuth is a 

promising candidate due to its low cost and minimal environmental impact. 

[3,4] Furthermore, several Bi-MOFs have demonstrated favourable properties 

in catalysis, energy storage, biomedical imaging, drug delivery, sensing, and 

the adsorption and separation of gases. [3,5–10] Bismuth is a non-toxic and 

noncarcinogenic metal that typically has an oxidation state of +3 in most of 

its complexes. [11] Bi-MOFs generally exhibit infinitely large SBUs, such as 

rods and layers, which result in hybrid structures consisting of both organic 

and inorganic networks. [12] However, the growth of Bi-MOFs remains a 

significant challenge due to the tendency of Bi3+ to form layered dense 

frameworks with relatively limited porosity. [12]  

The first section of this chapter focuses on the synthesis of Bi-MOFs based 

on a tritopic carboxylate ligand. The first studies on Bi-MOFs based on 

tritopic carboxylate ligands regard the CAU-7, CAU-17, and SU-100 

materials. [12–14] The building block of these materials comprises 1,3,5-

benzenetrisbenzoic acid (H3BTB), 1,3,5-trisbenzoic acid (H3BTC) and 

biphenyl-3,4′,5-tricarboxylic acid (H3BPT), respectively (Scheme 7.1).  
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Scheme 7.1: Likers used for CAU-17 (H3BTC), SU-100(H3BPT), CAU-7 (H3BTB) 

and in this chapter (H3NTB). 

This project has investigated the use of 4,4′,4′′-nitrilotrisbenzoic acid 

(H3NTB) as a tritopic ligand for the synthesis of novel Bi-MOFs. H3NTB is a 

ligand employed in various metal-organic reticular materials based on 

different metal centres. However, its combination with bismuth has not been 

explored until now. The novel Bi-NTB MOFs have been synthesized in 

relatively green and fast conditions, leading to two new microcrystalline 

materials. In both cases, the structural characterization was carried out on 

single microcrystals using the 3D Electron Diffraction technique (3D ED).  

 
Scheme 7.2: Molecular sketch of the protocatechuic acid (H3PC). 
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The second section of this chapter regards the synthesis of reticular metal-

organic materials based on protocatechuic acid (H3PC), a phenolic acid 

bioavailable in nature, with antioxidant and anti-inflammatory properties 

(Scheme 7.2). [15,16] Although bismuth compounds have been used 

historically in cosmetics and medicine, [17,18] the combination of this metal 

with H3PC in metal-organic materials has not yet been investigated. 

Furthermore, the PC3- molecule has only recently been documented as an 

organic building block in MOF synthesis. [19] Indeed, the Cambridge 

Structural Database (CSD) only reports a single MOF based on PC3- linkers, 

and none of the deposited metal-organic PC-based materials includes bismuth 

as a metal centre. This is a preliminary study on the synthesis of reticular 

materials based on PC3- and Bi3+ as building blocks.  
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7.2 Synthesis and characterization of Bi-MOFs based on the 

H3NTB ligand – Bi(NTB)MOFs 

Bi(NTB) MOFs were synthesized using solvothermal conditions with 

relatively fast reaction times due to the high reactivity between the building 

blocks. It is important not to extend the reaction times to prevent side 

reactions that can occur at the high temperature of the synthesis. The first 

Bi-MOFs based on the NTB3- linker (Bi(NTB)-MOF1) was obtained from the 

reaction between H3NTB and Bi(NO3)3.5H2O, in aqueous solution of acetic 

acid (10% v/v) at 140°C for 2 hours (Scheme 7.3). The reaction crude was 

washed with acetic acid (20% v/v) and methanol, isolating a microcrystalline 

powder with a well-defined PXRD pattern (Figure S7.1).  

 

Scheme 7.3: Synthesis of Bi(NTB)-MOF1. 

Its crystal structure was subsequently elucidated through 3D Electron 

Diffraction , using a TEM operating in SAED, equipped with Medipix single 

electron detector, [20] and working in a special low-dose setup. The data 

collection was carried out in continuous rotation mode and by controlling the 

TEM through the Instamatic software. [21] Three different crystals were 

analysed and the gathered data combined and analysed through the XDS 

package, [22] highlighting the presence of a orthorhombic unit cell in the 

`��2G space group, with parameters: a = 19.071(6) Å, b = 15.159(4) Å, c = 

7.813(2) Å. The indexed data were integrated, the crystal structure resolved 

ab initio and kinematically refined. The resulting crystal structure exhibits a 

polymeric network with general formula {Bi(NTB)}n (Figure S7.7).  



7 - Bismuth-based MOFs and their structural investigation through 3D ED analysis 

246 

The polymeric network comprises fully deprotonated NTB3- molecules 

coordinated to Bi3+ centres. These linkers employ two of their benzoic arms 

as bidentate chelating ligands, while the remaining one acts as bidentate µ2-

bridging ligand (Figure 7.1). 

 
Figure 7.1: Repeating unit of Bi(NTB)-MOF1. Bismuth with its coordination 

environment is represented as a magenta polyhedron, while the Bi3+ ions coordinating 

the other arms of the NTB molecule are depicted as magenta spheres connected 

through dashed bonds. Oxygen, nitrogen, carbon, and hydrogen atoms are reported 

as red, blue, grey, and white spheres, respectively. 

