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Abstract 
  

Metal-organic cages (MOCS) represent a class of metal-organic materials with well- 

defined structures, cavities, and engineered pores. They are coordination-driven self- 

assembly discrete structures comprising metal ions and organic ligands formed in both 

solvent and solid states. With these properties, MOCS are good candidates to study host- 

guest binding properties, molecular separations, catalysis, gas adsorption, etc. Poly-[n]- 

catenanes can be defined as a set of mechanically interlocked molecules (MIMS). In our 

case, the subset of poly-[n]-catenanes are polycatenanes formed of interlocked M12L8 

nanocages, where the cages are formed by coordination the tridentate organic ligand 

(TPB/TPP) which is an aromatic ligand consists of three pyridine rings and one 

benzene/pyridine ring locates in the center and forms a tridentate shape and Zn(II) metal 

salts. Templating aromatic solvents plays a crucial role in the formation of the M12L8 

poly-[n]-catenanes due to the π-π interaction between the aromatic parts of the host and 

the guest molecules. 

 

Enlightened by Fujita’s work, the incorporation of 90° coordination angles using -

ethylenediamine palladium nitrate end-capping group, a square planar into metal–

organic complex, using the cis-protection, the coordination nature of metal ion changes 

from divergent to convergent, thus, discrete (0D) structures can be generated efficiently 

without formation of any oligomeric or polymeric products. We designed to build an 

octahedron M6L4 cage via molecular paneling, using a tridentate shape panel TPB (tris- 

pyridyl benzene) in combination with ethylenediamine palladium nitrate. The cage 

formed in the solid state as observed by 1H NMR, which means a solvent-free reaction. 

 

The poly-[n]-catenanes of M12L8 with formula [(ZnX2)12(TPB)8], [(ZnX2)12(TPP)8], 

were synthesized from TPB/TPP and metal salts both by grinding and fast/slow 
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crystallization. The powder products obtained by grinding are amorphous phases that 

become crystalline after guest inclusion by using templating solvents such as methanol, 

dichlorobenzene, and chloroform. The products were characterized by X-ray 

crystallography, IR, thermogravimetric, and elemental analysis. Meanwhile, some 

experiments like molecule storage and gas exchange were successfully carried out to 

explore some functional properties of those materials. 

 

Keywords: metal-organic cages (MOCS); poly-[n]-catananes; molecular 

paneling; solvent-free; self-assembly. 
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Abstract in italiano 

 
Le gabbie metallo-organiche (MOCS) rappresentano una classe di materiali metallo- 

organici con strutture, cavità e pori ingegnerizzati ben definiti. Sono strutture discrete 

autoassemblanti guidate dal coordinamento che comprendono ioni metallici e leganti 

organici formati sia allo stato solvente che solido. Con queste proprietà, i MOCS sono 

dotati della capacità di legame ospite-ospite, separazioni molecolari, catalisi di massa, 

ecc. I poly-[n]-catenani possono essere definiti come un insieme di molecole 

meccanicamente interconnesse (MIMS). Nel nostro caso, il sottoinsieme dei poly-[n]- 

catenani è la nanogabbia M12L8, che è formata da un legame di coordinazione tra il 

legante organico tridentato e i sali metallici. Pertanto, l'architettura dei poly-[n]-catenani 

può essere prevista in base alla struttura della corrispondente gabbia M12L8. I solventi 

aromatici svolgono un ruolo cruciale nella formazione di poly-[n]-catenani a causa 

dell'interazione π-π tra le due parti aromatiche dell'ospite e dell'ospite. 

 

Illuminato dal lavoro di Fujita, l'incorporazione di angoli di coordinazione di 90 ° di 

metalli di transizione - (etilendiammina) nitrato di palladio, un quadrato planare in 

strutture metallo-organiche, utilizzando la protezione cis, la natura di coordinazione del 

cambiamento di ioni metallici cambia da divergente a convergente, quindi, strutture 

discrete (0D) generano in modo efficiente senza formazione di alcun prodotto 

oligomerico. Abbiamo progettato di costruire una gabbia di ottaedro tramite pannelli 

molecolari, utilizzando un pannello di forma tridentata utilizzando TPB (tris-piridil 

benzene) in combinazione con nitrato di palladio (etilendiammina). La gabbia si è 

formata anche allo stato solido come osservato dagli spettri 1H NMR, il che significa 

una reazione priva di solventi. 

 

I poly-[n]-catenani di M12L8 sono [(ZnX2)12(TPB)8], [(ZnX2)12(TPB)8], sono stati in 
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grado di essere sintetizzati da TPB/TPP e sali metallici sia mediante macinazione che 

cristallizzazione veloce/lenta. La fattibilità del trasferimento della polvere ottenuta dalla 

macinazione dalla fase amorfa a quella cristallina è stata dimostrata utilizzando solventi 

templanti come metanolo, diclorobenzene e cloroformio. Il prodotto è stato 

caratterizzato da cristallografia a raggi X, IR, analisi termogravimetrica ed elementare. 

Nel frattempo, alcuni esperimenti come lo stoccaggio di molecole e lo scambio di gas 

sono stati condotti con successo per esplorare la funzione di questo materiale. 

 

Parole chiave: gabbie metallo-organiche (MOCS); poly-[n]-catanani; pannelli 

molecolari; senza solventi; autoassemblaggio.
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1 Introduction 

 
1.1 Metal-Organic Frameworks 

 

1.1.1 Definition and Geometry 

 
The history of porous materials starts with Zeolites, the primary examples of inorganic 

porous materials composed of silica, aluminum, sodium, etc. [1] The general pore size 

is less than 2 mm, and they can separate different gas molecules and catalyze organic 

molecules depending on their pore dimensions and chemistry. Unfortunately, due to the 

limited number of both natural or synthesized Zeolites, the chemical functionalization 

and structure control of this class of porous materials has been challenging. [2] 

 

