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This PhD Thesis is structured in 7 chapters, a deep study of adsorption 

processes in metal-organic frameworks is described through the present work. The 

research project starts with the adsorption of small molecules in zeolitic imidazolate 

frameworks (ZIFs) and their structural effect. A second part is dedicated to the study 

of more complex molecules such as drugs, and finally, an analysis of MOFs based 

composites for liquid-phase adsorption is explored. Based on this, the abstract of 

each chapter is summarized in the following lines: 

Chapter 1 provides an extensive overview of metal-organic framework 

materials (MOFs), starting from a detailed description of different synthesis 

methodologies and potential application of these novel materials in catalysis, gas 

adsorption, and separation and drug delivery. Chapter 1 also provides a profound 

description of MOFs structural characteristics, with particular emphasis in structural 

flexibility as a consequence of external stimuli or the synergy in MOF-based 

composites materials.  

Chapter 2 describes the methodology and research approach developed in 

this PhD Thesis, and the different experimental techniques used along with the 

research project. The fundamental principles of each technique, instrumentation 

and a general description of potential analysis to be applied in the characterization 

of MOFs are presented in this Chapter.  

Chapter 3 reviews the structural changes in ZIFs upon gas adsorption that 

remain a paradigm due to the sensitivity of the adsorption mechanism to the nature 

of the organic ligands and gas probe molecules. Synchrotron X-ray diffraction under 

operando conditions anticipates for the first time that ZIF-4 exhibits a structural 

reorientation from a narrow-pore (np) to a new expanded-pore (ep) structure upon 

N2 adsorption, while it does not for CO2 adsorption. The existence of an expanded-

pore structure of ZIF-4 has also been predicted by molecular simulations. In 

simulations, the expanded structure was stabilized by entropy at high temperatures 

and by strong adsorption of N2 at low temperatures. These results are in perfect 

agreement with manometric adsorption measurements for N2 at 77K that show the 

threshold pressure for the breathing at ∼30 kPa. Inelastic neutron scattering (INS) 
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measurements show that CO2 is also able to promote structural changes but, in this 

specific case, only at cryogenic temperatures (5K). 

Chapter 4 describes the different approaches applied to understand the 

structural flexibility upon gas adsorption in mixed linker based ZIFs. ZIF-62 is a MOF 

formed by the combination of benzimidazole and imidazole as a ligand, and zinc 

metal centres. Among the 105 ZIFs described in the literature, ZIF-62 has attracted 

enormous attention due to its unique characteristics and the emerging field in MOFs 

related to liquid crystals and glass formation. Even so, structural properties upon 

gas adsorption have not been completely elucidated. Chapter 6 combine different 

research techniques and methodologies such as synchrotron XRD, gas adsorption-

desorption isotherms and, molecular modelling and simulation to create a unique 

and deep overview of structural changes in ZIF-62 as a consequence of external 

stimuli. Nitrogen and oxygen isotherms evidenced the presence of specific 

interactions resulted in a complete affinity for O2 over N2 at 77 K in this specific 

material. SPXRD analysis showed a phase transition upon oxygen and nitrogen 

adsorption from a contracted phase to an expanded phase. Finally, molecular 

simulations showed the phase transition and the allocation of molecules in the ZIFs 

cavities. All this combined opens a wide number of opportunities for applying these 

materials into the field of gas separation, such as hexane isomers or light 

hydrocarbon separation (C1-C4). 

Chapter 5 reviews the most significant results obtained into the paradigm of 

structural changes and adsorption capacity in ZIFs upon nitric oxide adsorption and 

release. Nitric oxide has been called the “molecule of the decade” due to the 

discovery of its essential role in biological processes. Zeolitic imidazolate 

frameworks (ZIFs) have been applied for the first time in the adsorption and release 

of an important biomedical molecule, such as NO. Despite the absence of open 

metal sites (OMS) and suitable surface chemistry (e.g., amine basic groups) in ZIFs, 

these materials exhibit excellent performance in terms of total uptake, irreversibility 

until use and delivery kinetics. These excellent results must be attributed to the 

presence of specific interactions between the framework and the NO molecules. For 

instance, ZIF-4 is able to adsorb up to 1.6 mmol/g, whereas its benzyl imidazolate 

counterpart (ZIF-7) is limited to 0.5 mmol/g. However, despite the lower adsorption 
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capacity exhibited by ZIF-7, the presence of a narrow pore (np), highly dense 

structure (phase II) allows to control the NO release under humid conditions for more 

than 15 h at physiological temperature (310 K).  

Chapter 6 reviews the main significative advances achieved into the 

adsorption and delivery of brimonidine in metal-organic frameworks (MOFs) as 

potential nanocarriers in ocular therapeutics. Experimental results show that UiO-

67 and MIL-100 (Fe) exhibit the highest loading capacity with values up to 50-60 

wt.%, while the performance is quite limited for MOFs with narrow cavities (below 

0.8 nm, e.g. UiO-66 and HKUST-1). The large loading capacity in UiO-67 is 

accompanied by an irreversible structural amorphization in aqueous and 

physiological media that promotes extended release kinetics above 12 days. 

Compared to the traditional drawbacks associated with the sudden release of the 

commercial drugs (e.g., ALPHAGAN), these results anticipate UiO-67 as a potential 

nanocarrier for drug delivery in intra-ocular therapeutics. These promising results 

are further supported by cytotoxicity tests using retinal photoreceptor cells (661W).  

Chapter 7 presents the synthesis of novel MOF-based polymer 

nanocomposite films using Zr-based UiO-67 as a metal-organic framework (MOF) 

and polyurethane (PU) as a polymeric matrix. Techniques such as synchrotron X-

ray powder diffraction (SXRPD) analysis confirm the improved stability of the UiO-

67 embedded nanocrystals, and scanning electron microscopy images confirm their 

homogeneous distribution (average crystal size ~ 100-200 nm) within the 50 µm 

thick film. Accessibility to the inner porous structure of the embedded MOFs has 

been completely suppressed for N2 at cryogenic temperatures. However, ethylene 

adsorption measurements at 25 ºC confirm that at least 45% of the MOF crystals 

are fully accessible for gas phase adsorption of non-polar molecules. Although this 

partial blockage limits the adsorption performance of the embedded MOFs for ocular 

drugs (e.g., brimonidine tartrate) compared to the pure MOF, an almost 60-fold 

improvement in the adsorption capacity was observed for PU matrix after 

incorporation of the UiO-67 nanocrystals. UiO-67@PU nanocomposite exhibits a 

prolonged release of brimonidine (up to 14 days were quantified). Finally, the 

combined use of SXRPD, thermogravimetric analysis (TGA), and FTIR analysis 

confirmed the presence of the drug in the nanocomposite film, the stability of the 



PhD Thesis summary   

18 
 

MOF framework and the drug upon loading, and the presence of brimonidine in an 

amorphous phase once adsorbed.  
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Chapter 1 provides an extensive overview of metal-

organic framework materials (MOFs), starting from a detailed 

description of the different synthesis methodologies and 

potential application of these novel materials in areas such 

as catalysis, gas adsorption, and separation and drug 

delivery. Chapter 1 also provides a profound description of 

MOFs structural characteristics, with special emphasis in 

structural flexibility as a consequence of external stimuli or 

the synergy in MOF-based composites materials.  
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1.1. General Introduction 

Nature has provided human beings with different tools to learn, develop, and 

optimize activities and, by consequence, gain knowledge. This knowledge attached 

to the inspiration obtained from nature is what has given humans the capacity to 

imitate natural processes and apply them for their benefit. Adsorption phenomena 

and porous materials are present in our daily life, from the adsorption of different 

essential biomolecules in human cells to the air/water exchange through the 

semipermeable porous calcium carbonate layer in eggs, to mention some. 

1.1.1. Adsorption process in porous materials 

Adsorption is defined as a surface phenomenon which occurs due to the 

accumulation of atoms or molecules coming from the liquid or gas phase into the 

surface of a solid material (Figure 1.1).1 

 

Figure 1.1. Adsorption phenomena in a solid surface. 

Adsorption in porous materials is an essential step in a significant number of 

high-value industrial processes such as wastewater treatment, drying processes, 

catalytic reactions, gas storage/separation, and biomedical applications.2–4 

Industrially, a large number of materials have been used as adsorbents such 

as activated carbons, zeolites, clays, fly ash, fibres, silica gel, and activated 

alumina.5 Activated carbon is one of the adsorbents most commonly used in 

wastewater treatment due to its versatile adsorption capacity of a wide variety of 
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hazards (i.e. heavy metals, dyes and drugs), availability of raw materials to 

synthesize and low cost of production.6  

Adsorption is generally described as physical or chemical phenomena 

depending on the strength of the adsorbent/adsorbate interactions. The 

chemisorption is characterized by the formation of strong bonds between adsorbate 

and adsorbent, and it must be understood as a chemical reaction. For instance, the 

heat of adsorption and the activation energy are generally similar to those involved 

in a chemical reaction. This type of adsorption occurs in specific active sites, and it 

is irreversible.7,8 Chemisorption is usually associated with catalytic processes, for 

instance, the main study of chemisorption in catalysis is related to adsorption 

process and binding of reactive molecules into the actives sites of the catalyst 

surface.9 

On the other hand, the physical adsorption or physisorption is a reversible 

phenomenon resulted from weak intermolecular interactions, mainly of Van der 

Waals type. Due to the weakness of the interactions between the surface and the 

adsorbates, the latest can move freely at the interface. The physisorption generally 

occurs at low temperatures and it is exothermic.8 Physisorption is the main principle 

taking place in gas/liquid phase adsorption and separation processes.  

Physical adsorption and adsorptive separation processes in porous materials 

are generally controlled by one of three mechanisms: steric, kinetic, or equilibrium. 

The first one is characterized by the molecular sieving properties of certain 

materials, i.e., only the molecules with the proper size and shape can diffuse into 

the adsorbent material while the others are excluded. Kinetic separation is achieved 

due to the different diffusion rates of the molecule to be separated. A large majority 

of processes operate through the equilibrium adsorption of mixture and hence are 

called equilibrium separation processes. They work considering the 

physicochemical properties of the adsorbate in order to assign the optimum 

adsorbent material.5,10 

In order to achieve an optimum in a given adsorption process, different 

parameters must be considered. Some of them are related to the textural properties 

of the adsorbent, such as specific surface area, average pore size and pore volume, 
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and pore shape. However, others are associated with physicochemical 

characteristics of the adsorbent, i.e., surface charge, active sites, and chemical 

composition. The adsorbate's physicochemical properties, such as molecular size, 

polarity, solubility, chemical composition, media pH, adsorption temperature and 

ionic force, must be taken equally into consideration.11 

1.1.2. Overview of porous materials and their applications  

Porous architectures have always been present in nature, and they have 

played a fundamental role in the development of organisms. Porous structures such 

as molluscs, or corals are a good example. The very first reported example of porous 

material was the active carbon discovered by the Egyptians around 3000 B.C., and 

it was used as a sorbent to remove odours.  