The bismuth centres have a coordination number of 7; one of the oxygens 

(O2B) involved in a chelation on a Bi3+ cation also interacts with a 

neighbouring metal centre. This yields rod-like SBUs oriented along the 

crystallographic c-axis, which are composed of bismuth polyhedra linked 

together by the presence of a common vertex (Figure 7.2). This is consistent 

with the versatility in the coordination number of bismuth cations, spanning 

from 6 to 9, and exhibiting Bi-O distances within the range of 2.2-3 Å. [14] 

Moreover, the structure displays narrow channels of voids (8.5% of the total 

unit cell volume, 191 Å3) disposed parallel to the corrugate Bi-O rods (as 

calculated using Mercury software). [23] However, the kinematical refinement 
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conducted on the 3D ED data did not reveal any structural information about 

possible guest molecules embedded in these channels (Figure 7.3a). The lack 

of solvent molecules, that should be trapped in the framework channels, may 

be related to their removal under the high vacuum conditions present in the 

TEM.  

 
Figure 7.2: (a) Bismuth polyhedra, which share an oxygen atom at their vertices, 

leading to rod-shaped SBUs. (b) Simplified net of Bi(NTB)-MOF1 oriented along the 

c-axis, in which the linker molecules are represented as yellow triangles  

(see also Figure S7.9). 
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Figure 7.3: Comparison between the Bi(NTB)-MOF1 structural model from 3D 

ED analysis (a) and from the Rietveld refinement of PXRD data (b). Both structures 

have been represented oriented along their crystallographic c-axis. 

The PXRD profile calculated from the structural model solved by 3D ED was 

subsequently compared to the experimental PXRD data collected on the bulk 

(Figure 7.4a). While the comparison revealed some correspondence in the 

relative intensities of the diffraction peaks. However, the positions of the 

diffraction peaks in the calculated diffractogram were slightly shifted towards 

lower 2θ values compared to the experimental pattern. Rietveld refinement 

was then performed on the PXRD data to gain a better understanding of the 

overall structure of Bi(NTB)-MOF1 at ambient conditions (Figure 7.4b).  

As expected, starting from the kinematically refined structure, the PXRD 

refinement revealed a reduction in the unit cell volume (Table 7.1) and 

consequently a contraction of the Bi(NTB)-MOF1 framework (Figure 7.5). 

Thus, the structure obtained from the Rietveld refinement no longer displays 

channels along the c-axis. Instead, it exhibits isolated void regions that occupy 

2.4% of the unit cell volume (43 Å3, Figure 7.3b). 
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Figure 7.4: (a) PXRD profile comparison between the pattern calculated from the 

3D ED model and the experimental one. The PXRD data collection was carried out 

using a variable slits measurement in a Bragg-Brentano geometry. (b) Profile fit form 

Rietveld refinement of Bi(NTB)-MOF1. The shown range is limited to 2θ values of 5-

70° for clarity, whereas the refinement was carried out in the range 5-90°. The 

refinement converged to Rp = 2.72 % and wRp = 3.76 %.  

These differences in structural parameters might be associated with 

various factors, such as the different temperature and pressure at which the 

analyses were carried out. Additionally, a more consistent factor could be a 

non-optimal calibration of the instrumental parameters of the TEM in which 

the 3D ED data collection was conducted. This phenomenon was also 

observed, although to a slightly different magnitude, in the following 
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structures, and therefore further studies will be required to identify its cause. 

Remarkably, this result demonstrates how these two crystallographic 

techniques can be combined to compensate for each other’s weaknesses and 

obtain the structural model that better represents the analysed system. 

 
Figure 7.5: Comparison between the simplified net related to the Bi(NTB)-MOF1 

model obtained from 3D ED (magenta) and from the Rietveld refinement(purple).  

Table 7.1: Comparison of the unit cell parameters obtained from 3D ED analysis 

and from the Rietveld refinement on PXRD data for the Bi(NTB)-MOF1 structure. 

 3D ED PXRD 

a (Å) 19.071(6) 18.0256(4) 

b (Å) 15.159(4) 14.0138(2) 

c (Å) 7.813(2) 7.35376(15) 

α (°) 90 90 

β (°) 90 90 

γ (°) 90 90 

Vol (Å3) 2258.7(11) 1834.70(6) 

As a further step in the development of this class of materials, the reaction 

conditions were adjusted to achieve a material with higher porosity and less 

densely packed then Bi(NTB9)-MOF1. Thus, a second material was isolated 

by performing the solvothermal synthesis with Bi(NO3)3.5H2O and using 
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methanol as solvent (Scheme 7.4). After 20 minutes at 120°C, the reaction 

crude was washed with methanol and a crystalline powder was isolated. The 

powder diffraction pattern of the new product was differerent from the profile 

of Bi(NTB)-MOF1, suggesting the formation of a new crystalline phase 

(Figure 7.6).  

 

Scheme 7.4: Synthesis of Bi(NTB)-MOF2. 

 
Figure 7.6: PXRD profile comparison between the experimental pattern of 

Bi(NTB)-MOF1 and Bi(NTB)-MOF2. 

The crystal structure of the product was determined through a 3D ED 

analysis carried out in the same conditions of the previous sample. Four 

different crystals were analysed and their diffraction data merged with the 

XDS package,[22] showing the presence of a monoclinic C-centred unit cell, 

with parameters: a = 26.570 Å, b = 8.330 Å, c = 10.720 Å, β = 106.15 Å. 

The indexed data were integrated, the crystal structure resolved ab initio in 
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the space group a2 and then kinematically refined. The resulting crystal 

structure is new and exhibits a polymeric network of general formula 

{Bi(NTB)}n identified as Bi(NTB)MOF-2 (Figure S7.8).  

 
Figure 7.7: Repeating unit of Bi(NTB)-MOF2. Bismuth with its coordination 

environment is represented a magenta polyhedron, while the Bi3+ ions coordinating 

the other arms of the NTB molecule are depicted as magenta spheres connected 

through dashed bonds. Oxygen, nitrogen, carbon, and hydrogen atoms are reported 

as red, blue, grey, and white spheres, respectively. 