Metal-organic frameworks (MOFs), also known as porous coordination polymers 

(PCPS), are formed of metal ions and organic bridging ligands, and are considered post- 

zeolitic materials. The metal ions can be considered as primary building units (PBUs) 

which can be single metal ions or forming nodes that bind the arms of the organic linkers 

together to form a repeating structure. Metal-oxygen-carbon clusters, instead of  metal 

ions alone, can be classified as secondary building units (SBUs).[3] MOFs with stable 

pore structures were first synthesized by Yaghi and Kitagawa research groups in 1990, 

although PCPs were earlier characterized by Robson and coworkers in 1989.[4] [5] Due to 

properties such as large porosity, specific internal surface area, and adjustable pore size, 

functional MOF materials continue to emerge and are widely used in gas adsorption 

and separation, hazard gas purification, bulk catalysis, and drug delivery. A typical 

solution self-assembling process of a MOF is shown in Figure 1.1.[6]
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Figure 1.1. Self-assembling process of a MOF.[6] 

 

Generally, metal ions have more than one vacant and labile site, which allows multi- 

conformations; thus, infinite extended polymeric 1D, 2D or 3D or discrete (0D) 

structures can be formed. Transition metal ions are widely used in MOFs, such as Cu+, 

Cu2+, Ag+, Zn2+, Co2+, and Ni2+; they attract considerable interest due to their stability, 

porosity and synthetic versatility. The sketch diagram of the building blocks in a MOF’s 

synthesis is represented in Figure 1.2.[7] 

 

In terms of ligands, a flexible ligand can give different conformations that could lead 

to a difficult prediction of the framework’s geometry. On the other hand, rigid ligands 

are suitable for achieving good topological prediction. 

 

4-4’-bipyridine is a typical rigid bidentate ligand; though the carbon bond between two 

aromatic pyridine rings can rotate, the orientation of this pair of rings does not change. 

Following this concept, many ligands can be classified as rigid, such as 2,4,6-tris-(4- 

pyridyl)pyridine (TPP) and 2,4,6-tris-(4- pyridyl)benzene (TPB), both of them are 

tridentate no matter the rotation of C-C bond .[8] 
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Figure 1.2. Sketch diagram of building block in the synthesis of MOFs.[7] 

 

1.1.2 Synthesis method 

 
The synthesis of crystalline MOFs is commonly carried out in the solution state under 

harsh conditions. Among the main methods, solvothermal/hydrothermal synthesis is the 

most common as it produces large crystals of good quality. Solvent stratification is also 

a good crystallization method, often giving mixtures of crystals due to the milder 

temperature conditions that allow the formation of kinetic and thermodynamic 

products.[9] 

 

Mechanochemical synthesis is the method that is exploited for the solid-state synthesis 

of MOFs, which is very important to reduce the amount of toxic solvents used to 

dissolve the reagents for the self-assembly process. For the first time, an investigation 

applying mechanochemical synthesis on M12L8 poly-[n]-catenanes was carried out by 

Martí-Ruja’s research group.[10] An amorphous phase product consisting of tridentate 

ligand (30 mg TPB (2,4,6-tris-(4-pyridyl)benzene) as organic linker and ZnBr2 (34 mg) 

was obtained by grinding them for 15 minutes using a mortar and a pestle. The product 
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is not crystalline, which means that full structure elucidation cannot be carried out using 

ab initio PXRD. Immersing and stirring for 20 h the amorphous product into 6 ml 1,2-

dichlorobenzene yielded a solid powder that after filtering the suspension, shows a 

transformation from an amorphous phase to a crystalline as demonstrated by PXRD. 

Fortunately, by comparing the PXRD pattern against the product, with that of the product 

obtained from the instant synthesis (i.e., using aromatic templating agents) shows that the 

catenanes were formed. TG analysis evidenced that the weight loss is 24.1% at 250℃, 

corresponding to the release of 1,2-dichlorobenzene, thus, strongly proving the 

formation of the M12L8 poly-[n]-catenanes as an amorphous phase by grinding without 

templating solvent.



5 
 

1.2 Poly-[n]-catenanes 

 
Interlocked molecules that contain one or more mechanical bonds have been identified 

in biomacromolecules, such as catenated circular DNA and protein chainmail. [11] Poly- 

[n]-catenanes are a class of polymer chains consisting of mechanically interlocked 

molecular rings without any covalent spacer. The ‘n’ indicates the number of 

concatenated rings or cages. The topological mechanical bonds between adjacent 

molecular fragments that are linked together can offer a significant degree of freedom 

and mobility about the catenane moieties.[12,13] 

 

1.2.1 Structure of catenanes 
 

Poly-[n]-catenanes have raised much interest due to their high strength and flexibility. 

Several poly-[n]-catenane chain conformations are present compared to covalently 

connected molecules. The multiple conformations can provide opportunities to access 

polymeric materials and exhibit specific properties including dynamic aspects. 

Different types of poly-[n]-catenanes are shown in Figure 1.3.[14] 
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Figure 1.3. Cartoon representation of different types of poly-[n]-catenane.[14] 

 

 

Generally, the chain conformations of poly-[n]-catenane are classified into four types: 

(i) main chain poly-[n]-catenane. (ii) side chain poly-[n]-catenane. (iii) cyclization of 

poly rotaxanes. (iv) poly-[n]-catenane networks. Figure 1.3. (a) demonstrates three 

unique mobilities that exist in poly-[n]-catenane compared to covalently connected 

molecules. The parallel length change between two adjacent gravity centers of rings is 

called elongation; when the ring rotates at its plane is called rotation; and if the ring 

moves perpendicular to its plane is called rocking. [15,16,] 

 

1.2.2 Synthesis method of catenane 

 
Currently, the most common way to synthesize catenanes is to utilize a templating 

method to ensure that the individual components are appropriately positioned. Such 

templating can be introduced by designing non-covalent interactions into the initial 

compounds.[17] Thus, they self-assemble specifically and facilitate the catenane 

formation—such non-covalent interactions, including but not limited to metal-ion 

interactions, hydrogen interactions, aromatic π-π interactions, and host-guest 

interactions.[18] The most common ways to prepare mechanically interlocked molecules 

are shown below: 

 