Activated carbon is an amorphous material constituted by pores or cavities 

that can be prepared easily from different natural wastes sources such as walnut 

shells, willow peat, olive stones, etc. Some of the main attractions of activated 

carbons are their low cost of production and high surface area. Generally, the 

porosity in activated carbons is a combination of micro, meso- and macropores; the 

proportion of these cavities is defined by the activation conditions and the nature of 

the raw material. The International Union of Pure and Applied Chemistry (IUPAC) 

has classified the pore size as macroporous (diameter > 50 nm), mesoporous (2 < 

diameter < 50 nm), and microporous (diameter < 2 nm). Throw the time different 

methodologies of activation have been developed, mainly physical and chemical 

activation. A relationship between the activation method and the number of 

heteroatoms bonded to the surface (such as oxygen, hydrogen, and nitrogen) has 

been observed.12 

Among the different applications described for activated carbon, the main 

ones are adsorptive removal of colour, odour, taste and other undesirable impurities 

from the drinking water,13,14 solvent recovery,15 air purification,16,17 purification of 

many chemicals 18 and pharmaceutical products.19 

A significant effort has been devoted to exploring new porous materials for 

adsorption processes. From zeolites to metal-organic frameworks (MOFs), 
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crystalline porous materials with higher porosity levels offer a big improvement in 

terms of functionalities for different industrial processes.20 

The first zeolite was discovered by the Swedish mineralogist, Axel F. 

Cronstedt in northern Sweden. Trying to resemble the natural structures, a big effort 

has been done in the synthesis of artificial zeolites and their design to adapt these 

materials for a large number of applications. Zeolite is a crystalline aluminosilicate 

with a three-dimensional framework structure that forms uniformly sized pores of 

molecular dimensions. The structure consists of silica frameworks (SiO2) where at 

some point Al3+ replaces Si4+ on the framework, generating a negative charge within 

the structure that is compensated with the attraction of cations.21 

Due to the abundance of natural zeolites and the diversity of synthetic 

zeolites and their inherent capacity to adsorb polar molecules, these materials have 

been applied in a wide number of applications such as natural gas purification,22,23 

air separation,24 hydrocarbons desulfurization,25,26 refinery gas separation,27 gas 

drying,28 just to mention some. But more recently, physicochemical versatility in 

zeolites has placed them in new developing areas such as agriculture, 

environmental technology, and biological technology.29 Due to the biocompatibility 

of zeolites in the human body,30 they have found relevance in medical applications 

for instance, as antibacterial agents,31 adjuvant treatment 32 or 

encapsulation/delivery of drugs.33  

Porous materials (mainly activated carbons and zeolites) have played a 

fundamental role in materials chemistry thanks to the number of industrial processes 

using tons per year. This has motivated a continuous effort to optimize the synthesis 

procedures and to minimize the production cost while promoting research related to 

the development of new porous materials that match the market needs. Based on 

these premises, novel porous materials such as mesoporous silica, covalent organic 

frameworks (COFs), or metal-organic frameworks (MOFs) have been discovered in 

the last decades. Considering the relevance of these materials in the last few years, 

the next section will focus on a deep description of metal-organic frameworks 

synthesis and applications.  
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1.2. Synthesis of Metal organic frameworks 

1.2.1. General overview of MOFs materials and synthesis procedures 

Metal-organic frameworks (MOFs) have emerged as a new class of 

crystalline porous materials with exceptional structural characteristics.34 MOFs are 

crystalline materials formed through the strong interactions between metal ions or 

cluster and coordinated ligands forming one-, two-, or three-dimensional pore 

structures (Figure 1.2.).35 These materials show an almost infinitive number of 

combinations between organic and inorganic building blocks, offering enormous 

flexibility in terms of pore size, structure and shape.36 Characteristics such as 

ultrahigh porosity (up to 90 % free volume), thermal and structural stability, etc.,  

make them of increasing interest for potential application in gas storage, 

membranes, thin-film devices, gas separation, biomedical imaging and drug 

delivery.37 

Metal-organic frameworks discovery and development have been a 

consequence of a continuous understanding and research into the assembly of 

coordination polymers at the beginning of the 1990s. One of the first reports related 

to the study of extended networks and the influence of metal coordination and 

geometry of the ligands was done by Robson et al. They were able to describe the 

first 3-D framework with diamond-like structure with molecules of tetra (4-

cyanoterepheny) methane connected to tetrahedral Cu(II) metallic centers.38 The 

term metal-organic framework was first introduced by Yaghi et al. in an article where 

was reported a diamond-like three-dimensional structure formed by 4,4’-

bipyridine(4,4’-bpy) as ligand and copper as metallic centre.39 Just a couple of years 

later, the same authors described the first coordination polymer with permanent 

porosity using carboxylate-based ligands (terephthalic acid) and Zn2+ as metal 

centre. Compared with the system reported before, this one has the big difference 

of being a neutral network with only solvent molecules filling the channels. The 

solvent removal provides a network of accessible and permanent porosity to a range 

of molecules.40 
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Figure 1.2. Scheme showing MOFs creation. 

As a result of the large number of linkers available in the market and the high 

number of possible combinations for the synthesis of MOFs, in the last decade, 

there has been an exponential growth in the number of new MOFs structures 

described in the literature. One of the first materials was HKUST-1, named after the 

first synthesis at the Hong Kong University of Technology. As it is shown in Figure 
1.3(a) the framework of this material is formed by paddlewheel clusters of Cu2+ and 

trimesic acid (BTC) as a linker and has the general formula Cu3(BTC)2(H2O)2.41 

 

Figure 1.3. Schematic framework of MOFs (a) HKUST-1,41 (b) UiO-66,42 (c) UiO-
6743 (d) MIL-100 (Fe).44 
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In the scope of the ongoing investigations of new MOFs, the development of 

MOFs with a metal cluster of zirconium or iron has attracted considerable interest 

for different applications such as catalysis or biomedical applications. Within this 

family, UiO-66 and UiO-67 (Universitetet i Oslo) are the most widely investigated Zr-

based MOFs due to their excellent thermal, aqueous and acid stability.45–47 UiO-66 

(Figure 1.3(b)) is formed by the union of metallic clusters of cationic Zr6O4(OH)4 

and 1,4-benzenedicarboxylate (BDC) as a linker. UiO-67 has a similar structure, 

except that it uses biphenyl-4,4’-dicarboxylate (BDPC) as a linker instead of BDC 

(Figure 1.3(c)). Due to the size of BDPC it allows to form a structure with two cage 

sizes, one octahedral cage (big one) that is facing 8 tetrahedral cages (small 

ones).43 

Iron-based MOFs are emerging as exceptional materials for different 

applications due to the fact that Fe is an abundant metal on Earth, and Fe-containing 

complexes have wide applicability in multiple fields such as drug delivery, 

photocatalysis and environmental remediation.48,49 MIL-100 (Materials of Institute 

Lavoisier) is one of the most widely studied Fe-based MOFs due to its facile 

synthesis, extensive accessibility, permanent porosity, and easy scale-up. As it is 

shown in Figure 1.3(d), MIL-100 is formed by the union of tetrahedral iron clusters 

and benzene-1,3,5-tricarboxylate linkers assembling into zeolitic architecture.50 
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Figure 1.4. Schematic structures of some zeolitic imidazolate frameworks with 

different topologies. Adapted from 51 

Finally, Zeolitic imidazolate frameworks (ZIFs) are a subfamily of metal-

organic frameworks (MOFs) in which tetrahedral zeolitic topologies are formed by 

the union of imidazolate derived ligands (Im) and divalent metals (M2+=Zn, Co) 

exhibiting cage-like subunits.52 This group of MOFs has attracted considerable 

attention due to the high adsorption capacity, thermal stability, and high surface 

area. Yaghi et al. reported different ZIF topologies for the first time by changing the 

functional group bonded to the imidazole ring and demonstrated their extraordinary 

gas adsorption capacity.51,52 As it is shown in Figure 1.4, there is a wide number of 

configurations between Zn2+/Co2+ metal centres and the X-Imidazole ligand, giving 

rise to frameworks made of small cages to structures with large cavities 53.  
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As it can be appreciated in previous sections, it looks like there is no clear 

rule about how to name a new MOF structure, and that is true. Even though most of 

the MOFs reported recently are named with the word “MOF” followed by a number, 

there is a large group of structures named with the university’s acronym where it 

was developed, and some called just with the formula unit.  

Synthesis optimization in MOFs is an essential step to obtain materials with 

desirable characteristics of specific surface area, crystal size, crystal shape, etc. 

Thence, different methods of MOFs synthesis have been developed to fulfil these 

needs. As it is shown in Figure 1.5, synthesis methods for MOFs are generally 

resumed in two groups: conventional methods, i.e., those that are carried out by 

conventional electrical heating; and non-conventional synthesis methods where 

reaction time is decreased using other tools such as microwave irradiation, 

sonochemistry, etc. Some of the most important are solvothermal, electrochemical, 

microwave, mechanochemical, sonochemical, and ionothermal method. 

 

Figure 1.5. Overview of synthesis methods, possible reaction temperatures, and 
final reaction products in MOFs synthesis.54 
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1.2.2. Solvothermal/hydrothermal synthesis 

Solvothermal synthesis of MOFs is one of the most widely used methods due 

to the easy development and up-scaling. Solvothermal methods are based on 

reactions taking place in closed containers in non-aqueous (or aqueous) conditions 

under autogenous pressure and elevated temperature, above the solvent’s boiling 

point.55 Heat is the energy applied to the reaction to overcome the activation energy 

barrier between the metal ions and the ligands. Parameters such as metal/ligand 

ratio, solvent, modulating reagent and temperature affect greatly the shape, and 

size (growth) of the crystals. High-throughput methods have demonstrated to be an 

alternative to optimize all the reaction parameters (miniaturization and 

automatization of the synthesis procedure to study different variables in a batch of 

synthesis).56 Wide number of MOFs such as ZIFs,51 HKUST-1,57 UiO-66 58 and UiO-

67 59 have been synthesized for the first time using this method. 

1.2.3. Microwave synthesis 

Microwave-assisted synthesis has been a widely used method in organic 

chemistry.60,61 Nevertheless, solid-solid and solution-based synthesis have also 

been described for MW synthesis such as zeolites and MOFs.62,63 MW-assisted 

synthesis works based on the interaction of electromagnetic waves with mobile 

electric charges (i.e., polar solvent molecules/ions in the solution).64 This direct 

interaction from the energy source-reactants results in more efficient and faster 

heating. MW-assisted synthesis of MOFs is mainly focused on i) the acceleration of 

the crystallization, ii) nanoscale products, and the most important iii) to improve the 

porosity and the selectivity of polymorphs. 