 
Figure 7.8: (a) Bismuth polyhedra, which share an oxygen atom at their vertices, 

leading to rod-shaped SBUs. (b) Simplified net of Bi(NTB)-MOF2 oriented along the 

c-axis, in which the linker molecules are represented as yellow triangle and the bismuth 

SBUs as magenta rods. 
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The polymeric network of Bi(NTB)-MOF2 is composed of fully 

deprotonated NTB3- molecules coordinated to Bi3+ centres, in analogy to 

Bi(NTB)-MOF1. The NTB3- linkers employ two of their benzoic arms as 

bidentate chelating ligands, while the remaining one acts as bidentate  

µ2-bridging ligand (Figure 7.7). The bismuth centres have a coordination 

number of 7: one of the oxygens (O2B) involved in a chelation on a Bi3+ 

cation also interacts with a neighbouring metal centre. This yields to 

corrugated Bi-O rods running along the crystallographic b-axis, which are 

composed of bismuth polyhedra linked together by the presence of common 

vertices.  

 
Figure 7.9: Comparison between the Bi(NTB)-MOF2 structural model from 3D 

ED analysis (a) and from the Rietveld refinement of PXRD data (b). Both structures 

have been represented oriented along their crystallographic c-axis. 

The structural model of Bi(NTB)-MOF2 displays channels extending 

along the crystallographic c-axis, accounting for the 14% of the unit cell 

volume (319 Å3, Figure 7.8a). However, from the kinematical refinement 

performed on the 3D ED data, it was not possible to detect any electron 

density associated with guest molecules. This result is in line with the removal 

of guest molecules induced by the high vacuum conditions in which the 3D 

ED analysis is carried out. In contrast to the structure of Bi(NTB)-MOF1, 



7 - Bismuth-based MOFs and their structural investigation through 3D ED analysis 

254 

the empty channel in this crystal structure are no longer parallel to the Bi-O 

rods. Indeed, a comparison of the structural models of both Bi(NTB)-MOFs, 

oriented along the direction of their Bi-O rods, reveals a difference in the 

arrangement of these 1D-SBUs (Figure 7.10). 

 
Figure 7.10: Simplified net of Bi(NTB)-MOF1 (a) and Bi(NTB)-MOF2 (b) 

oriented along their b-axis and c-axis, respectively. 

 
Figure 7.11: Profile fit form Rietveld refinement of Bi(NTB)-MOF2. The shown 

range is limited to 2θ values of 5-70° for clarity, whereas the refinement was carried 

out in the range 5-90°. The refinement converged to Rp = 3.13 % and wRp = 4.04 %.  
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The single-crystal structure from the 3D ED analysis was then refined against 

the PXRD data through the Rietveld approach. (Figure 7.11). The resulting 

structure is characterized by smaller unit cell parameters (Table 7.2), leading 

to a more densely packed structure (Figure 7.12). Moreover, the structure 

obtained from the Rietveld refinement no longer displays channels along the 

c-axis. Instead, it exhibits isolated void regions that occupy 8% of the unit 

cell volume (159 Å3, Figure 7.9b). 

 
Figure 7.12: Comparison between the simplified net related to the Bi(NTB)-MOF2 

model obtained from 3D ED (magenta) and from the Rietveld refinement (purple).  

Table 7.2: Comparison of the unit cell parameters obtained from the 3D ED 

analysis and from the Rietveld refinement on PXRD data for the Bi(NTB)-MOF2 

structure. 

 3D ED PXRD 

a (Å) 26.570(5) 25.2503(7) 

b (Å) 8.330(17) 7.8268(3) 

c (Å) 10.720(2) 10.2588(2) 

α (°) 90 90 

β (°) 106.15(3) 106.655(2) 

γ (°) 90 90 

Vol (Å3) 2279.1(9) 1942.38(10) 
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Similar to the previous material, Bi(NTB)-MOF2 has a more densely 

packed structure under ambient conditions. However, this crystalline phase 

still exhibits more pronounced void regions compared to Bi(NTB)-MOF1, 

which demonstrates the success of the strategy to synthesise a less densely 

packed crystal structure. 

The simplified net for both MOFs was obtained by identifying their points 

of contact between organic and inorganic parts, through the point of extension 

method proposed by Schoedel et.al.[24] The ideal symmetry of their 

underlying net was determined and a topological analysis was conducted on 

both networks (calculations performed using Systre and ToposPro software), 

highlighting the presence of the same 3.3.7.7-c net (Figure 7.13). [25,26] 

 
Figure 7.13: (a) Simplified net of both Bi(NTB)-MOFs, obtained after the analysis 

conducted through the Systre software. (b) Visualization of the net’s tiling calculated 

using the 3dt software. [27] 
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Gas sorption measurements were conducted on both Bi(NTB)-MOFs, in 

collaboration with Prof. Ocean Cheung from Uppsala University. In both 

cases, the nitrogen adsorption isotherms do not show the presence of an initial 

Langmuir-like adsorption region (Figure S7.16). These results reflect the 

presence of micropores which are too narrow to allow the passage of nitrogen, 

which is in line with their small pore diameter (Table 7.3). However, the gas 

sorption experiment conducted at 293K revealed that Bi(NTB)-MOF2 show 

some porosity towards CO2 when compared to Bi(NTB)-MOF1 (Figure 7.14). 

This confirms the presence of very narrow pores as CO2 has a lower kinetic 

diameter than N2.  