(1) Metal-ion interactions are also called transition-metal (TM) templating. TM 

templating method uses the nature of the transition metal ion to coordinate with a 

circular ligand and a linear chain ligand which can pass through the cycle. After this 

coordination step, the chain ligand into a ring can be easily closed. Therefore, an 

interlocked macrocycle is formed (Figure 1.4). 
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Figure 1.4. Catenane formed using the TM method.[14]   
 

(2) Electrostatic π-π interactions are also intensively used to access interlocked 

catenanes. The ligand with the electron-poor aromatic component can be 

incorporated into another ligand with π-electron-rich aromatic units. Stoddart and 

coworkers reported an example were a π- electron-accepting macrocycle cyclobis 

(paraquat-p-phenylene) (R-CBPQT4+)  interlock with the electron-rich ligand 

(DNP38C10-Five dioxynaphthalene[38]-crown-10) by π-π interactions (Figure 

1.5).[14] 

 

(3) Besides, the successful synthesis of M12L8 poly-[n]-catenanes by the group of Martí-

Rujas and coworkers, also exploit the π-π interactions between adjacent M12L8 cages 

(Figure 1.6). Infinite icosahedral cages consisting of TPB ligand and ZnCl2 are 

interlocked forming rigid linear 1D chains. The π-π interactions arising from the 

aromatic central part and the templating solvent molecules are crucial for the 

formation. Both the mobility of pyridine rings and benzene rings are examined by 

13C solid-state NMR.[10] 
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Figure 1.5. R-CBPQT4+ interlock with (DNP38C10).[14] 

 

 

 

 

 

Figure 1.6. M12L8 poly-[n]-catenane, the π-π interactions between two benzene rings marked as an 

arrow.[20] 

 

(4) Hydrogen interactions employed in the catenane synthesis are usually in the form 

of X-H…Y, where Y represents Halogen atoms. The Halogen atom forms a 

hydrogen bond with the hydrogen atom, which is connected with other atoms by a 

covalent bond. Paul D. Beer and co-workers introduced an anion-templated method 

to synthesize a catenane which is applied for anion recognition (Figure 1.7).[19] 

 

 
 

Figure 1.7. Cartoon representation of orthogonal pseudorotaxane species, in which X is a halogen 

atom.[19] 
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1.2.3 A case study of M12L8 poly-[n]-catenanes 

 
In the past months, we have focused on synthesizing M12L8 poly-[n]-catenanes based 

on ligand TPB and Zn(II) salts, at the same time, we have exploited host-guest properties 

such as molecular guest  inclusion and separation.[10] 

 

M12L8 poly-[n]-catenanes have been successfully synthesized both in the crystalline and 

amorphous phases. Single-crystal X-ray crystallography revealed the structure of M12L8 

poly-[n]-catenanes made from TPB and ZnCl2 by slow crystallization method with the 

templating solvent nitrobenzene. [20] A discrete M12L8 nanocage with 8 faces occupied 

by ligand TPB and the remaining 12 triangular faces opened formed an icosahedron. 

Guest nitrobenzene is included and ordered in the host cage arranged in a hexagonal 

symmetry. This order is due to good electrostatic interactions between the pyridine 

group and the electron-rich aromatic ring in nitrobenzene molecules. Electrostatic 

Zn−Cl···H−Caromatic interactions between a non-interlacing neighboring M12L8 nanocage 

and the nitrobenzene also contribute to making the guest molecules ordered. This poly- 

[n]-catenane consisting of an infinite number of M12L8 nanocages which are interlocked 

forming one-dimensional chains.  

Of our interest was to investigate the effect of subtle changes in the tridentate ligand, 

like substituting the central aromatic ring, for instance in a fully pyridinic ligand.  

Although work had been done already by Dehnen and Constable,[28] the interest herein 

was also to study their solid-state reactivity as well as the kinetic control using fast 

crystallization methods. 

The aromatic-aromatic interactions are crucial to the formation of crystalline poly-[n]-

catenane. This point can be reflected by the because TPB can form a good amount of 

single crystals with Zinc salts by layer method (i.e., slow crystallization), while TPP 

yields less single crystals and of lower quality. 

 

The reaction of TPB/TPP and Zn(II) salts is a kinetically controlled reaction. Besides 

the slow crystallization reaction, we can obtain an amorphous product made from TPB 

and Zn(II) salts in a solid-state reaction within 15 minutes. From our latest results, we 

ground TPB and Zn(II) salts (X=Br, Cl, I) with a proper ratio in a mortar. After 15 
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minutes, the obtained products were measured by PXRD, and all of then showed an 

amorphous phase. However, after a gas-solid reaction, we can see a transformation from 

amorphous into crystalline by immersing the amorphous produdct into a templating 

solvent 1,2-dichlorobenzene (Figure 1.8). Compared the crystalline PXRD data to the 

simulated PXRD data from the single-crystal poly-[n]-catenane we mentioned above, 

we can find they are highly overlapping. TG analysis also proved the presence of 1,2- 

dichlorobenzene in the crystalline products. Thus, we realized the synthesis of poly- 

[n]-catenanes in an amorphous phase. Additionally, a transformation into a crystalline 

phase can be realized by the effect of templating solvent. [10] 

 

Figure 1.8. Cartoon representation of the phase transformation.[10] 
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1.3 0-Dimensional Metal-Organic Cages 

 
In the past decade, many complex 3-D molecules were self-assembled by non-covalent 

bonds. Coordination self-assembly via molecular paneling is one of the strategies 

among all non-covalent forces to reach 3-D molecules. The final product’s structure 

depends on the molecular panel consisting of metal ions and organic ligands.[21] 

Compared to metal-organic frameworks (MOFs), metal-organic cages (MOCs) 

equipped with larger internal voids and cavities are 0D structures that do not extend in 

the 3D. Importantly the ability to encapsulate guest molecules in the solution state is 

outstanding. However, the guest behavior of 0D in the solid state is much less studied. 