One of the first examples of MW-assisted MOFs synthesis was reported by 

Jhung et al. for Cr-MIL-100. In this synthesis, the solution of metallic salts and 

ligands was sealed in a Teflon autoclave and kept in a MW oven at 220 ºC for 1, 2, 

and 4 h obtaining crystals with a different shape and size.65 Nevertheless, a wide 

variety controlled size crystal of metal (II)-carboxylate-based MOFs have been 

synthesized with this method such as IRMOF-1 and HKUST-1.66,67 
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1.2.4. Electrochemical synthesis 

In the electrochemical synthesis of MOFs, the metal cations diffuse to the 

reaction media through the anode, and the organic linkers are dissolved into the 

electrolyte, where they react with the anode. The advantage of the electrochemical 

synthesis of MOFs over another is the exclusion of anions coming from the metallic 

salts (i.e., chloride, nitrate, sulphate, etc.), which has been demonstrated to be 

beneficial for large scale production.54 A wide number of different MOF films and 

pattered coating have been studied using this synthesis method.68 

The first synthesis of MOF using electrochemical method was reported by 

researchers from BASF in 2005. The synthesis was established for different Cu and 

Zn based MOFs. HKUST-1 (Cu) electrochemical synthesis consisted of the 

immersion of copper plate into a solution containing the linker (1,3,5-

benzenetricarboxilyc acid (BTC)), and an electrolyte. When a certain voltage was 

applied, the copper ions were released from the copper electrode to the solution 

and reacted. In this patented method the HKUST-1 obtained had a surface area of 

1820 m2 g-1, which is higher to the one obtained by solvothermal method (1550 m2 

g-1).69,70 

1.2.5. Mechanochemical synthesis 

The history of mechanochemistry in synthetic chemistry is long. It has been 

originally used to develop multicomponent reactions to obtain pharmaceutically 

active co-crystals, and it has quickly expanded into many areas of research such as 

inorganic chemistry, organic synthesis, and polymer science.71–73 

The synthesis of materials by mechanochemistry consists in the chemical 

reaction promotion by milling or grinding solids without any or with minimal amounts 

of solvent.74,75 Synthesis of MOFs using mechanochemistry is of great interest due 

to the advantages in comparison with other synthesis methods such as solvent-free 

(or minimal amount of solvent), short reaction times and synthesis without external 

heat supply.76 However, the first limitation lies in the scaling-up of the synthesis; for 

instance, it can be classified as a batch processing technique with a low rate of 
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production. It is important to mention that even when it is a solvent-free synthesis, 

a purification step must be added.77,78 

The first example of solvent-free MOFs obtained by mechanochemical 

synthesis was reported by Pichon et al. in 2006. In the study, metal salts of Cu and 

isonicotic acid as a linker were grounded for about 10 minutes to obtain the desired 

MOF product.79 

1.2.6. Sonochemical synthesis 

Sonochemical synthesis refers to a reaction ocuuring in an ultrasonic 

environment, i.e. where the change of pressure from small bubbles and cavities due 

to a phenomenon called acoustic cavitation.80 Cavitation promotes an intimate 

interaction between molecules and energy. For instance, the pressure and 

temperature in the hot spot of the bubble may reach 1000 bar and 5000 K (with 

heating and cooling rates of 1010K s-1), respectively. Using sonochemistry to 

synthesize MOFs represents an opportunity for a short synthesis time, 

environmentally friendly and high optimum energy-efficient relations.54 The first 

MOF reported synthesized using sonochemistry was the Zn-BTC, which consisted 

of MOF nanocrystals synthesized at room temperature and atmospheric pressure 

in 20% ethanol/water under ultrasound irradiation.81 

1.3. Application of MOFs 

MOFs have provided unique opportunities for a wide number of applications. 

Due to their excellent physicochemical properties mentioned before, these materials 

have been applied in drug delivery, catalysis, sensor technology, gas storage and 

separation, water sorption applications, electrical energy storage, luminescent 

materials, just to mention some.82 In this section, some of these applications will be 

described as a general overview. 

1.3.1. Gas storage and separation 

Gas storage and separation have become a high importance research topic 

due to the increasing global concern about industrial activities such as CO2 capture, 
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H2 storage for fuel, gas purification, etc. As it was mentioned before, MOFs present 

exceptional properties which make them highly attractive for the applications 

described above. For instance, a great number of publications every year are 

devoted to topics related to gas adsorption/storage in MOFs.  

1.3.1.1. H2 storage 

Hydrogen is a leading candidate to substitute the traditional carbon-based 

fuels (mainly carbon and petroleum-derivatives) in the near future, thanks to its 

potential abundance and renewability, high combustion heat (almost triplicate heat 

of combustion of gasoline, in the case of hydrogen 83) and most important, the 

formation of non-hazardous combustion products (mostly water).84 However, this 

gas presents a high complexity of storage. Different storage technologies are being 

investigated such as metal hydrides, cryogenic storage and high-pressure storage. 

Unfortunately, most of them do not present economic and practical advantages 

compared to fossil fuels energy source.85. MOFs are strong candidates to minimize 

these drawbacks and allow to store large amount of H2. It has been demonstrated 

that MOFs formed with open metal sites (preferably M(II) and M(III)) that polarize 

the molecules in the structure are potential candidates for H2 storage.86 

Hydrogen storage in MOFs is based on weak interactions between the surface and 

the H2 molecules. This ensures the reversibility of the process and leads to fast 

kinetics, and manageable heat during hydrogen fueling.87 Rosi et al. reported for the 

first time in 2003 the isostructural M-MOF-74 series (M=Mg, Mn, Fe, Co, Ni, Cu, Zn) 

presenting a promising H2 storage capacity. Ni-MOF-74 showed a volumetric 

capacity of 12.1 g/L at 25 ºC and 22.3 g/L at -75 ºC, both at 100 bars.88 

Subsequently, several MOFs have been tested for hydrogen uptake capacity.89 

1.3.1.2. CH4 separation and storage 

Apart from hydrogen, natural gas, whose main component is methane is 

another energy source with the potential to replace fossil fuels due to its natural 

abundance.90,91 Among all fossil fuels, methane has the highest hydrogen to carbon 

ratio, and by consequence, the higher research octane number (RON=107), and 

combustion of methane produces the smallest amount of CO2 for each unit of heat 
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that is released. 92,93 However, methane is a gaseous molecule at ambient 

temperature and pressure, and the volumetric energy density is rather low (0.04 

MJ/L). which exerts constraints on its applications in various possible fields, 

particularly on-board applications.94 Therefore, for large scale usage, it is necessary 

the development of safe and efficient technology to obtain a competitive volumetric 

energy density.92 Adsorbed natural gas on porous structures presents a safer and 

costly advantage technique to compressed natural gas storage (CNG). 

Metal-organic frameworks (MOFs) have been widely studied for methane 

adsorption and storage finding important factors controlling the processes in these 

materials such as Van der Waals and electrostatic interactions, and structural 

flexibility.91 One of the first results reported for high-pressure methane adsorption in 

MOFs ([Co2(4,4’-bipyridine)3(NO3)4]) was described for Kitagawa et al. in 1997.95 

Several groups of MOFs have been described in the literature for methane 

adsorption, pillar-layered MOFs (M2(dicarboxylate)2(dabco)) have shown very 

promising results.96–99 

Open unsaturated metal sites MOFs such as MOF-74 series offer a primary 

binding site to guest molecules showing a promising methane adsorption capacity. 

Wu et al. compared the methane adsorption properties of the MMOF-74 series (M 

= Mg, Mn, Co, Ni, Zn). Their excess adsorption capacities of methane at 298 K and 

35 bar range from 149 to 190 cm3 (STP) g-1, NiMOF-74 exhibiting the highest 

one.100,101 

1.3.1.3. CO2 adsorption 

Global warming is one of the most alarming problems nowadays. Recently, 

A big effort has been done to reduce greenhouse gas emissions to the atmosphere 

(mainly CO2 coming from fossil fuel power plants), and their conversion into value-

added products. CO2 capture at an industrial level is a direct technology that is 

based on the chemical absorption of CO2.102 However, CO2 adsorption in porous 

materials is gaining attention in different applications.103 Considering the extremely 

high surface area and the physicochemical surface properties, MOFs have been 

considered as potential materials for CO2 capture. Porous shape and size in MOFs 

can be easily controlled by the use of different ligands. This is an essential 
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requirement in order to have a preferential selectivity of CO2 over other similar 

molecules (H2, N2 and CH4).104 One of the first studies reported that adsorption of 

CO2 in MOFs is enhanced by the presence of unsaturated metal sites working as 

Lewis acid sites. For instance, these authors reported the highest capacity (27.5 

wt.%) ever reported under standard conditions (298 K and 1 bar) for CO2 adsorbed 

in Mg-MOF-74.105 Over the time, the affinity of CO2 to the surface of MOFs has been 

increased by introducing ligands with basic Lewis functional groups such as amines, 

imines, etc. Table 1.1 summarizes MOFs with high CO2 capture capacity under 

standard conditions. 

Table 1.1. Representative MOFs CO2 capacity under standard conditions (adapted 
from K Sumida et al). 106 

 

1.3.1.4. N2 and O2 separation 

Oxygen is an essential gas for an infinity number of processes in humans 

and any life form, from blood purification to photosynthesis, just to mention some. 

However, oxygen has taken importance lately for a high number of industrial 

processes which are demanding more of this gas every year, for instance, in the 

oxyfuel combustion process and oxygen-blow gasification to convert coal into an 
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intermediate synthesis gas that can be processed to obtain electricity, chemicals 

and fuels.107,108 Although O2 is plenty available in the atmosphere, it is one of the 

gases with most marketed high prices, associated mainly to the cost of its separation 

and purification. Different techniques have been developed to obtaining this 

valuable molecule at a commercial scale. These techniques can be summarized 

following two approaches for air separation, cryogenic and non-cryogenic 

separation. Obtaining oxygen under cryogenic distillation conditions is typically 

reserved for applications that require a high quantity of oxygen at ultra-low 

temperature. The non-cryogenic separation involves the separation of oxygen at 

ambient temperature, mainly using molecular sieves. In this field, many porous 

materials have been studied to separate oxygen.109 

Selective gas adsorption based on the principle of molecular size-exclusion 

has been successfully studied with several MOFs. For instance, it was reported a 

high selectivity efficiency in PCN-13 MOF that contain square channels of 3.5 Å x 

3.5 Å and a pore volume of 0.3 cm3/g, allowing the oxygen molecules with a kinetic 

diameter of 3.45 Å to pass through the material and excluding N2 (kinetic diameter 

of 3.64 Å).110 Other MOFs such as Mg3(ndc)3 with an O2 uptake capacity of 3.5 

mmol/g (77 K and 880 torr)111 or PCN-17112 have been studied for this application.  