Table 7.3: Pore sizes calculated on the Bi(NTB)-MOFs crystal structures. PLD = 

Pore Limiting Diameter, LCD = Largest Cavity Diameter.  

 Bi(NTB)-MOF1 Bi(NTB)-MOF2 

 3D ED PXRD 3D ED PXRD 

PLD (Å) 2.04 1.77 2.37 1.76 

LCD (Å) 2.89 2.50 3.87 3.15 

 
Figure 7.14: N2, CH4 and CO2 gas sorption isotherms at 293 K for Bi(NTB)-MOF1 

(a) and Bi(NTB)-MOF2 (b). 

  



7 - Bismuth-based MOFs and their structural investigation through 3D ED analysis 

258 

Furthermore, a CO2 adsorption isotherm was performed to obtain 

information on the porosity of this material. The analysis indicated a 

Langmuir-like uptake of CO2 in the microporous region of the isotherm 

(Figure 7.15). The pore size obtained from this experiment stands around 

0.375 nm, which is in line with the predicted values (Table 7.3, Figure S7.17). 

However, the calculated SSA value of 7.0 m2⋅g-1, determined using a CO2-

sized probe, is in contrast with the experimental value of 80 m2⋅g-1. This 

unexpected increase in the experimental SSA value can be correlated with the 

presence of interactions between the framework and CO2, attributable to a 

dynamic behaviour of the material in such conditions. 

 
Figure 7.15: CO2 adsorption isotherm of Bi(NTB)-MOF2 recorded at 195K (a), 

and its relative pore size distribution.  
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7.3 Synthesis and characterization of novel Bismuth 
Protocatechuate-based reticular materials 

Two isoreticular coordination polymers were obtained from the reaction 

between protocatechuic acid (H3PC) with Bi(NO3)3.5H2O in protic solvents 

such as H2O or MeOH. The first synthesis was carried out in water at 120°C 

for 15 minutes under stirring (Scheme 7.5), resulting in a crystalline powder 

that exhibited the characteristic pattern of a 2D coordination polymer 

previously identified by the research group (Figure S7.3).  

 
Scheme 7.5: Synthesis of {Bi(PDC)(H2O)}n. 

The crystal structure was further confirmed using the 3D ED analysis in 

cRED mode. Subsequently, a kinematical refinement was conducted to 

improve the structural model and confirm the presence of a polymeric network 

of general formula {Bi(PDC)(H2O)}n  (Figure S7.10, Figure 7.16a). This new 

2D coordination polymer consists in a network of fully deprotonated PC3- 

linkers connected to Bi3+ centres. The asymmetry unit comprises a PC3- 

molecule which employs both its carboxylate and catecholate functions to 

perform a bidentate chelation on two different bismuth cations. The oxygen 

O3 also acts as a bridging ligand giving rise to a SBU composed of bi-nuclear 

Bi-O clusters (Figure 7.16b)  

The second 2D coordination polymer was then synthesized following the 

previously described synthetic procedure, but using methanol (MeOH) instead 

of water as solvent media. The crude product was initially characterized by 

PXRD analysis, revealing the presence of a crystalline product with a 

diffraction patter different from the powder diffraction profile of 

{Bi(PDC)(H2O)}n (Figure S7.4). The crystal structure of the obtained 
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nanocrystalline powder was determined by a 3D ED analysis conducted on 

eight different crystals. The collected electron diffraction data were indexed 

individually for each crystal and then merged together through the XSD 

package. [22] The reciprocal space reconstruction revealed the presence of a 

monoclinic `2G/! space group with unit cell parameters in line with those 

observed in the crystal structure of {Bi(PDC)(H2O)}n (Table 7.4). A 

structural model was then obtained from the integrated reflection data 

through ab initio methods. The resulting kinematically-refined crystal 

structure consists of a 2D coordination polymer that is isoreticular to the 

previous one, with formula {Bi(PDC)(MeOH)}n (Figure 7.17, Figure S7.11). 

 
Scheme 7.6: Synthesis of {Bi(PDC)(MeOH)}n. 

Table 7.4: Comparison of the unit cell parameters for the structures of 

{Bi(PC)(H2O)}n  and {Bi(PC)MeOH}n. 

 {Bi(PC)(H2O)}n {Bi(PC)MeOH}n 

a (Å) 9.3751(13) 8.950(5) 

b (Å) 9.3487(14) 9.399(5) 

c (Å) 9.513(2) 9.685(4) 

α (°) 90 90 

β (°) 102.899(16) 100.26(4) 

γ (°) 90 90 

Vol (Å3) 812.7(2) 801.7(7) 
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Figure 7.16: (a) Repeating unit of {Bi(PDC)(H2O)}n with the bismuth atom 

surrounded by its coordination sphere highlighted as a magenta polyhedron. 

Coordination to adjacent cations is shown as dashed bonds. (b) Representation of a 

bi-nuclear cluster of bismuth. Oxygen, nitrogen, carbon, and hydrogen atoms are 

reported as red, blue, grey, and white spheres, respectively.  

 

Figure 7.17: (a) Repeating unit of {Bi(PDC)(MeOH)}n with the bismuth atom 

surrounded by its coordination sphere highlighted as a magenta polyhedron. 

Coordination to adjacent cations is shown as dashed bonds (b) Representation of a 

bi-nuclear cluster of bismuth. Oxygen, carbon, and hydrogen atoms are reported as 

red, grey, and white spheres, respectively. 
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Figure 7.18: Expansions of the 2D polymeric structure of {Bi(PDC)(H2O)}n (a,c) 

and {Bi(PDC)(MeOH)}n (b,d) coordination polymers visualized along their (101) and 

(110����1) directions, respectively. Bismuth atoms are represented as magenta 

polyhedrons, while oxygens are reported as red spheres. Carbon atoms are depicted as 

black sticks.  