 

1.3.1 square planar and organic ligands 

 

As we mentioned above, the structure of the final MOCs depends on the structure of 

the subset of organic molecular panels. Therefore, a well-defined panel can help us 

deduce the structure of the target MOCs. Molecular panels consist of coordination metal 

ions and organic ligands; if we fix the angle of the coordination metal ions and the 

geometry of the organic ligand, it can show us a particular shape of the panel.[22,23] 

 

Fujita introduced the concept of square planar by incorporating 90° coordination angles 

of transition metals into metal-organic complexes. [24] An ethylenediamine-protected 

Pd(II) complex with non-distorted 90° bond angles was prepared, and due to the cis- 

protection, the coordination nature of the metal ion changes from divergent to 

convergent. 4,4’-bipyridine is a rectangular ligand with two nitrogen atoms on both 

sides which can coordinate with the transition metal ion Pd. One Pd(II) complex 

coordinates with one 4,4’-bipyridine ligand to form a single rectangular panel. By 

considering the number of free coordination bonds, we can deduce a product with a 

square shape (Figure 1.9).[25]  
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Figure 1.9. Cartoon representation of Pd(II) complex and 4,4’-bipyridine. [24] 

 

 

1.3.2 Structure rises from 1-D to 3-D 

 
Based on the theory of molecular panels, the construction of MOCs is like ‘building 

blocks.’ The shape of organic ligands can be defined by their planar structure. For 

example, 4,4’-bipyridine is a ‘rod,’ a class of organic ligands with the same planar 

structure (1-D linear chain) but different coordination points that can also be assumed 

as ‘rod’ (Figure 1.10). 2,4,6-tris(pyridine)-benzene (TPB), 2,4,6-Tris-(4-pyridyl)- 

pyridine (TPP), and 2,4,6-Tris(4-pyridyl)-1,3,5-triazine(TPP) are a class of ‘tridentate’ 

ligands and can be assumed as triangle panels (Figure 1.11). 

 

 

 
Figure 1.10. Cartoon representation of the shape of a class of ‘rod’ ligands.[31] 
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Figure 1.11. Cartoon representation of the shape of a class of triangular 

ligands.[24] 

 

Once the shape of the ligands and the angle of the coordination metal    ions are judiciously 

selected, we can deduce the structure of the final self-assembly product. The following 

figure 1.12 a) shows a 1-D rod to 2-D molecules and 1.12 b) shows a 2-D panel to 3-D 

molecules. [26] 

 
 
 

 

Figure 1.12. Cartoon representation of the process from 1-D to 2-D and 3-D. [24,25] 
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2 Results and discussion 

 
2.1 Poly-[n]-catenane of M12L8 (TPP and Zinc 

halides) 

 
Poly-[n]-catenanes of MOCs are a class of Mechanically Interlocked Molecules 

(MIMs). The structure of a poly-[n]-catenanes can be considered the molecular 

equivalent of a macroscopic chain shown in Figure 2.1. They are attracting increasing 

attention because we can combine the properties of MOCs and MOCs by preparing poly-

[n]-catenanes of interlocked MOCs. Therefore, research in this area has been carried 

out by Martí-Rujas, et al. by using exo- tridentate ligand TPB/TPP and Zn(II) salts. 

 

 

 
Figure 2.1. Chain of poly-[n]-catenanes.[32] 

 
 

2.1.1 A case study of one-dimensional poly-[n]-catenanes (TPP 

and ZnCl2) [27] 

There are few reports of infinite mechanical interlocked coordination cages so far. One 

of such case reported by Dehnen group is a one-dimensional linear chain of poly-[n]- 

catenanes made from coordination cages based on the tridentate ligand 2,4,6-tris(4- 

pyridyl)pyridine (TPP) and ZnCl2.
[28] They prepared the product by layering method, 

5.0 mg TPP dissolved in 10 ml chloroform as the bottom layer, a 5 ml methanolic 

solution with 6.6 mg ZnCl2 as the top layer, and crystal collected three weeks later. The 

structure was determined by single crystal X-ray diffraction, which showed to be the 

polycatenane with molecular formula [(ZnCl2)12(TPP)8]n xCHCl3. 
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The [(ZnCl2)12(TPP)8] (M12L8) nanocage is an icosahedral structure consisting of eight 

trigonal plates in which ZnCl2 units at each of the 12 vertexes and eight TPP ligands 

connect all ZnCl2 units. Infinite M12L8 connected by mechanical bond instead of any 

direct bonding interaction and formed one-dimensional(1-D) interlocked poly-[n]- 

catenanes along the crystallographic c axis (Figure 2.2). Such mechanical bonds 

contributed from both core ligand interaction and host-guest interaction. 

 
 

 

 
Figure 2.2. Structures of TPP; a single cage of M12L8; interlocking M12L8   cages.[28][10] 

 
2.1.2 Instant synthesis of TPP and zinc halides 

 
As mentioned above, the single crystal structure of the M12L8 poly-[n] -catenane using 

TPP was already reported, but there is not report of the synthesis under kinetic control.   

Instant synthesis is extremely fast crystallization method, which means the reaction take 

place instantaneously yielding crystalline products. 2,4,6-Tris-(4-pyridyl)pyridine 

(TPP) is a tridentate ligand very similar to 2,4,6-Tris-(4-pyridyl)benzene (TPB), with a 

nitrogen atom substituting the carbon atom in the central benzenic part decreasing the 

spatial distribution of electron density. Thus, even if the TPP single crystals poly-[n]-

catenane were successfully formed with ZnCl2 and ZnI2, the feasibility of instant 

synthesis using ZnBr2 still cannot be anticipated. Two main factors contribute to the 

M12L8 self-assembly process: the core ligand interaction and the templating guest. To 

provide the host-guest interaction, we selected 1,2-dichlorobenzene as a templating 

guest. TPP (30 mg) were mixed with 10 ml 1,2-dichlorobenzene, and an additional 4 

ml methanol were added and stirred in a flask for 5 mins at room temperature until the 

suspension became clear. Then, a methanolic solution made from 33mg ZnBr2 and 2 

ml methanol was added to the flask in a second. After the addition of the metallic 

solution, a precipitate was formed immediately. The reaction lasted for the 30s. Then 

the product was collected by filtration. The white powder (2-o-DCB) was 55 mg 
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corresponding to a 60% yield. (Figure 2.3) 

 

 

Figure 2.3. Instant synthesis of TPP and ZnBr2 forming 2-o-DCB. .[27] 
 
 

Then, the product was left in the atmosphere for five days to make sure it was 

completely dry and then analyzed by powder XRD (Figure 2.4). 