1.3.1.5. NO storage and release 

For a long time, nitric oxide (NO) was only perceived as a toxic gas produced 

from car exhausts. A big effort has been done to understand the chemistry of this 

molecule in order to reduce NO levels produced from internal combustion engines. 

Surprisingly, nitric oxide was called in 1992 the “molecule of the year” and 

subsequently in 1998 the scientists, F. Murad, R. Furchgott and L. Ignarro won the 

Nobel prize of Physiology for their significant discovery of the uses of NO in the 

human body, and in particular as a signalling molecule in the cardiovascular 

system.113 This small molecule has been the focus of different researches in 

chemical and medical science. It has been recognized as a versatile player in nearly 

every physiological system: cardiovascular,114 immune,115 central nervous 

system116 and outflow physiology.117 In the human body, NO in concentrations of 

nM and µM is produced intracellularly by the enzymatic action of the NO synthase 
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(NOS) from amino acid L-arginine.118,119 Due to the thereof mentioned biological 

significance and therapeutic potential of NO, a big achievement has been done on 

developing feasible systems for effective NO delivery. However, due to the 

limitations and restrictions that NO delivery has faced, nowadays only a few delivery 

systems have been approved on the market by the US Food and Drug 

Administration (FDA). These include nitroglycerine for the treatment of acute 

angina,120 nitroprusside for treatment of congestive heart failure,121 and VYZULTA 

(lantanoprostene bunod ophthalmic solution) to lower eye intraocular pressure in 

glaucoma patient.122 

Different NO-releasing platforms have been developed to administrate NO 

into the body. They can be summarized in non-catalytic, i.e. liposomes, micelles, 

dendrimers, particles, MOFs, hydrogels, etc., and catalytic such as NO donors ( 

nitrates, diazeniumdiaolates (NONOates) and S-nitrosotiols (RSNOs)).123 

Due to their exceptional physicochemical properties, MOFs have been 

studied as NO delivery platforms. For instance, Lowe et al. reported the NO release 

ability of Cu-TDPAT MOF, which contains 4,6-tris(3,5dicarboxylphenylamino)-1,3,5-

triazine (H6TDPAT) as a ligand.124 The NO adsorption process was achieved 

following two steps: first, NO was adsorbed in the pores and, later on, NO reacted 

with secondary amine groups of the TDPAT linkers to form NONOates. The 

maximum release of NO in Cu-TDPAT was about 175 µm/g (after seven days of 

release). Subsequently, another MOFs has been studied for this application such 

as iron (II)-based MOF, Fe2(dobco) (dobco=2,5-dioxido-1,4-benzenedicarboxylate) 

with a storage capacity of 6.5 mmol/g.125 

MOFs containing open metal sites are among the most widely studied for NO 

releasing. For instance, B. Xiao et al. reported a high adsorption capacity for NO (up 

to 9 mmol/g at 196 K) into HKUST-1. These exceptional numbers were attributed 

mainly to the presence of open metal sites in the walls of the structure.126 M-CPO-

27 (M= Ni or Co) have shown to present a high storage capacity for NO at room 

temperature, but even more important, to release almost 100 % of the NO adsorbed 

under 11 % humid air flow and the feasibility for scaling up the synthesis.127 
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1.3.1.6. Hydrocarbon adsorption 

Hydrocarbon separation is one of the most important chemical processes 

carried out in the petrochemical industry. Hydrocarbons are molecules made 

exclusively by hydrogen and carbon atoms, and they can be classified depending 

on their chemical structure as alkanes or paraffins, alkenes or olefins and aromatic 

hydrocarbons. Some of the most relevant hydrocarbon separation processes 

receiving great attention due to their essential role in petrochemical and chemical 

industries are those related to the separation of small molecules, i.e. hydrocarbon 

C1-C4, isomers of hexane and C8-aromatics (xylene isomers).128,129 Thereof 

mentioned applications play a crucial role in processes such as polymer synthesis, 

natural gas and petroleum purification, and oil-derived production processes. 

Cryogenic distillation and molecular sieves, such as zeolites, have been used for 

these applications. Unfortunately, both present disadvantage due to energy usage 

and cost. 130 

MOFs have a unique shape and size tuneability and exceptional structural 

characteristics which make these materials exceptional candidates for adsorption 

and separation of hydrocarbons. Methane is the simplest hydrocarbon, is the 

principal component of natural gas and a cleaner alternative fuel to gasoline. MOFs 

have been widely studied for methane storage in different conditions obtaining 

relevant results.129,131,132 

Research related to larger hydrocarbon separation, such as C2 or C3, have 

been greatly reported due to the importance of these molecules for an almost infinite 

number of applications. Ethane is a feedstock for ethylene plants while propane and 

butanes are feedstocks for chemical or petroleum refining processes.133 Separation 

of olefin/paraffins such as, ethane/ethylene has been studied with different MOFs 

as an alternative to the costly distillation processes which complexity lies in the 

similar molecular size and close volatility of the thereof mentioned molecules. One 

of the first MOFs applied for this separation was the Cu-BTC (Cu3(btc)2 or HKUST-

1) which showed preferential adsorption of ethylene over ethane. The adsorption 

preference was associated with the specific interactions between the double bond 

in ethylene and the partially charged copper atoms in the frameworks.134,135 



Introduction   

38 
 

Moreover, Cu-BTC has been studied for several separations of olefins/paraffins 

such as isobutane/isobutene136 or propane/propylene.137 

ZIFs present a great thermal and chemical stability, which makes this 

subgroup of MOFs potential candidates for hydrocarbon separation. For instance, 

Gascon et al. reported an excellent ethylene/ethane separation in ZIF-7 due to the 

associated breathing phenomena in this material upon adsorption.138 ZIF-8 and ZIF-

8 based membranes are some of the most popular materials for separation of 

aromatic and cyclic hydrocarbons such as xylene isomers, benzene or 

cyclohexane.139–141 

1.3.2. MOFs for drug delivery 

Nowadays, the need for more efficient drug administration systems to treat a 

large number of diseases has stimulated a great investment in research related to 

the design of novel drug delivery platforms. Non-optimal administration of drugs 

leads to physical side-effects and the rise of economical cost in patients. From the 

medical, economic and even environmental point of view, there is a clear necessity 

to developed more efficient drug delivery systems. In the last few years, an 

extensive number of systems have been developed as novel drug dosage systems, 

for instance, polymeric nanoparticles,142 lipid NPs,143 dendrimers,144 liposomes,145 

nanocrystals146 and carbon nanotubes147. Nevertheless, porous materials have 

attracted enormous attention in this application due to their physicochemical 

properties. Materials like activated carbon, zeolites or porous silicas have been 

studied for adsorption and release of drugs for cancer treatment,148 anti-

inflammatory agents149 or antibiotics,150 just to mention some. More recently, MOFs 

have also attracted attention as drug delivery systems. The presence of heavy 

metals may be considered a priori as the first limitation to apply these materials in 

biomedical applications. However, an enormous number of publications have been 

devoted to finding the appropriate combination of metal clusters and linkers in MOFs 

(named BioMOFs) to be stable, biocompatible and biodegradable for human drug 

dosage.151 

MOFs containing iron as metal have been widely used for drug delivery. 

Horcajada et al. synthesized Fe(II)-MOFs named as MIL-100 and MIL-101 (Material 
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Institut Lavoisier) with a well-defined mesoporous structure that are suitable for the 

adsorption of big pharmaceutical molecules.152 MIL-100 was found to have a total 

ibuprofen uptake up to 0.35 g/g whereas MIL-101 was able to uptake 1.4 g/g of 

ibuprofen. This difference was explained in terms of the ibuprofen molecular size (6 

Å x 10.3 Å) which is able to fit in both MIL-101 windows (pentagonal and hexagonal) 

but not into the smaller pentagonal window of MIL-100. One of the most outbreaking 

results obtained by the MIL family for ibuprofen dosage was related to the delivery 

process. Ibuprofen in MIL-100 was released mostly in 2 h, but the entire amount 

was released in the later three days. For MIL-101 the weakly bonded molecules 

were released in 8 h and the complete release was achieved after six days.152,153 

Extensive research in MOFs within the MIL family as drug dosage materials 

have found potential applications for highly challenging drugs, such as 

azidothymidine triphosphate (AZT-Tp), cidofovir (CVD), busulfan (Bu), and 

doxorubicin (Doxo).154 These drugs are important anticancer and antivirus drugs. 

Unfortunately, they have therapeutic drawbacks such as poor solubility and/or 

stability in the biological media, low bioavailability, short half-time and the limited 

ability to pass biological barriers.155 Surprisingly, MIL-100 (Fe) was able to 

successfully adsorb these molecules with encapsulation percentage up to 21.2% for 

AZT-Tp, 16.1% for CDV, 25.5% for Bu, and 9.1% for Doxo. Meanwhile, MIL-101 

(Fe) showed a higher loading capacity for AZT-Tp (42.0%) and CDV (41.9%). Most 

of the drugs were released within five days, mainly governed by diffusion 

processes.50,152,154 

Materials from the ZIF family have also been evaluated for loading several 

drugs such as anticancer molecules. ZIF-8 was evaluated for the adsorption of 

fluorouracil (5-Fu), which is an important anticancer agent used in injection form to 

treat colon cancer, oesophageal cancer, stomach cancer, just to mention some. ZIF-

8 has interesting properties such as high thermal and chemical stability, i.e., 

exceptional stability in water and alkaline media but poor stability in acid solution. 

Furthermore, ZIF-8 possesses pores of 11.6 Å and higher surface area of 1630 

m2/g.51,156 It was reported that around the 45.5 wt.% loading capacity of 5-Fu was 

achieved in ZIF-8 and the releasing process corresponds to a pH-responsive of the 
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drug in PBS media. Approximately 50% of the drug was released in about 10 h and 

the second stage of releasing remained for a week.157  

1.3.2.1. MOFs for drug delivery in ocular therapeutics 

In the last decades, optimal drugs dosage in ocular therapeutics has been a 

challenge for medical researchers. Due to the physical characteristics, the eye is a 

complex organ formed by several layers which have the function of isolating the 

internal part of the organ from the exterior. Several materials have been reported in 

the literature as novel ocular dosage platforms to improve the drug delivery 

performance. The necessity of these carriers is based on the disadvantages of 

conventional methods (i.e. eye drops) such as, rapid drainage of the drug from the 

eye due to the constant lacrimal secretion which leads in more probability of side 

effects for the patients. 