The new bismuth-based coordination polymers (CPs) are consisting of sheets 

disposed along their crystallographic (202) planes (Figure 7.18). Interestingly, 

in both CPs, these metal-organic layers stacked together through unusual 

inter-layer Bi⋅⋅⋅π interactions, leading to a densely packed structure (Figure 

S7.15). The observed Bi⋅⋅⋅π contacts involve the aryl groups of the PC3- likers 

oriented at ~80° towards bismuths centres located at almost 3.3 Å from the 

centroid (Cg) of the phenyl ring C2-C7. The phenyl rings act as a η6-ligands, 

rising the coordination number of bismuth from 7 to 13 (Figure 7.19). 

Interestingly, a search in the CSD considering the Bi⋅⋅⋅Cg distance alone, 

revealed only another similar bismuth⋅⋅⋅ π contact (Figure S7.14). [28] This 

prompted us to carry out a further investigation, this time also taking into 

account the orientation of the fragments involved. Two geometrical 

parameters were introduced to assess the orientation: i) the C2-Cg-Bi angle 

and ii) the angle between the mean planes of the phenyl ring and of the Bi 

complex surface (calculated considering Bi and three of the neighbouring 



7 - Bismuth-based MOFs and their structural investigation through 3D ED analysis 

263 

atoms directly bound to it, see Figure S7.13). The new search in the 

crystallographic database (Figure 7.20) clearly showed the deviation of the 

geometrical parameters relative to the new 2D CPs from the values displayed 

by related systems in other crystal structures. 

 
Figure 7.19: Representation of the inter-layer Bi⋅⋅⋅π contacts in {Bi(PDC)H2O}n 

(a) and {Bi(PDC)MeOH}n (b). The centroids Cg of both rings (C2-C7) was defined 

and the Bi⋅⋅⋅Cg distance was represented as a turquoise dashed line. The displayed 

angular value is related to C2-Cg-Bi.  

 
Figure 7.20: Plots of the angular values searched in the CSD. The values relative 

to {Bi(PDC)(H2O)}n and {Bi(PDC)(MeOH)}n are shown in blue.  
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A further synthesis was then carried out with the aim of obtaining a three-

dimensional organometallic network comprising Bi3+ centres and PC3- linkers. 

A mixture of MeOH/m-DCB (1:1) was employed as solvent media, while the 

other reaction parameters were set as in the previously reported synthesis 

(Scheme 7.7). 1,3-dichlorobenzene (m-DCB) was introduced into the reaction 

environment with the purpose of attenuating the formation of Bi⋅⋅⋅π 

interactions, responsible for the formation of the previously described 2D 

coordination polymers.  

 
Scheme 7.7: Synthesis of 3D-{Bi(PDC)(H2O)}n. 

These new reaction conditions yielded a novel crystalline phase, which was 

confirmed by PXRD analysis (Figure S7.6). The microcrystals thus obtained 

were analysed through 3D ED. The electron diffraction characterization was 

carried out on three different crystals and their diffraction data merged 

together to improve the completeness of the data. The indexing process 

revealed the presence of the monoclinic space group `2G/�, with lattice 

parameters of a = 6.2114(7) Å, b =7.9615(17) Å, c = 14.6898(17) Å, and β = 

98.775(9) °, in contrast to the previously described structures. The crystal 

structure solved ab initio and kinematically refined, revealed the formation of 

a novel Bi-PC coordination polymer (Figure 7.21).  
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Figure 7.21: Repeating unit of 3D-{Bi(PDC)(H2O)}n with the bismuth atom 

surrounded by its coordination sphere represented as a magenta polyhedron and 

coordination to adjacent cations shown as dashed bonds. (b) Representation of a Bi-

O rod portion. Oxygen, nitrogen, carbon, and hydrogen atoms are reported as red, 

grey, and white spheres, respectively. 

The resulting structural model consists of {Bi(PDC)(H2O)} units 

connected to each other in a densely packed 3D network (Figure 7.22a). The 

presence of water molecules may be related to the use of non-dry solvents. 

The 3D-{Bi(PDC)(H2O)}n coordination polymer exhibits Bi3+ centres linked 

by fully deprotonated PC3- ligands. In contrast to the {Bi(PDC)(H2O)}n and 

{Bi(PDC)(MeOH)}n 2D-CPs, this structure displays rod-like SUBs oriented 

along the crystallographic a-axis, in which the bismuth polyhedra share two 

of their edges (Figure 7.22b). Interestingly, as a result of the introduction of 

m-DCM into the reaction environment, this new 3D-CP no longer displays 

the characteristic Bi⋅⋅⋅π contacts observed in the Bi-PC 2D coordination 

polymers. 



7 - Bismuth-based MOFs and their structural investigation through 3D ED analysis 

266 

 
Figure 7.22: (a) Expansions of the 3D-{Bi(PDC)(H2O)}n structure visualized along 

its crystallographic a-axis. (b) Visualization of a Bi-O rod in which the bismuth 

polyhedra share their edges, leading to a mono-dimensional SBU. Bismuth atoms are 

represented as magenta polyhedra, while oxygens are reported as red spheres.  
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7.4 Conclusions 

In the first part of this chapter, two different Bi-NTB MOFs were 

synthesized and their structure elucidated by combining 3D ED analysis and 

Rietveld refinement on PXRD data. In both cases, the resulting network 

exhibited the same topology. Gas sorption measurements were carried out, 

highlighting an increase in affinity towards the adsorption of CO2 for 

Bi(NTB)MOF2. 