 

 
 

 Figure 2.4. Powder XRD pattern of the sample(2-o-DCB). .[27] 

 

The 2-o-DCB diffractogram demonstrates that the sample is crystalline, especially two  

reflections marked as 2-10 and 101, that correspond to the reticular planes cutting the 

aromatic- aromatic TPP interactions in the poly-[n]-catenane the quadruple 

peaks(reflections) ranging from 18-23 2θ / ° also indicated the catenane structure, in 

particular, the M12L8 cages. Significantly, the pattern is highly overlapping with the 

pattern of poly-[n]- catenane made from TPB and ZnBr2 shown in Figure 2.5. Thus, the 

structure of the M12L8 poly-[n]-catenane can be confirmed according to the PXRD data. 

Thermogravimetric (TG) analysis has shown the weight decrease to 64% at 300K, 

which means that there was a 36% of weight loss is due to the guest release (Figure 

2.6). Besides, the solvent can still be measured included inside the cage after 5 days at 

room temperature due to the void of each M12L8 being separated. This means that there 

2-10 

101 
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are no continuous channels. Good thermal stability is observed, indicating that the 

structure remains up to 300℃. 

 

 
 
 

Figure 2.5. Comparison between TPB based poly-[n]-catenane and white powder(2- o-DCB), a is TPB 

based poly-[n]-catenane, b is white powder(2-o-DCB). .[27] 

 
 

 

Figure 2.6. TG analysis of white powder(2-o-DCB). .[27] 
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Since the poly-[n]-catenane was successfully formed by the instant synthesis of TPP 

and ZnBr2, we wondered if such a method also works for ZnI2 and ZnCl2. Following the 

same process, TPP (30 mg) dissolved in 10 ml 1,2-dichlorobenzene and additional 4 ml 

methanol and added a solution made from 47mg ZnI2 with 2 ml methanol;  

TPP (30 mg) dissolved in 10 ml 1,2-dichlorobenzene and additional 4 ml methanol and 

added a solution made from 20 mg ZnCl2 with 2 ml methanol. After filtration, two 

products were obtained which amount is 68 mg and 49 mg respectively. From the 

pattern of PXRD, all characteristic peaks fit the structure of poly-[n]-catenane and 

overlap with the previous pattern, which confirmed a catenane structure (Figure 2.7).  

Importantly, the ZnCl2 powder gives a material with better crystallinity, suggesting that 

the halide in the structure has an important role considering the intermolecular forces 

that contribute to the stabilization of the 1D chains of interlocked MOCs. 

 

 

a 

 

 

 

 

 
b 

 

 

 

 

 
Figure 2.7. a: PXRD pattern of instant synthesis product of TPP and Znl2. 

b: PXRD pattern of instant synthesis product of TPP and ZnCl2.
 [27]

 

 

 

 

2.1.3 Solid-state reaction and transformation from the amorphous 

phase to the crystalline phase 
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Molecular movement in the solid state was proved by Koichi Tanaka.[29] Based on the 

theory of mechanochemistry, a reaction without solvent benefits both the yield and the 

environment. Non-recyclable, toxic solvents have a negative influence on the chemical 

industry. Thus, we attempted to prepare poly-[n]-catenane of TPP and zinc salts in the 

solid state by grinding with a pestle and mortar.The neat grinding method aims to form 

a product by manual grinding with the help of a  mortar and pestle or by means of 

mechanical milling which includes ball milling and vibratory mill without the addition 

of a solvent. Using a mortar and a pestle TPP (30 mg) were ground with 47 mg ZnI2 for 

15 minutes in order to mix the reactant homogeneously by neat grinding. The final 

product is a light-yellow powder, left the final product to equilibrate with the atmosphere 

for 1 day after being washed with MeOH (4 ml) and chloroform (4 ml) to eliminate any 

unreacted species or by-product. The final amount obtained is 54 mg (70% yield). 

 

Then, to monitor if the solid-state reactivity yields the same kind of product, neat 

grinding was applied using ZnBr2 and ZnCl2 and monitored by powder XRD.  

Neat grinding of TPP and ZnBr2: 30 mg TPP was ground with 32.7 mg ZnBr2 for 15 

minutes in order to mix the reactant homogeneously. The final product is a white 

powder, leaving it to equilibrate with the atmosphere for 1 day after washing with 

MeOH (4 ml) and chloroform (4 ml). The final amount obtained is 46 mg (73% yield). 

Neat grinding of TPP and ZnCl2: 30 mg TPP was ground with 20 mg ZnCI2 for 15 

minutes in order to mix the reactant homogeneously. The final product is a white 

powder, leaving it to equilibrate with the atmosphere for 1 day after washing with 

MeOH (4 ml) and chloroform (4 ml). The final amount obtained is 35 mg (72.1% yield). 

 

As demonstrated by PXRD, all these three patterns are an amorphous phase that lacks 

crystallinity and shows broad bumps, which indicates no long-range order (Figure 2.8). 

Also, the absence of the starting TPP ligand indicates that the reaction took place. 

However, the amorphous phase is hard to be characterized due to the disordered 

structure (i.e., absence of Bragg diffraction). To know if such an amorphous phase 

product contains mechanically interlocked M12L8, our strategy is to introduce an 

aromatic templating solvent, and thanks to the host-guest interaction and aromatic 

stacking, it will be possible to reconstruct the amorphous product into a new phase 
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product arranged orderly in the 3-D array as a crystalline material. Then collected them 

by filtration and left to equilibrate with the atmosphere and measured by PXRD. The 

PXRD patterns clearly show the phase transformation from amorphous  into crystalline 

(Figure 2.8) The pattern of the crystalline phase is like previous patterns from the 

products obtained by instant synthesis, which were proved to be poly- [n]-catenanes. The 

poly-[n]-catenanes characteristic peaks are the 2-10 and 101. The result indicates that 

the mechanical bond is also formed in the amorphous product by neat grinding. The 

isostructural M12L8 poly-[n]-catenanes can be reconstructed by trapping aromatic 

solvent showing a crucial dynamic behavior via an amorphous-to-crystalline 

transformation. 