Colloidal dosage forms for ocular drug delivery are one of the most widely 

studied in the field of ocular drug delivery.158 These dosage forms include 

liposomes, nanoparticles, microemulsions, nanoemulsions, etc.159 Other forms of 

dosage used in ocular therapeutics are intraocular devices or external devices such 

as lacrimal duct inserts and drug-loaded contact lenses.160,161 Inorganic and 

organometallic porous materials have been studied as a potential drug delivery 

material in both colloidal and ocular devices.162–164  

In ocular therapeutics, metal-organic frameworks (MOFs) have been studied 

as drug dosage materials due to their structural properties and acceptable 

biocompatibility. Although, at the moment, the research related to these materials is 

limited due to the complexity of the eye. One of the first studies reporting the drug 

delivery in MOFs for ocular therapeutics has been published by Se-Na Kim et al. 

They reported the adsorption and release of brimonidine, an important alpha agonist 

drug used to treat open-angle glaucoma using iron-based MOFs MIL-88-NH2. The 

amount of drug adsorbed was 121.3 mg of brimonidine/g of MOF, and the release 

was performed up to 12 h. In vitro cytotoxicity tests of the MOF in epithelial cells 

showed a cell viability of almost 100% after 24h of contact with several numbers of 

concentration.165 ZIF-8 has also been studied as drug delivery material for the 

therapy of endophthalmitis. ZIF-8 was loaded with photosensitizer antibacterial 
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agents and in vitro and in vivo tests were performed to verify the biocompatibility 

and cytotoxicity of the materials.166 

1.3.2.2. Toxicity and biocompatibility of MOFs 

Toxicity, stability and biocompatibility are trending topics in research related 

to MOFs for drug delivery systems. As it was reported recently, a certain instability 

in MOFs is desired in order to help the body in the matrix degradation process after 

use, and by consequence to avoid the endogenous accumulation of the material in 

the body.155 Drug release efficiency is affected by the degradation of the matrix 

which promotes the diffusion of the drug from the matrix to the body.151 However, a 

certain level of stability in MOFs for medical application is also required to ensure 

the proper encapsulation of the molecule and the storage until it is released to the 

body. For instance, for anticancer drug carriers, the matrix is expected to preserve 

its structure until the moment it reaches the tumour tissue.  

Toxicity of MOFs for biomedical applications depends on different factors, 

such as the chemical composition of the linker, type of metal and particle size of the 

nanoparticles. Size of the material determines its cellular uptake, biodistribution, 

translocation and excretion from the body.167,168 

The toxicity of MOF for drug delivery applications is not well established at 

the moment. There are several publications related to toxicity (in vitro and in vivo 

analyses) of different MOFs with a large number of linkers and metallic centres. 

Those MOFs with iron in the structure are some of the most well described in the 

literature. Tamames-Tabar et al. reported an extended research of the toxicity of 

fourteen MOFs with different metals compositions (Fe, Zn and Zr; carboxylates and 

imidazolates) on two different cell lines (human epithelial cells foetal cervical 

carcinoma and murine macrophage cell line). Low toxicity was observed for both 

cell lines, being the least toxic those composed by Fe-carboxylate (MIL family) and 

the more toxic the imidazole based family of ZIFs.169 Recent in-vivo acute toxicity 

for Fe-based carboxylate MOFs was investigated in rats by evaluating their 

distribution, metabolism and excretion. The tests have evidenced that the MOFs 

nanoparticles are rapidly sequenced by the liver and spleen, then further 

biodegraded and directly eliminated in urine or faeces without metabolization and 
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substantial toxicity.167 Even that, there is not a general toxicity process established 

for MOFs in human bodies. Different research studies have shown that MOFs are 

potential materials as drug dosage agents and the most feasible way to understand 

the toxicity, stability and biodegradability of the material is to study each individual 

case. 

1.4. Computational modelling and simulation of adsorption in 
MOFs 

Metal-organic framework (MOFs) have appeared at a time where a wide 

number of tools can be conducted to characterize and to understand these complex 

group of porous materials. Due to the almost infinite number of possible 

combinations of ligands and metals to construct MOFs, computational modelling 

and simulation have been powerful tools not only to characterize and understand 

MOFs behaviour; but the most important, to predict possible potential applications 

with a low economic and time-consuming impact. Computational modelling and 

simulation are helpful tools to predict adsorption behaviour for several numbers of 

MOFs and to shortlist materials for experimental synthesis and testing. 

To simulate the gas adsorption in a given MOF, its crystal structure must be 

understood. Several molecular models and methods have been developed to 

elucidate the crystal structure of MOFs. Ab initio calculations can be seen as a 

mathematical description of the potential energy in the MOF structure and its 

adsorbed gas molecule. Even when ab initio quantum chemical calculations are 

accurate, they require significant computational resources to be solved. On the other 

hand, classical force fields models, where interatomic potential parameters are fit 

by experimental data or ab initio calculations, are computationally more efficient but 

often less accurate.170 

The molecular simulation models most often used for gas adsorption in MOFs 

are the Monte Carlo and the molecular dynamics. The Markov chain Monte Carlo 

(MC) method enables efficient sampling of a probability distribution defined on a 

high-dimensional sample space when a function proportional to the probability 



  Chapter 1 

43 
 

density is known.171 This helps to obtain the probability of each possible microstate 

of a molecular system composed of a MOF and gas molecules and computing 

different random variables of interest.172 On the other hand, molecular dynamics 

simulates a system comprised of atoms and molecules by propagating Newton’s 

equations of motion on time. In the same way of MC, in MD the user may obtain 

time average of different variables, and, hence, thermophysical properties of the 

model system.173 

1.5. Flexibility in MOFs 

MOFs are becoming one of the most rapidly developing fields in chemistry 

and materials sciences not only for their structural versatility174 but also for their 

exploitable applications thereof mentioned. Their crystalline nature, high and 

permanent porosity, uniform pore size, extraordinary surface area, tunable surface 

properties, and potential scalability have made MOFs an attractive target for further 

studies.175 One of the most studied properties in MOFs is related to the structural 

reaction to an external stimulus such as gas pressure, temperature of light.176,177 

Some MOFs possess a unique phenomenon called flexibility as a consequence of 

the interactions and stimuli of molecules on the MOFs structure. For instance, the 

first evidence of this property in MOFs was observed when N2 isotherm at 77 K was 

performed to determinate the specific surface area. The framework flexibility was 

associated with drastic changes in the uptake capacity at certain pressures in the 

adsorption-desorption curve.178 In order to classify MOFs depending on this new 

property, MOFs have been grouped as rigid MOFs and flexible MOFs or soft porous 

crystals179. Although flexibility in MOFs is commonly associated as the result of a 

frameworks external stimulus, it is important to mention that this phenomenon may 

also be caused by the intrinsic composition of the framework.  

Intra-framework motives for flexibility in MOFs are related to the structural 

composition, including the metal ion/cluster and the organic linker. The metallic 

clusters know as secondary building units (SBU) or molecular building blocks 

(MBBs) in MOFs are responsible for the movement of the framework. For instance, 

Férey et al. were one of the first to establish a group of empirical rules for the intra-
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framework flexibility, such as, MBBs should have a mirror plane with the linker 

(mostly carboxylates linkers) in a symmetrical position around it; these rules were 

observed in MIL-88 (Fe, Cr).180,181 Another rule was associated with the number of 

carbon atoms of the carboxylates around the cluster (C) and the number of metal 

atoms within the cluster (M) must be C/M ≥ 2. These two rules were observed to be 

valid for several flexible MOFs, for instance, [Zn2(bdc)2(dabco)]n 182 and the 

previously mentioned MIL-88 (Fe, Cr).181 Another approach proposed is related to 

the utilization of some SBU that induce flexibility to the structure.180 This approach 

has been approved in the prismatic SBUs (M3O(COO)6(H2O)2∙X, M=Cr, Fe, Al; X = 

F-, OH-) of MIL-88 family, that experience a change in the orientation of the metal 

trimer and the phenyl rings due to their rotation around O-O axis of the carboxylate 

groups.181 Similar observations were found in the isostructural DUT-8 (Zn, Co, Ni, 

CU) (DUT = Dresden University of Technology).183,184 

The influence of different functional groups in the linker can promote the 

expansion/contraction in MOFs.180,185,186 As it was proposed by Férey et al., ditopic 

carboxylate ligands linked to two metal cluster or SBUs are likely for the design of 

flexible MOFs.180 Rotation of linkers phenomena has been well described in the ZIF 

family, especially in ZIF-8 [Zn(mIm)2]n (mIm 0 2-methylimidazole, ZIF = Zeolitic 

Imidazolate Framework).187–189 

The external stimuli or the initiator of the flexibility was found to have a great 

impact on the structural change of the framework, such as phase change or change 

in unit cell parameters. One of the first reported stimuli in flexible MOFs was that 

resulted from the removal or incorporation of framework guest molecules, causing 

a framework expansion/contraction or breathing phenomena (Figure 1.6A) which 

subsequently allows a variety of guest exchange.176,190 This can lead to different 

types of MOFs, such as Pillared MOFs or interpenetrated grids.191,192 External 

pressure is another thermodynamic parameter that is closely related to MOFs 

flexibility.193,194 The effect of the pressure on these porous crystalline materials are 

directly related to its mechanical stability. Several numbers of researches on MOFs 

flexibility as a function of pressure are reported in the literature.  
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Figure 1.6. Classification of different flexibility modes on MOFs caused by external 
stimuli.185 

The swelling mode (Figure 1.6B) in MOFs is characterized by gradual 

enlargement of the unit cell volume without a change in the unit cell shape and 

typically without a change in the space group. One of the most representative MOFs 

of this mode is the MIL-88 which cell volume is highly is strongly dependant of the 

guest molecule as it was shown with the adsorption of different alcohols.181 On the 

other hand, linker rotation (Figure 1.6C) is defined as a continuous transition where 

the spatial alignment of a linker is changed by turning around a rotational axis. A 

simple prototype of this flexibility mode is ZIF-8. 187 

Figure 1.6D shows the scheme of the Subnetwork displacement that is a 

phenomenon restricted to systems having individual frameworks, which are not 

connected to each other by strong chemical bonds but interact only by rather weak 

forces (van der Waals interactions), and thus the subnets can drift, relocate, or shift 

in regard to each other. This includes interpenetrated three-dimensional (3D) 

frameworks, as well as interdigitated and stacked two dimensional (2D) 

frameworks.195–198 
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Figure 1.7. Schematic overview of the stimuli and composition in flexible MOFs,  
in situ analysis methods to determine flexibility and possible future applications.185 

Finally, thermal and photo induction are the responsible of some MOFs 

structural changes (reversible or irreversible phase transitions).199 For instance, the 

heating at 573 K of MIL-53-as caused the dynamic movement to the phase MIL-53-

ht. 200,201 In the case of the photo induction in MOFs, Modrow et al. reported the 

three-dimensional framework [Zn2(2,6-ndc)2(azo-bipy)] (azo-bipy = 3-azo-phenyl-

4,40-bipyridine) where azobenzene molecules change their conformation from 

trans- to cis- after being exposed to light (λ= 365 nm).202 As it is shown in Figure 
1.7, there is an ensemble of all the parameters affecting the flexibility in MOFs, their 

physicochemical characterization techniques and their potential applications. 