The second part was focused on the synthesis of reticular materials based 

on bismuth and protocatechuic acid, with the aim to isolate a new metal-

organic framework. Two isoreticular 2D coordination polymers were obtained, 

both exhibiting an uncommon Bi⋅⋅⋅π interaction. It was also possible to observe 

how the formation of this contact can be hindered by modifying the reaction 

parameters to obtain a new 3D coordination polymer based on bismuth and 

PC3- linkers. 
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7.5 Supplementary Information 

7.5.1 Synthetic Procedures 

Bi(NTB)-MOF1 Synthesis 

H3NTB (20.5 mg, 0.0543 mmol), bismuth oxide (12.2 mg, 0.0262 mmol), and 

3 mL of a 10% v/v acetic acid solution were added to a 5 mL borosilicate 

glass tube. The reaction vessel was then sealed though a PTFE screw cap. 

The tube was then disposed into a pre-heated Al block at 140°. The reaction 

was left under magnetic stirring (PTFE-coated stir bar) at 140°C for 2 hours. 

The tube was then removed from the Al block and left to cool down to room 

temperature. The obtained yellow solid was then removed from the reaction 

crude through centrifugation. The product was initially washed with acetic 

acid (20% v/v) and then with methanol. It was left to dry under atmospheric 

conditions to give a pale-yellow powder. (24.1 mg, yield = 69.0 %) The 

product was then characterized through PXRD and 3D ED analysis.  

Bi(NTB)-MOF2 Synthesis 

H3NTB (40.1 mg, 0.106 mmol), bismuth nitrate pentahydrate (26.3 mg, 

0.0542 mmol), and 3 mL of methanol were added to a 5 mL borosilicate glass 

tube. The reaction vessel was then sealed though a PTFE screw cap. The tube 

was then disposed into a pre-heated Al block at 120°. The reaction was left 

under magnetic stirring (PTFE-coated stir bar) at 120°C for 15 minutes. The 

tube was then removed from the Al block and left to cool down to room 

temperature. The yellow solid thus obtained was then removed from the 

reaction crude through centrifugation, washed with methanol and left to dry 

under ambient condition overnight. (14.2 mg, yield = 22.4 %) The product 

was then characterized through PXRD and 3D ED analysis.  
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{Bi(PC)H2O}n Synthesis 

H3PC (20.9 mg, 0.136 mmol), bismuth nitrate pentahydrate (30.8 mg, 0.0635 

mmol), and 3 mL of water were added to a 5 mL borosilicate glass tube. The 

reaction vessel was then sealed though a PTFE screw cap. The tube was then 

placed into a pre-heated Al block at 120°. The reaction was left under 

magnetic stirring (PTFE-coated stir bar) at 120°C for 15 minutes. The tube 

was then removed from the Al block and left to cool down to room 

temperature. The obtained pale-yellow solid was then removed from the 

reaction crude through centrifugation, washed with acetone and left to dry 

under ambient condition overnight. (6.8 mg, yield = 28 %) The product was 

then characterized through PXRD and 3D ED analysis.  

{Bi(PC)MeOH}n Synthesis 

H3PC (19.7 mg, 0.128 mmol), bismuth nitrate pentahydrate (31.6 mg, 0.0651 

mmol), and 3 mL of methanol were added to a 5 mL borosilicate glass tube. 

The reaction vessel was then sealed though a PTFE screw cap. The tube was 

then disposed into a pre-heated Al block at 120°. The reaction was left under 

magnetic stirring (PTFE-coated stir bar) at 120°C for 15 minutes. The tube 

was then removed from the Al block and left to cool down to room 

temperature. The obtained yellow solid was then removed from the reaction 

crude through centrifugation, washed with acetone and left to dry under 

ambient condition overnight. (8.1 mg, yield = 33 %) The product was then 

characterized through PXRD and 3D ED analysis.  
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3D-{Bi(PC)H2O}n Synthesis 

H3PC (20.0 mg, 0.128 mmol), bismuth nitrate pentahydrate (31.1 mg, 0.0641 

mmol), and 3 mL of a MeOH/m-DCB (1:1) solution were added to a 5 mL 

borosilicate glass tube. The reaction vessel was then sealed though a PTFE 

screw cap. The tube was then disposed into a pre-heated Al block at 120°. 

The reaction was left under magnetic stirring (PTFE-coated stir bar) at 120°C 

for 15 minutes. The tube was then removed from the Al block and left to cool 

down to room temperature. The yellow solid thus obtained was then removed 

from the reaction crude through centrifugation, washed with acetone and left 

to dry under ambient condition overnight. (11.3 mg, yield = 46.5 %) The 

product was then characterized through PXRD and 3D ED analysis.  
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7.5.2 Structural Characterization 

Powder X-ray Diffraction (PXRD) 

The powder X-ray diffraction data used for Rietveld refinement analysis were 

collected in a 0.5 mm borosilicate glass capillary, using Cu Kα radiation (λKα1 

= 1.5406 Å, λKα2 = 1.5444 Å) on a Bruker D8 Advance equipped with a Göbel 

Mirror and a Lynxeye XE-T detector. The Rietveld refinement on powder X-

ray diffraction data was conducted with TOPAS-Academic V6.[29]  

The PXRD patterns of the remaining samples were collected in Bragg-

Brentano geometry, using a Ni-filtered Cu radiation (λKα1 = 1.5406 Å, λKα2 

= 1.5444 Å), on Panalytical X’pert Pro diffractometer. The PXRD data ware 

acquired loading the sample onto zero-background silicon plates.  