 
Figure 2.8. PXRD pattern of neat grinding products of TPP and ZnI2 (a), ZnBr2 (b),ZnCI2 (c) PXRD 

pattern after immersed amorphous product of TPP and ZnI2 (d), ZnBr2 (e), ZnCI2 (f) into the aromatic 

templating solvent.[27]
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2.2 Zero-dimensional (0D) metal-organic 

cages (MOC) 

 

A discrete MOC can be classified as a zero-dimensional (0D) structure which means 

that no extended structures are formed. There are many strategies for building     discrete 

MOCs. The method we applied is molecular paneling via coordination. Any organic 

ligands with binding sites in specific geometry can be considered molecular panels; 

these panels can be connected by square planar which a central atom is surrounded by 

constituent atoms and form the corners of the square on the same plane. The open metal 

sites on the square planar building block coordinate with binding sites on the molecular 

panels and construct a well-defined structure. 

 

2.2.1 Synthesis of square planar complex 
 
 

The idea of incorporating a 90° coordination angle of transition metal into metal- 

organic frameworks was given by M. Fujita more than a decade ago. Non-distorted 90° 

angle is stable and cannot be hybridized by other organic elements. On the view of the 

structure, the fixed angle can help us deduce the product's geometry. Dinitrato 

ethylenediamine palladium(II) (enPd(NO3)2), is widely used as a square planar to 

coordinate with organic ligands of several geometries.[30] Since the cis-protection, the 

coordination nature of the metal changes from divergent to convergent. Thus, discrete 

enPd(NO3)2 can efficiently generate 0D structures  acting as end-capping group. When 

enPd(NO3)2 is brought into the water, the nitrates will be replaced by the water ligand 

and generate active species enPd[(H2O)2]
2+. The synthesis of enPd(NO3)2 is carried out 

in an aqueous solution with  enPdCl2(0.42mmol) and AgNO3(0.84mmol) For the synthesis 

of enPd(NO3)2 100 mg of enPdCl2  were dissolved in 15 ml water,    put 142 mg AgNO3 

into solution, and let it stir in the dark at room temperature for three days. After three days, 
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the solid AgCl2 was filtered out, and the residue solution was treated with a rotatory 

evaporator at 35 °C, leading it to concentrate to dryness. Then the resulting precipitate 

was recrystallized with a drop of distillation water. After six days, we obtained the final 

product: an orange powder.[29] The orange sample was measured by PXRD and compared 

with the already published structure from SCXRD. The good match of the PXRD data 

confirms that the enPd(NO2)3 complex was synthesized (Figure 2.9).  

             

 

2θ / °    

 

2θ / ° 
 

Figure 2.9. PXRD of orange powder (top) compared to simulated PXRD from CCDC (bottom). 
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2.2.2 A coordination square self-assembled from 4,4’-bipyridine and 

enPd(NO3)2 

 

As mentioned before, a rigid organic ligand equipped with binding sites in a specific 

shape can be assumed as a molecular panel. 4,4’-bipyridine is a typical rectangle shape 

ligand with two nitrogen atoms that can coordinate with open metal sites such as the 

ones in the enPd(NO3)2 complex. Based on the geometry of a rectangle organic ligand 

(Figure 2.10) and a square planar with a 90° coordination angle, we can somehow 

predict that a product will form in a square shape (Figure 2.11). 

 

 

 
 

Figure 2.10. Cartoon representation of molecular panel of 4,4’-bipyridine ligand. 

 

 

 

 

Figure 2.11. Structure prediction of 4,4’-bipyridine and enPd(NO3)2 as reported by  Fujita. [25] 
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To determine the structure intuitively, we prepared a single crystal by layering 

crystallization method. 4,4’-bipyridine was dissolved in CHCl3 and filled in the bottom 

of a crystallization tube. Then, enPd(NO3)2 dissolved in water was added dropwise as 

a top layer. Methanol is an intermediate layer to separate them. Especially, the ratio 

between 4,4’-bipyridine and enPd(NO3)2 is 1:1. After one week, large crystals suitable 

for single-crystal X-ray diffraction were formed after one week. The structure 

determined by SCXRD and is shown in the figure below. The solvent molecules were 

not determined due to severe disorder. Due to the 90° coordination angle of the 

enPd(NO3)2, each palladium atom of a square planar can link two ‘rod-like’ molecular 

panels TPB and form a forming a right angle. Utimately, a discrete square structure 

formed (Figure 2.12). 

 

 
 

Figure 2.12. Structure of the square complex self-assembled using 4,4’-bipyridine and enPd(NO3)
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2.2.3 Solid state synthesis of TPB and enPd(NO3)2 

 

Based on molecular panels, rigid TPB (2,4,6-tris(pyridine)benzene) ligand can be 

considered a triangular panel. Another triangle shape organic ligand that was proved 

successfully built an octahedral cage (M6L4) with enPd(NO3)2 is TPT (2,4,6-Tris(4- 

pyridyl)-1,3,5-triazine) (Figure 2.13). Since the TPB ligand has a benzene ring in the 

center, which compares to the TPT ligand, a better aromatic-aromatic interaction will be 

endowed. Thus, we also try synthesizing poly-[n]-catenane with TPB. 

 

 

  
 

 
 

Figure 2.13. Molecular panel of TPT and TPB. 
 

 
 

 
 

Figure 2.14. The M6L4 cage formed by TPT and enPd(NO3)2.
[24]

 

 
To determine a structure, preparing a single crystal is always the best way, but after 
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several times failures, we changed our strategy from preparing the single crystal to a 

solid-state reaction measured by 1H NMR spectra. If the TPB M6L4 cage forms, the 

structure will be similar to the octahedron cage based on TPT. (Figure 2.14) Such an 

octahedron cage is highly symmetry with four TPB ligands in the same environment. 