1.6. MOFs-polymer based composites 

The commercialization of MOFs has been limited by their crystalline or 

microcrystalline form, which limit their incorporation into many applications. A big 

effort has big done to incorporate and create a synergy of different matrices with 

MOFs. For instance, composites containing MOFs and polymers have been 

developed in order to combine the excellent properties of MOFs and easy to handle 
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of polymers, thus widening the applicability of MOFs. Different approaches have 

been used to develop elegant methods to synthesize MOF-polymer hybrid 

materials. Top-down approaches are performed when MOFs are initially 

synthesized and subsequently incorporated into polymeric materials, contrarily to 

what it is done in the bottom-up approaches, where hybrid materials are synthesized 

in conjunction with MOFs formation.203 

As it is summarized in Figure 1.8, different approaches for MOF-polymer 

hybrid materials have been explored by research groups through the synthesis of 

mixed matrix membranes (MMMs), polymer grafted from MOF particles, polymers 

grafted through MOFs, polymers templating MOFs growth and MOFs synthesis 

using polymer ligands.  

 

Figure 1.8. Overview of MOF-polymer hybrid materials synthesis approaches.203 

Mixed-matrix membranes (MMMs) consist in the incorporation of rigid 

materials into flexible, polymeric form.204,205 The goal of this method is to create a 

hybrid material that combines the flexibility of the polymer while the properties of the 

porous filler remain active.204,206 Efforts to synthesize MOF-based MMS have been 

done toward the potential application of MOFs in gas or liquid separation. It has 

been shown that the selectivity and the permeability are inversely correlated in 
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polymer-based membranes, it is important to select the appropriate polymer for 

each MOF, in order to maximize the permeability and selectivity of the desired 

molecule and in consequence to avoid nonideal MOF-based MMMs (Figure 
1.9).207,208 For example, more rubbery polymers, such as polydimethylsiloxane 

(PDMS) promotes higher permeability, whereas glassy polymers, such as 

polysulfone (PSF), polyimide (PI), and poly(methyl methacrylate (PMMA) tend to 

display better selectivity.209 

 

Figure 1.9. Examples of ideal and nonideal MOF-bases MMMs209. 

The most widely used methods to synthesize MOF-based MMMs are the 

simple solution, dispersion and casting methods.210–212 For example, Urban et al. 

used UiO-66-NH2 and PSF to obtain MMMs (50 wt.% MOF) with a remarkable 

selectivity for CO2 compared to CH4 and N2.213 It was reported the differences 

between MIL-53(Al) and MIL-53(Al)-NH2 PVDF-based membranes by monitoring 

their selectivity toward gas combination of He/CH4 and CO2/CH4 which was 

preferential to He over CH4 and CO2 over CH4 in MIL-53(Al)-NH2 based 

composite.214 In the last decade there is a high number of publications for MOF-

based MMMs, such as PVDF/(UiO-66, UiO-66-NH2, MIL-53, MIL-101, HKUST-1 

and ZIF-8) obtaining a potential application for several separations of gas.212 
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1.7. General objectives of the thesis project 

Taking into consideration the general contextualization described through in 

chapter 1, this Doctoral Thesis is devoted to exploring the adsorption phenomena 

in several metal-organic frameworks (MOFs) starting from small gas molecules such 

as CO2, O2 or CH4 and continuing with the study of more complex ones such as 

brimonidine tartrate and finally, the effect of the incorporation of MOFs nanoparticles 

into composite materials. The research includes the study of the external 

parameters affecting the adsorption process, but also the intraframework 

characteristics taking place during the uptake process. 

With the aim to open the gate towards novel applications of this new group 

of crystalline porous materials (for instance in research fields such as biomedical 

applications or gas separation), we develop a synergy between experimental 

techniques and molecular simulations to elucidate and understand the gas and 

liquid adsorption phenomena in different MOFs. Based on this, the main objectives 

proposed for each chapter can be summarized as follow: 

2. The flexibility in ZIF-4 is new phenomena not complete explored and 

understood. Based on this, Chapter 3 aims to ascertain the nature of these 

structural changes in ZIF-4 upon gas adsorption by combining synchrotron X-

ray diffraction and inelastic neutron scattering studies under operando 

conditions, and molecular simulation studies. 

3. Chapter 4 is aimed to describe and understand the adsorption phenomena of 

different molecules such as nitrogen and oxygen in mixed linker ZIF-62 and 

their structural modifications as a result of guest stimuli. Besides, using 

molecular simulation, we elucidate the porous accessibility to the cavities of this 

mixed-linker ZIF.  

4. Taking into account the excellent characteristics of ZIFs and the associated 

structural changes, the main goal chapter 5 is the evaluation of the performance 

of two flexible ZIFs, i.e. ZIF-7 and ZIF-4, in the adsorption/delivery of NO under 

different experimental conditions. The amount of NO adsorbed and the delivery 
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characteristics under different temperature and dosing conditions will be 

thoroughly evaluated. 

5. The main goal of chapter 6 is the evaluation of several MOFs in the adsorption 

and release of brimonidine for glaucoma treatment, the evaluation of their 

structural stability in the charging/discharging media and, last but not least, the 

evaluation of the cytotoxicity of the different components (bulk MOF, linker and 

metallic precursors) in retinal photoreceptor culture cells (661W). 

6. Chapter 7 main goal is to describe an optimal synthesis of functional MOF-

based polyurethane thin films and to evaluate the performance of these UiO-

67@PU nanocomposites for brimonidine adsorption/release in liquid phase. 

The successful development of these functional materials (MOF@polymer) will 

open the gate towards the application of these devices in a number of ocular 

disorders that require a controlled and prolonged release of drugs, from 

glaucoma treatment to post-surgical treatments by anti-inflammatory drugs. 
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Chapter 2 describes the methodology and 

research approach developed in this PhD Thesis, and 

the different experimental techniques used along with 

the research project. The fundamental principles of 

each technique, instrumentation and a general 

description of potential analysis to be applied in the 

characterization of MOFs are presented in this 

Chapter.  

Experimental Methods and 

Techniques Description 
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2.1. Methodology and research approach 

Physicochemical characterization of porous materials is a fundamental step 

in the understanding of their properties in any given application. Among the different 

properties, textural details such as specific surface area, pore volume or surface 

chemistry are highly important to define their final performance. These properties 

are usually defined by the nature of the raw material and the synthesis approach 

used. 

The techniques most widely applied in the characterization of MOFs for 

adsorption purposes are X-ray diffraction, scanning electron microscopy, X-ray 

photoelectron spectroscopy and Nitrogen adsorption isotherms at 77 K, among 

others. In the present chapter, a general overview of the main techniques applied in 

the characterization of MOFs (preferentially those applied in this PhD thesis) is 

described.  

2.2. MOFs synthesis 

The synthesis of the different MOFs reported in the present PhD thesis was 

performed using the solvothermal method. As it is shown in Figure 2.1, the 

solvothermal reaction is performed in an autoclave system, made of Teflon, where 

the mixture of metal salts and linker is transferred. The liner is placed in a metallic 

autoclaved tightly closed. Generally, once the reaction is completed, the crystals are 

filtered and washed several times with an appropriate solvent. Finally, an activation 

procedure is performed to remove the solvent and leave empty cavities. The specific 

conditions applied for the MOFs synthesized in this PhD thesis are detailed in each 

individual chapter.  

 

Figure 2.1. Schematic procedure for a MOF synthesis and activation. 
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2.3. Characterization techniques 

2.3.1. X-ray diffraction applied in the characterization of MOFs 

X-ray diffraction is a technique based on the diffraction at specific angle of 

periodic and long-range monochromatic X-ray radiation (generated in an X-ray tube) 

onto a solid crystalline sample. The X-ray radiation is diffracted according to 

equation 1 and recorded by a detector and finally condensed as an X-ray diffraction 

pattern, as it is show in Figure 2.2(a).1,2 

2𝑑𝑑 sin𝜃𝜃 = 𝑛𝑛𝑛𝑛                                                     (1) 

where d is the distance between two layers of diffracting atoms (Figure 
2.2(b)), θ is the incident angle of the X-ray beam, n is an integer and λ is the 

wavelength of the X-ray source. 

PXRD is a powerful technique to detect crystallographic phases in a sample 

and, it is essential to evaluate structural changes taking place in a crystallographic 

system upon an external stimulus. As a result of the exponential development of 

new metal-organic structures, the necessity of powerful technics to characterize 

these complex structures is increasing. MOFs are generally crystalline structures 

that can be determined using X-ray diffraction. However, although this technique is 

widely used in MOFs characterization, it is important to mention that the structure 

solution of highly porous materials is not always a straightforward process, i.e. some 

consideration must be taken to prevent trivial structural elucidation such as, include 

the presence of occupied pores, disordered solvent molecules or difficulties 

associated with the growing of quality crystals for diffraction.3 

Collected experimental PXRD data are usually compared to a calculated 

diffraction pattern obtained from a theoretical modelled structure in order to evaluate 

the purity of the sample. A wide number of published crystals structures 

(crystallographic information file or CIF format) can be obtained from the Cambridge 

crystallographic data centre (CCDC).  
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Figure 2.2. (a) Scheme of PXRD technique geometry and (b) scheme of depicting 
Bragg’s law. 

If the crystallinity of the MOF obtained is high, and the initial modelled 

structure is available, the structure of the framework can be refined by the Rietveld 

method.4 However, if the PXRD sensitivity is not enough to perform a structural 

elucidation, other techniques such as synchrotron X-ray diffraction are still available 

to this end.  

2.3.2. MOFs stability 

MOs stability upon gas and liquid adsorption can be directly assessed using 

PXRD. Depending on the MOF selected, and the adsorbate used, a reaction may 

occur as a result of the host-guest interactions, especially at the nodes of the MOF 

crystals. This kind of interactions may lead to a partial or complete collapse of the 

framework. The collapse is associated with a loss of the periodicity and, therefore, 

crystallinity, which may be reflected in the PXRD pattern, i.e. a decrease in the 

intensity or complete disappearance of the diffraction peaks associated with the 

MOF framework. This feature has been widely reported to assess the stability of 

MOFs at ambient conditions. For instance, it has been shown that several MOFs 

adsorb water from the air, and this progressively causes a collapse of the structure 

or even the transition to a new intermediate crystalline phase. The approach can be 

extended not only to water but other vapour, liquid or gas adsorbates.5,6 It is 

important to mention that other techniques such as N2 isotherms at 77 K are 
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required to complement this analysis, and to quantify the percentage of collapse in 

these crystalline structures.  