 

 
Figure S7.1: PXRD profile of the as-synthesized Bi(NTB)-MOF1. 
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Figure S7.2 Comparison of the PXRD profile between the calculated (from the 

3D ED model) and the experimental pattern for Bi(NTB)-MOF2. The PXRD data 

collection was carried out using a variable slits measurement in a Bragg-Brentano 

geometry. 

 
Figure S7.3: Comparison of the PXRD profile between the calculated (from the 

3D ED model) and the experimental pattern for {Bi(PC)(H2O)}n. The PXRD data 

collection was carried out using a variable slits measurement in a Bragg-Brentano 

geometry. 
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Figure S7.4: Comparison of the PXRD profile between the experimental patterns 

of {Bi(PC)(MeOH)}n and {Bi(PC)(H2O)}n. The PXRD data collection was carried 

out using a variable slits measurement in a Bragg-Brentano geometry. 

 

Figure S7.5: Comparison of the PXRD profile between the calculated (from the 

3D ED model) and the experimental pattern for {Bi(PC)(MeOH)}n. The PXRD data 

collection was carried out using a variable slits measurement in a Bragg-Brentano 

geometry. 
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Figure S7.6: Comparison of the PXRD profile between the calculated (from the 

3D ED model) and the experimental pattern for the 3D coordination polymer 

{Bi(PC)(H2O)}n. The PXRD data collection was carried out using a variable slits 

measurement in a Bragg-Brentano geometry. 
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3D Electron Diffraction (3D ED) and TEM analysis 

3D electron diffraction analysis was carried out on a Zeiss Libra 120 

transmission electron microscope, equipped with a LaB6 thermionic source 

operating at 200 kV (λ=0.0251 Å) and a Timepix single-electron detector by 

ASI for collecting diffraction patterns in low dose mode. 3D electron 

diffraction data were collected on single nanocrystals in SAED mode through 

a cRED protocol with a rotation speed of 0.45 deg⋅s-1. The data collection was 

performed by controlling the TEM using the Instamatic software.[21] The 3D 

ED data were analysed using the XRD software. Ab-initio structure 

determinations were performed with the ShelXT package.[30] Data were 

refined with a fully kinematical approximation, i.e. neglecting dynamical 

scattering and assuming that Ihkl is proportional to |Fhkl|2. Least-squares 

structure refinement was performed with the software SHELXL-2014 [32] 

interfaced with Olex2 [33].  
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Table S7.1: Crystallographic information for Bi(NTB)-MOF1 

Empirical formula C21H12BiNO6 

Formula weight 583.31 

Temperature/K 100(2) 

Crystal system orthorhombic 

Space group Pca21 

a/Å 19.070 

b/Å 15.160 

c/Å 7.810 

α/° 90 

β/° 90 

γ/° 90 

Volume/Å3 2257.9 

Z 4 

ρcalcg/cm3 1.033 

F(000) 276 

Radiation Electrons (λ = 0.02508 Å) 

2θ range for data collection/° 0.094 to 1.61 

Index ranges -20 ≤ h ≤ 20, -16 ≤ k ≤ 16, -8 ≤ l ≤ 8 

Reflections collected 18828 

Independent reflections 3239 [Rint = 0.2939, Rsigma = 0.2158] 

Data/restraints/parameters 3239/31/117 

Goodness-of-fit on F2 1.127 

Final R indexes [I>=2σ (I)] a R1 = 0.1536, wR2 = 0.3626 

Final R indexes [all data] a R1 = 0.1672, wR2 = 0.3773 

a R1 = Σ║Fo│-│Fc║/Σ│Fo│, wR2 = [Σ[w(Fo
2-Fc

2)2]/Σ[w(Fo
2)2]]1/2 
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Table S7.2: Crystallographic information for Bi(NTB)-MOF2 

Empirical formula C21H12BiNO6 

Formula weight 583.31 

Temperature/K 100(2) 

Crystal system monoclinic 

Space group C2 

a/Å 26.570(5) 

b/Å 8.3300(17) 

c/Å 10.720(2) 

α/° 90 

β/° 106.15(3) 

γ/° 90 

Volume/Å3 2279.1(9) 

Z 4 

ρcalcg/cm3 1.023 

F(000) 276 

Radiation Electrons (λ = 0.02508 Å) 

2θ range for data collection/° 0.112 to 1.62 

Index ranges -29 ≤ h ≤ 28, -9 ≤ k ≤ 9, -12 ≤ l ≤ 12 

Reflections collected 19179 

Independent reflections 3303 [Rint = 0.2604, Rsigma = 0.2146] 

Data/restraints/parameters 3303/196/263 

Goodness-of-fit on F2 1.305 

Final R indexes [I>=2σ (I)] a R1 = 0.1481, wR2 = 0.3760 

Final R indexes [all data] a R1 = 0.1638, wR2 = 0.3934 

a R1 = Σ║Fo│-│Fc║/Σ│Fo│, wR2 = [Σ[w(Fo
2-Fc

2)2]/Σ[w(Fo
2)2]]1/2 
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Table S7.3: Crystallographic information for {Bi(PC)(H2O)}n 

Empirical formula C7H5BiO5 

Formula weight 378.9 

Temperature/K 100(2) 

Crystal system Monoclinic 

Space group P21/n 

a/Å 9.3751(13) 

b/Å 9.3487(14) 

c/Å 9.513(2) 

α/° 90 

β/° 102.899(16) 

γ/° 90 

Volume/Å3 812.7(2) 

Z 4 

ρcalcg/cm3 1.864 

F(000) 170 

Radiation Electrons (λ = 0.02508 Å) 