Thus, the NMR spectra of this M6L4 cage should be the same as pure TPB ligands in the 

aromatic range. In pure TPB ligands, there are three kinds of H protons with a 2:2:1 

ratio. To carry out this solid-state reaction, we put the reactant TPB and enPd(NO3)2 

with a molar ratio of 2:3 into the mortar and ground with a pestle with different reaction 

times. The reaction mixture were partially taken at different reaction times (i.e., 

5mins,15mins, 25mins, 40mins, 50mins) and measured by 1H NMR (Figure2.15). 

Firstly, two ‘TPB like’ patterns with different intensities can be observed in the NMR 

spectra of the sample obtained from a short reaction time (less than 50 mins). At such 

reaction time, TPB ligands and enPd(NO3)2 are physically mixed, and the powder shows 

a heterogeneous phase instead of a homogeneous one. The different observed intensities 

can be explained by the fact that there is still a small amount of TPB ligands unreacted. 

Nevertheless, most TPB ligands already formed a MOC with enPd(NO3)2. The ‘TPB 

like’ pattern in weak intensity keeps decreasing as reaction time increases. When the 

reaction time lasts for 50 mins, only one pure TPB pattern can be observed, which fits 

our hypothesis of a highly symmetric octahedron M6L4 cage.  

 

The aromatic part 1H NMR spectra of the sample ground for 50 mins is shown below 

(Figure    2.16). As we can see, only one TPB pattern can be observed, and the ratio 

among the three peaks is 1.96:2.01:1.00, which is very close to 2:2:1, the theoretical 

ratio of 1H spectra in pure TPB. 
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Figure 2.15. Aromatic range 1H NMR spectra of samples taken at different reaction   time (5mins, 

15mins, 25mins, 40mins, 50mins). 
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Figure 2.16. Aromatic range 1H NMR spectra zoom in of samples taken at reaction time 50 mins. 

 

The 1H NMR spectra of enPd(NO3)2 are shown below (Figure 2.17), which also support 

the hypothesis of the formation of an octahedron MOC. 

Firstly, for the non-aromatic part, we can only observe the H proton of -CH2-CH2- 

belonging to the square planar. Furthermore, four H protons of -CH2-CH2- will exist in 

the same environment only if the square planar link with a highly symmetric structure. 

And such a highly symmetric structure can be assumed as a plane and ‘cut’ the -CH2- 

CH2- in the middle. If so, four H protons will show the same intensity under the 1H 

NMR spectra. Corresponding to this theory, the 1H NMR spectra gave us well-fit 

feedback. There is more than one kind of H proton that can be observed with a short 

reaction time (less than 50 minutes) in the range of 2.3-3 ppm. However, the sample 

after 50 minutes of reaction shows only one peak at 2.8 ppm, which means four H 

protons stay in the same chemical environment in this case. 

Besides, a single peak at 2.2 ppm indicates the unreacted -CH2-CH2-. This peak can be 

observed among all the samples with short reaction time and finally cannot be observed 

when the reaction was for 50 minutes. Significantly, the disappearance of the unreacted 
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-CH2-CH2- peak is accompanied by observing a pure TPB pattern appearing in the 

aromatic part. 

 

All information provided by 1H NMR strongly proving the formation of an octahedron 

M6L4 MOC. 

 

 

 

Figure 2.17. Non-aromatic range 1H NMR spectra of samples taken at different   reaction times (5mins, 

15mins, 25mins, 40mins, 50mins). 
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3 Materials and research methods 

 
All starting reagents involved in the experiments were procured from commercial 

suppliers (Alfa Aesar, Apollo Scientific, Fluka, FluoroChem, Honeywell, Sigma 

Aldrich, TCI, iChemicals). 

 

3.1 Analytical instruments 

 
The following part will introduce the instruments applied in the experiments 

described in this thesis. 

 

Powder X-Ray Diffraction 

 
All the powder X-ray diffraction experiments were carried out using a Bruker D2- 

Phaser diffractometer equipped with Cu radiation (λ = 1.54184 Å) using Bragg- 

Brentano geometry. The experiments were performed at room temperature covering the 

4.0° < 2θ < 30° range. The sample exposure time was 2 seconds. The samples were 

placed on Al holders. 

 

NMR 

 

 
Bruker ARS (400 MHz) applies to all non-magnetic and non-conductive samples. 

Generally, the amount of sample we measured ranges from 2-3 mg. Dissolving the 

sample with deuterium solvents and set proper number of scans. 

 
TGA 

 
 

Thermo-Gravimetrical analyses shows the weight of a material as a function of 

temperature or time. The sample is heated by a controlled environment (nitrogen in our  
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case). The TG analyses involved in our experiments were carried out by using a Perkin 

Elmer Thermal Analysis instrument in the Laboratorio Analisi Chimiche at the 

Department of Chemistry, Materials and Chemical Engineering (Politecnico di 

Milano). 

 

High-Resolution Solid-State NMR 

 

 
The solid-state MAS NMR experiments were carried out on a BRUKER NEO 

spectrometer equipped with a commercial 4 mm MAS iProbe. The magnetic field 

strength was 11.74 T corresponding to a 13C NMR resonance frequency of 125.75 MHz. 

The solid sample was packed into 4 mm ZrO2 rotor and spun at the magic angle with a 

spinning speed of 12 kHz at room temperature. High-power proton decoupling 

(HPDEC) MAS NMR spectra were recorded after an excitation with a /2 pulse of 3.8 

s, with a repetition time of 10 s and 1600 scans. 

 
 

3.2 General procedures 

 
3.2.1 Slow crystallization: three layers synthesis of TPB and zinc 

salts 

 

Firstly, TPB (30 mg) were suspended in 8ml nitrobenzene and formed a heterogeneous 

suspension. Then, we added 2 ml MeOH into the suspension and keep stirring at 

ambient temperature until the suspension became a clear homogeneous solution. On the 

other hand, we prepared another solution in a vial consists of zinc salts (ZnBr2 = 32.76 

mg, ZnCl2 = 19.83 mg, ZnI2 = 46.43 mg) and 1ml MeOH. When these two types of 

solution well prepared, we set a test tube and transferred the TPB solution into it. Later, 

3ml MeOH were added along with the tube wall in order to separate the TPB solution 

and zinc salts solution to create a biphasic. Finally, zinc salts solution was added 
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dropwise along with the tube wall and formed a top layer. The test tube was sealed with 

parafilm, and yellowish transparent single crystal formed in about 1 week. 