2.3.4. Synchrotron light for MOFs characterization 

A synchrotron is a cyclic particle accelerator that produces radiation in a 

beam with continuum wavelengths. At the synchrotron, the electrons are first 

accelerated with a linear accelerator and further by the booster before being injected 

into the storage ring where the particles accelerated travels around a fixed closed-

loop, thus producing a white beam radiation that is directed to the beamlines (Figure 
2.3). The white radiation is generated when the accelerated electrons are bent to 

follow the ring, a process that is assisted by bending magnets. The bending magnets 

produce a strong electromagnetic field, and then the electron is bent off and 

electromagnetic radiation is released tangentially to the bending. The bending 

magnet produces a spray of unfocused electromagnetic waves, including X-rays. 

To conduct these electromagnetic waves, insertion devices must be placed between 

magnets in straight distances. Finally, the radiation must be directed through mirrors 

and windows filtering to discard uninteresting wavelengths and a monochromator 

which selects electromagnetic radiation with only one energy. The X-ray beam is 

directed to an experimental hutch where the X-ray passes through the reference 

detector, the samples and the final detector (which detects the adsorption of the 

sample). 

Synchrotron X-ray diffraction is a high sensitivity technique used in MOFs to 

elucidate their structure and their performance under non-ambient conditions (i.e. 

temperature and pressure). Non-ambient conditions allow to observe and elucidate 

the framework structural changes due to an external stimulus, i.e. after changing 

temperature or after the introduction of gas molecules. Structural elucidation of gas 

adsorption induced phase transition (MOFs flexibility) has been widely reported 

using synchrotron X-ray diffraction. 



Experimental methods and techniques description 
 

76 
 

 

Figure 2.3. Scheme of synchrotron light source facility (SOLEIL, France).7 

2.3.5. Inelastic neutron scattering 

Inelastic neutron scattering (INS) is a technique widely used in material 

sciences to elucidate the binding of hydrogen atoms in compounds due to its non-

invasive behaviour, i.e. they do not change the investigated sample since they do 

not deposit energy into it.  

 

Figure 2.4. Basic scheme of an inelastic neutron scattering experiment. 
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In the INS experiment, neutrons coming from a fission reactor (U-235 or Pu-

239) or spallation source generate a beam that passes through a monochromation 

process, collimation, scattering and an energy detection of the scattered neutrons. 

A crystal analyser (or the time-of-flight method) is required to resolve the energy 

transfer during the scattering process (Figure 2.4). 8,9 

The process of exchanging energy between the incident neutron beam and 

the sample produces a shift in energy/wavelength of the exiting neutrons relative to 

the incident ones. Since the neutron scattering wavelengths vary enormously with 

the atomic number and are independent of the momentum transfer (Q), detecting 

the energy shifts of the scattered neutrons much knowledge can be acquired related 

to the fundamental atomic and molecular motions taking place in materials. In order 

to have feasible results, it is essential to have fine energy resolutions, i.e. a good 

quality monochromatisation of neutron beam is required or an accurate time-off light 

stamping procedure of the produced neutrons in order to establish the 

wavelength/energy parameters of the experiment.8,9 

INS has been a powerful tool in the characterization of MOFs. A wide number 

of studies have been published in the literature elucidating structural changes and 

MOFs flexibility through the energy changes resulted from different hydrogen atoms 

forming the linkers or the metallic cluster.10 In the aim of use MOFS as materials for 

the future to H2 storage, INS has been a technique very useful to explain the 

adsorption process of hydrogen in these materials and the mechanism of diffusion 

and binging to the surface.11,12 

2.3.6. X-Ray Photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS) also known as electron 

spectroscopy for chemicals analysis (ESCA) is the most widely used electron 

spectroscopy technique for the determination of the elemental composition and/or 

speciation of the surface (1-10 nm) of any solid substrate. XPS spectrum is obtained 

when a sample is irradiated by monoenergetic soft X-ray beam and emits 

photoelectrons from the external surface. The emitted electrons are collected and 

detected by an electron spectrometer according to their kinetic energy. Generally, 

the analyser is operated as an energy window, i.e. accepting only those electrons 
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having an energy within the range of this fixed window. A scanning for different 

energies is obtained by applying a variable electrostatic field (Figure 2.5).13,14 

The kinetic energy of the emitted electrons is directly linked to the wavelength 

of the irradiation source and the binding energy of the electron, which itself depends 

on the chemical state of the element it originates from.5 The determination of surface 

composition in a solid porous material is a fundamental step in order to elucidate 

the possible routes of adsorption and the binding mechanism of molecules in the 

surface. XPS is a powerful tool because it is able to identify almost all the elements 

(H and He are not detectable due to their extremely low photoelectron cross-

sections and the fact that XPs is optimised to analyse core electrons).13 

 

 

Figure 2.5. Schematic representation of an XPS equipment.14 

XPS is a fundamental tool for the initial characterization of MOFs. It provides 

important information about the composition, the oxidation states of the elements 

and the ratio between them.15 But also it is an important tool to monitor any change 

in the chemistry of the structure of the MOF as result of adsorption of molecules and 

by consequence to elucidate its stability. 
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2.3.7. Scanning electron microscopy 

Scanning electron microscopy (SEM) is a high-resolution imaging technique 

based on the use of an electron beam on a sample to study the external morphology. 

In a typical SEM equipment, electrons are generated from a heated tungsten wire 

in an electron gun and accelerated down to the column in high vacuum conditions. 

Accelerated electrons (typically of 0-30 kV) in the beam produce a vast amount of 

kinetic energy which is transferred into signals after interacting with the sample. 

Condenser lens, apertures, and objective lens are used to manipulate the size and 

the focus of the electron beam. 

 

Figure 2.6. Diagram of a typical SEM experimental geometry. 

SEM images are produced by the detection of the electron backscattered and 

secondary electrons resulted from the inelastic interaction between the electron 

beam and the sample (Figure 2.6). 

SEM is commonly used to observe the morphology, and to evaluate the 

phase purity based on the morphology of MOF particles.16 

2.3.8. Thermogravimetric analysis 

Thermogravimetric analysis (TGA) monitor the weight change of a sample 

when it is heated up. The versatility of this analysis allows us to perform a variety of 
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experiments, including experiments in single or mixed gas streams, heating 

controlled rates, and analysis of gas species that evolve from the sample during the 

experiment. Further analysis of the outcoming gas streams may require additional 

instrumentation, such as mass spectrometer, gas chromatographer or a FTIR 

spectrometer. It is important to mention that the experiments are performed with a 

minimum amount of sample (around 10 mg or less), and different phenomena can 

be evaluated such as desorption/adsorption, phase transition, oxidative and thermal 

decomposition, oxidation reactions, and reduction reactions.5,17,18 

In MOFs the weight does not show significant changes until the structure 

starts to decompose generally due to the thermal decomposition of the organic 

linkers; thereof, the major weight losses in the low-temperature range are attributed 

to the liberation of any guest or entrapped molecules.19 For instance, TGA analysis 

is routinely carried out to optimize the sample activation conditions. The ratio of 

metal ion and organic linker can be proposed from TGA results, assuming that the 

chemical composition of the residue is known. 

2.3.9. Gas and liquid adsorption analysis 

As it was detailed in the introductory chapter, adsorption processes are 

usually described as a concentration of gas or liquid molecules (adsorbate) at the 

surface of a solid material (adsorbent). 

In general, gas adsorption analysis is a technique used to determine the 

porosity and the textural parameters of a target sample. Gas sorption analysis is 

generally a volumetric technique that relies on the adsorption of a probe gas (i.e. 

N2, Ar, CO2, etc.) on the external and internal surface of a solid material. The 

quantification of the amount of gas adsorbed in the material determined by the 

change of pressure at certain doses allows calculating parameters such as surface 

area, pore volume and pore size distribution.20 Different important aspects of the 

adsorption analysis will be detailed in the following sections. 
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2.3.9.1. Energy involved in adsorption processes 

During an adsorption phenomenon, adsorption interactions can be explained 

as a balance between intermolecular attractive and repulsive forces, which in a 

scenario of multicomponent adsorption a high complexity is added to the system 

since interactions adsorbent-adsorbate and adsorbent-adsorbent must be 

considered in the adsorption energy calculation. To avoid this scenario most of the 

attention is given to the adsorption of a single component at the adsorbent-

adsorbate interface 21.  

The forces involved in physisorption phenomena always include a wide range 

of dispersive forces (attractive in nature) and short-range repulsive forces. These 

forces do not depend on the nature of the adsorbent or adsorbate. As it was 

described by London in 1930 the attractive interactions can be described as the 

electrical moment induced by the rapid fluctuations in electron density in one atom 

surrounded by others. After using quantum-mechanical perturbation theory, London 

determined the expression of potential energy (eq. 2) of two isolated atoms 

separated by a distance (r) 22.  

                                                         𝜀𝜀𝐷𝐷(𝑟𝑟) = −𝐶𝐶
𝑟𝑟6�                                              (2) 

The repulsive interactions are often expressed as equation 3 and they are 

the result of interpenetration of electron clouds. 

                                                   𝜀𝜀𝑅𝑅(𝑟𝑟) = 𝐵𝐵
𝑟𝑟12�                                                   (3) 

Finally, the total potential energy can be represented as a relationship of the 

thereof mentioned forces (equation 4). 

                                                  𝜀𝜀(𝑟𝑟) = 𝐵𝐵
𝑟𝑟12� − −𝐶𝐶

𝑟𝑟6�                                      (4) 

2.3.9.2. Mathematical models for physisorption in gas phase processes. 

As it was mentioned above, the gas adsorption principles combine the 

theoretical kinetics and statistical mechanical concepts, and they were described by 
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scientist such as Brunauer, Emmett and Teller (1938), Dubinin (1966), and 

Langmuir (1918). 

As it is shown in Figure 2.7, the gas phase adsorption on the internal surface 

of a porous material is generally described by two models: monolayer adsorption, 

as the Langmuir model, and multilayer BET model. Langmuir model is the simplest 

one, and it assumes that only one layer of molecules is adsorbed on the surface 23. 

The second mentioned model is a multilayer adsorption model, that results from the 

Langmuir model after some modifications proposed by Brunauer et al. This model 

considers the effect of a second layer adsorbed as well as third and overlying layers 
24. A wide number of modifications of these models have been developed to 

describe more specific adsorption systems, but these two have been the most 

commonly used to analyse the adsorption phenomena in a porous material. 