2θ range for data collection/° 0.194 to 2.02 

Index ranges -13 ≤ h ≤ 13, -12 ≤ k ≤ 12, -11 ≤ l ≤ 12 

Reflections collected 3665 

Independent reflections 1579 [Rint = 0.1649, Rsigma = 0.1983] 

Data/restraints/parameters 1579/11/43 

Goodness-of-fit on F2 1.179 

Final R indexes [I>=2σ (I)] a R1 = 0.2216, wR2 = 0.4726 

Final R indexes [all data] a R1 = 0.2455, wR2 = 0.4919 

a R1 = Σ║Fo│-│Fc║/Σ│Fo│, wR2 = [Σ[w(Fo
2-Fc

2)2]/Σ[w(Fo
2)2]]1/2 
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Table S7.4: Crystallographic information for {Bi(PC)(MeOH)}n 

Empirical formula C8H6BiO5 

Formula weight 391.10 

Temperature/K 100(2) 

Crystal system Monoclinic 

Space group P21/n 

a/Å 8.950(5) 

b/Å 9.399(5) 

c/Å 9.685(4) 

α/° 90 

β/° 100.26(4) 

γ/° 90 

Volume/Å3 801.7(7) 

Z 4 

ρcalcg/cm3 1.924 

F(000) 177 

Radiation Electrons (λ = 0.02508 Å) 

2θ range for data collection/° 0.204 to 2.052 

Index ranges -12 ≤ h ≤ 11, -13 ≤ k ≤ 13, -13 ≤ l ≤ 13 

Reflections collected 15621 

Independent reflections 2160 [Rint = 0.3712, Rsigma = 0.2128] 

Data/restraints/parameters 2160/8/59 

Goodness-of-fit on F2 1.192 

Final R indexes [I>=2σ (I)] a R1 = 0.1994, wR2 = 0.4639 

Final R indexes [all data] a R1 = 0.2323, wR2 = 0.4893 

a R1 = Σ║Fo│-│Fc║/Σ│Fo│, wR2 = [Σ[w(Fo
2-Fc

2)2]/Σ[w(Fo
2)2]]1/2 
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Table S7.5: Crystallographic information for 3D-{Bi(PC)(H2O)}n 

Empirical formula C8H6BiO5 

Formula weight 378.9 

Temperature/K 100(2) 

Crystal system Monoclinic 

Space group P21/c 

a/Å 6.2114(7) 

b/Å 7.9615(17) 

c/Å 14.6898(17) 

α/° 90 

β/° 98.775(9) 

γ/° 90 

Volume/Å3 717.94(19) 

Z 4 

ρcalcg/cm3 2.111 

F(000) 170 

Radiation Electrons (λ = 0.02508 Å) 

2θ range for data collection/° 0.198 to 2.156 

Index ranges -9 ≤ h ≤ 9, -10 ≤ k ≤ 10, -21 ≤ l ≤ 22 

Reflections collected 5140 

Independent reflections 1741 [Rint = 0.1625, Rsigma = 0.1647] 

Data/restraints/parameters 1741/7/55 

Goodness-of-fit on F2 2.194 

Final R indexes [I>=2σ (I)] a R1 = 0.2439, wR2 = 0.5852 

Final R indexes [all data] a R1 = 0.2690, wR2 = 0.6108 

a R1 = Σ║Fo│-│Fc║/Σ│Fo│, wR2 = [Σ[w(Fo
2-Fc

2)2]/Σ[w(Fo
2)2]]1/2 
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Figure S7.7: Ortep view of the asymmetric unit of Bi(NTB)-MOF1 (probability 

level 50%). 

 
Figure S7.8: Ortep view of the asymmetric unit of Bi(NTB)-MOF2 (probability 

level 50%). 
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Figure S7.9: Simplified net of Bi(NTB)-MOF1 oriented along the crystallographic 

a-axis. 

 
Figure S7.10: Ortep view of the asymmetric unit of {Bi(PC)(H2O)}n (probability 

level 50%). 

 

Figure S7.11: Ortep view of the asymmetric unit of {Bi(PC)(MeOH)}n 

(probability level 50%). 
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Figure S7.12: Ortep view of the asymmetric unit of the 3D-CP {Bi(PC)(H2O)}n 

(probability level 50%). 

 

Figure S7.13: Illustration of the mean planes calculated for the aryl group (red 

plane) and the bismuth complex (green plane): (a) {Bi(PC)(H2O)}n, (b) 

{Bi(PC)(MeOH)}n. The angles between these planes are: θ(a) = 2.03°, θ(b) = 3.35°.  

 
Figure S7.14: Histogram from the data analysis on Bi⋅⋅⋅π contacts conducted 

through the CSD. A Bi⋅⋅⋅Cg distance of 4.3 Å was considered as upper limit threshold.  
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Figure S7.15: Stacked view of two different Bi-PC layers oriented along the 

crystallographic (101) direction and b-axis, respectively.  
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7.5.3 Gas sorption 

The gas sorption measurements were carried out by Prof. Ocean Cheung from 

Uppsala University on a Micromeritics ASAP202 surface analyser. Before gas 

sorption measurements, the as-synthesized MOFs were activated under 

dynamical vacuum.  

 

Figure S7.16: Nitrogen adsorption isotherms of Bi(NTB)-MOF1 (a) and 

Bi(NTB)-MOF2 (b), both recorded at liquid N2 temperature. 

 

Figure S7.17: Pore size distribution for Bi(NTB)-MOF2 calculated on the whole 

porous space (grey line) and on the accessible network for a CO2 probe (red line). The 

calculation was carried out using the PoreBlazer software.[35] 
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