 

3.2.2 Slow crystallization: three layers synthesis of 4,4’- 

bipyridine and enPd(NO3)2 

 

Based on the theory of molecule paneling, the ratio between 4,4’-bipyridine and 

enPd(NO3)2 should be 1:1 in order to build a square complex. Thus, we add the solution 

of 4,4’-bipyridine (2.1 mg) dissolved in 4 ml CHCl3 into the test tube as bottom layer. 

Corresponding, 3.85 mg of enPd(NO3)2 dissolved in distilled water (10 ml) as top layer. 

Additionally, 6 ml MeOH filled in the middle as a separation layer. The whole tube 

sealed with parafilm and stayed for about 2 weeks, transparent and colorless crystal 

formed in large quantity at the middle. 

 

 

3.2.3 Fast crystallization of TPP and ZnX2 (X=I, Br, Cl) 
 

For the instant synthesis procedure, TPP (30 mg) were dissolved in the mixture of 10 

ml 1,2- dichlorobenzene and 4 ml methanol, stirred at room temperature for 5 minutes 

until the suspension became a clear homogeneous solution. On the other hand, we 

prepared a 2 ml methanolic solution of zinc salts (ZnBr2 = 33 mg, ZnI2=47 mg, ZnCl2 = 

20 mg). The methanolic solution was added instantaneously all at once, and a 

precipitate was formed immediately. After filtration, we obtained the dry powder. 

 

3.2.4 Neat grinding of TPP and ZnX2 (X=I, Br, Cl) 
 

Mortar and pestle were used during the neat grinding synthesis. TPP (30 mg) were 

ground with ZnX2 (ZnI2 = 47 mg, ZnBr2 = 32.7 mg, ZnCl2 = 20 mg) for 15 minutes. 

Spatula was used to separate the solid that remained attached to the pestle and mortar to 

achieve 
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the best reactivity among reactants. The final products obtained are yellow, white and 

white respectively. Besides, due to the lack of solvent, all of them have an excellent 

yield (99%, 92.25% and 98.14% respectively). 

 

3.2.5 Synthesis of enPd(NO3)2 
 

The compound enPd(NO3)2 has been prepared from enPdCl2 upon treatment with 

AgNO3 in aqueous solution. Specially, in our case, enPdCl2 (100 mg, 0.42 mmol) and 

AgNO3 (143 mg, 0.84 mmol) were stirred in water (25 ml) in dark. After 3 days, AgCl 

white powder was filtered off, and the solution was then concentrated (rotary 

evaporator, 35 °C water bath) to dryness. The resulting precipitate was recrystallized 

from 4 ml of water and allowed to evaporate slowly at room temperature (6 days). The 

sample was analyzed by powder XRD and solution NMR. 

 

3.2.6 Neat grinding of enPd(NO3)2 and TPB at different time 

gradient 

 
Powder TPB and enPd(NO3)2 were placed into the mortar and ground with pestle with 

a molar ratio 2:3. In our case, TPB (10 mg) were ground with 9.2 mg enPd(NO3)2 , 

followed the general procedure of neat grinding mentioned above. During the grinding, 

we took the sample (3 mg) away from the mortar at after 5 mins, 15 mins, 25 mins, 40 

mins and 50 mins. Then, distributed these samples into five NMR tubes and dissolved 

in D2O and measured by 1H NMR. 
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4 Conclusions and further studies 

 
 

This thesis covers two major parts I did in the past year. 

 
 

The first part is the study of M12L8 poly-[n]-catenanes consisting of TPP and zinc salts. 

Based on the previous successful work about the synthesis of M12L8 poly-[n]-catenanes 

consisting of TPB and zinc salts, I started my work from neat grinding of the TPB 

derivative TPP and zinc salts. Amorphous products obtained from neat grinding were 

proved to be poly-[n]-catenanes by the fact that immersing these amorphous products 

into an aromatic solvent, the corresponding PXRD patterns changed from an 

amorphous to crystalline, which was overlapping well with the M12L8 poly-[n]- 

catenanes consisting of TPB and zinc salts. Thus, it has been confirmed that the 

inclusion of that aromatic solvent could work as a templating solvent contributing to 

the transformation from an amorphous phase to a crystalline phase via an amorphous- 

to-crystalline transformation.The instant synthesis method was also successfully 

applied to the synthesis of TPP and zinc salts, all of them are kinetically controlled, 

M12L8 poly-[n]-catenanes can generate efficiently in a short period. 

 

The second part of the work has been focused on building 0-D discrete cages and 

squares via molecular paneling following Fujita’s approach. By incorporating a 90° 

coordination angle of transition metal Pd into organic linkers, we can obtain a certain 

shape of panel, furthermore, the structure of the cage/square/cycle consisting of these 

panels can be deduced. 4,4’-bipyridine and enPd(NO3)2 built a square complex in single 

crystal by three layers method with a molar ratio 1:1. While, we observed the formation 

of M6L4 cage formed by TPB and enPd(NO3)2 as powders via mechanochemistry in the 

solid-state. By observing the peak shift in the 1H NMR spectra of the solid product 

formed by grinding at different time points, it was possible to follow the evolution of 

the M6L4 formation. The 1H NMR spectra provided the formation of the M6L4 cage, 

especially, the final product which was ground for 50 minutes shows a pure TPB pattern 
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in 1H NMR.  

 

Further work following the presented work is being focused on the crystallization of 

M6L4 to solve the X-ray structure and their potential application in molecular 

separation. Some functionalities of this kind of materials have been already explored. 

Due to the large void and highly symmetry structure, it could create a bulk condition, 

probably it will help us in the field of heterogeneous catalysis, molecule recognition 

and molecule storage, etc. Besides, we will try other types of molecular panels to build 

different discrete complex. 

 

M12L8 poly-[n]-catenanes, TPB derivatives with various functional groups are being 

investigated by colleagues to understand how small change in self-assembling building 

blocks can give rise to completely diverse structures. 
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