 

Figure 2.7. Simplified diagram of adsorption mechanisms as proposed by the 
Langmuir model (left) and Brunauer, Emmett and Teller model (right). 

The equation developed by Langmuir describes the relationship between the 

molecules adsorbed as a monolayer on a solid surface at a given pressure and 

temperature. This relationship is resumed in equation 5 23. 

                                                     𝜃𝜃 = 𝑁𝑁
𝑁𝑁0

= 𝐾𝐾∙𝑝𝑝
1+𝐾𝐾∙𝑝𝑝

                                                (5) 

Where: 

θ is the fraction of occupied sites 

N is the number of filled sites per area 

N0 is the total number of surface sites per area 
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K is adsorption equilibrium constant 

P is the partial pressure of the adsorbate 

Brunauer, Emmett and Teller model (BET) was developed to determine the 

specific surface area of an adsorbent material. The quantification of specific surface 

area in porous materials represents a challenge due to the complexity of the surface 

of these materials combining pores with different shape and size. The model 

expands the monolayer proposed by the Langmuir model but adding the adsorption 

of second and subsequent layers. The model allows estimating the monolayer 

capacity and, by consequence, the specific surface area. Even that BET model was 

developed considering a flat surface; it is widely used for porous structures obtaining 

a good estimation of surface area. In the last few years, a different number of 

refinements in the BET model have been developed, but the basic BET model 

remains the most commonly used technique for estimation of the specific surface 

area. The BET model can be resumed as it is shown in equation 6 24,25  

𝑣𝑣
𝑣𝑣𝑚𝑚

=
𝑏𝑏∙�𝑝𝑝 𝑝𝑝𝑠𝑠� �

�1−𝑝𝑝 𝑝𝑝𝑠𝑠� ��1−𝑝𝑝 𝑝𝑝𝑠𝑠� +𝑏𝑏∙𝑝𝑝 𝑝𝑝𝑠𝑠� �
                                        (6) 

Where: 

Ps represents the saturation vapour pressure of the adsorbent 

P is the equilibrium pressure of the adsorbate 

V is the total volume adsorbed 

Vm is the volume of gas adsorbed when the surface is covered by a monolayer 

B represents a characteristic constant related to the heat released in the sorption 

process 

2.3.10. Classification of isotherms and pore shape 

N2 and Ar adsorption at cryogenic temperatures are the most widely applied 

probe molecules to estimate the accessible surface area (N2 at 77 K and Ar at 87 

K). The main reason to use these probe molecules is due to their inert and nontoxic 

properties, availability in any laboratory, and the possibility to easily maintain the 

required temperature by the use of liquid nitrogen or argon baths. 
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The profile of the isotherm is sensitive to the adsorbent material and the 

probe gas; thereof, the IUPAC recommended classifying the isotherm profiles into 

six types based on the analysis of a variety of gas/vapour adsorption isotherms.26 

  

Figure 2.8. IUPAC classification of physisorption isotherms.27 

As it is shown in Figure 2.8, the isotherm type I is characteristic of 

microporous materials exhibiting a high uptake step in the low-pressure region due 

to the strong interactions between adsorbent and adsorbate. Recently, it has been 

concluded that interactions in narrow micropores play an important role in the filling 

behaviour at a very low relative pressure (P/P0) diving the type I isotherm in two 

possible scenarios. Type I(a) isotherm is characteristic of microporous materials 

having mainly narrow micropores of width <~ 1 nm while isotherms type I(B) are 

found with materials having pore size distribution over a broader range including 

wider micropores and possibly narrow mesopores (<~ 2.5 nm).27 Type III and V 
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isotherms result when the gas uptake in the low-pressure range is rather low due to 

the weak host-guest interactions. When the material contains mesopores, higher 

pressures are required to promote capillary condensation in these pores, the 

isotherm obtained is similar to that in type IV, or V. in type IV(a) isotherm occurs 

when the pore width exceeds a certain critical width, which is dependent on the 

adsorption system and temperature.  With adsorbents having mesopores of smaller 

widths, completely reversible Type IV(b) isotherms are observed. Isotherm type II 

and III are also characterized by a gradual increase in the uptake near the saturation 

pressure due to the interparticle condensation. Finally, stepwise isotherm (type VI) 

are observed when layer by layer adsorption is observed in the porous material 

(when using, e.g. krypton as a probe molecule).20  

Nitrogen and Argon isotherms can provide information about the textural 

properties of porous materials, while other probe molecules are used to obtain 

information about the surface chemistry of the material. For instance, water 

adsorption isotherms can provide interesting information about the 

hydrophobicity/hydrophilicity associated with the surface chemistry. Isotherm type 

III and V are commonly observed in water adsorption as a result of materials with 

hydrophobic pores.28 

The presences of a hysteresis loop in adsorption-desorption isotherm 

commonly make reference to mesoporous materials, and it provides essential 

information about the arrange of the molecules in different zones of the pores, but 

also about the pore shape. Different loops shapes have been observed in MOFs N2 

isotherms at cryogenic conditions but most of them are produced as a consequence 

of a different phenomenon called structural flexibility. 

In MOFs, the use of gas adsorption analysis can provide valuable information 

about the porous structure (size, shape and type of pores), structural stability, the 

presence of structural alterations (flexibility) upon adsorption, and the strength of 

the adsorption process. 
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2.3.11. Liquid phase isotherms and mathematical models 

Adsorption in a liquid phase is a fundamental step in a high number of 

industrial processes. Generally, liquid-phase adsorption refers to the separation of 

dissolved molecules from liquid effluents due to their toxicity or to the necessity to 

obtain pure liquid streams. Mathematical models for liquid-phase adsorption provide 

the relationship between the mass of the adsorbed solute per mass of adsorbent 

and the concentration of the solute in the solution when the adsorption equilibrium 

has been reached. Different models have been developed to explain the 

phenomena involved in the adsorption of molecules in liquid phase into the surface 

of a solid porous material. Some of the most used ones are Langmuir model, 

Freundlich model and Pausnitz-Radke 29.  

The Langmuir model for liquid-phase adsorption is an extrapolation of the 

model developed for the gas phase. For instance, the liquid adsorption model 

considers as well that i) the adsorption occurs only in specific sites of the surface of 

the porous material; ii) only one molecule is adsorbed in one site; iii) the 

intermolecular interactions do not exist, iv) the molecules adsorbed forms a 

monolayer in the surface of the material and v) the heat of adsorption is equal for all 

surface sites. The model is represented by equation 7. 

𝑞𝑞 = 𝑞𝑞𝑚𝑚∙𝐾𝐾∙𝐶𝐶
1+𝐾𝐾∙𝐶𝐶

                                                       (7) 

where, C is the concentration of the solute in the final liquid solution in 

equilibrium (mg/L), q is the mass of the adsorbed solute per mass of adsorbent 

(mg/l), qm is the maximum adsorption capacity of the solute in the surface expressed 

as the mass of the solute per mass of adsorbent (mg/L), and K is the Langmuir 

constant related to the heat of adsorption (L/mg) 30. 

Freundlich isotherm model for liquid adsorption was developed by Herbert 

Freundlich in 1909 and it is an empirical relationship between the concentration of 

a solute on the surface of the adsorbent and the concentration of the solute in the 

solution after the equilibrium was reached. This model can be expressed 

mathematically as it is shown in equation 8 where, q is the adsorption capacity of 
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the adsorbent material (mg/g), k is the Freundlich constant that makes relation to 

the adsorption capacity (mg1-1/nL1/n/g) and n is the intensity of the adsorption 31. 

𝑞𝑞 = 𝐾𝐾 ∙ 𝐶𝐶1 𝑛𝑛�                                               (8) 

Finally, the Prausnitz-Radke isotherm model was developed to describe the 

multicomponent adsorption, and it is a mathematical interpretation can be resumed 

as it is shown in Equation 9 where a, b and β are constant, C is the concentration of 

the solute in the final solution and q is the maximum amount adsorbed in the surface 

of the material. If the constant β=1, then the model becomes the Langmuir model, 

but when the fragment bCβ is larger than 1, then the model becomes like the one 

described by Freundlich 32. 

                                                      𝑞𝑞 = 𝑎𝑎𝑎𝑎
1+𝑏𝑏𝐶𝐶𝛽𝛽

                                                   (9) 
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Structural changes in ZIFs upon gas adsorption remain a 

paradigm due to the sensitivity of the adsorption mechanism to the 

nature of the organic ligands and gas probe molecules. Synchrotron X-

ray diffraction under operando conditions clearly anticipates for the first 

time that ZIF-4 exhibits a structural reorientation from a narrow-pore 

(np) to a new expanded-pore (ep) structure upon N2 adsorption, while 

it does not for CO2 adsorption. The existence of an expanded-pore 

structure of ZIF-4 has also been predicted by molecular simulations. In 

simulations, the expanded structure was stabilized by entropy at high 

temperatures, and by strong adsorption of N2 at low temperatures. 

These results are in perfect agreement with manometric adsorption 

measurements for N2 at 77K that show the threshold pressure for the 

breathing at ∼30 kPa. Inelastic neutron scattering (INS) measurements 

show that CO2 is also able to promote structural changes but, in this 

specific case, only at cryogenic temperatures (5K) 

Structural Flexibility in Zeolitic 
Imidazolate Frameworks upon 

Gas Adsorption  
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3.1. Introduction 

Zeolitic-imidazolate frameworks (ZIFs) is a new subfamily of the metal-

organic frameworks (MOFs). These structures consist in metallic centers in a 

tetrahedral coordination (MN4) linked through imidazolate linkers, the final topology 

being rather similar to those observed in zeolites (for instance the M-Im-M bond 

resembles that in zeolites Si-O-Si, i.e. 145º).1–3 One of the most important 

characteristics of this group of materials is the presence of structural 

changes/transformations upon an external stimuli (for instance upon gas adsorption, 

a heat treatment or under high-pressure conditions). Interestingly, the nature of 

these phenomena highly depends on the kind of functionality present in the 

imidazolate linker (Figure 3.1). Indeed, the nature of the functional group defines 

the competition within the ZIF structure between strong non-bonding interactions 

(van der Waals and electrostatic), which favor the formation of highly dense 

structures (e.g. desolvated ZIF-7), and bonding interactions (mainly torsional and 

bending), that favors the formation of high symmetry, low-density crystal structure.  

For instance, in the specific case of the methyl-based imidazolate, the one 

present in ZIF-8, previous studies described in the literature have shown that this 

material exhibits a gate-opening phenomenon upon an external pressure or upon 

gas adsorption (above ~2 kPa in the specific case of N2).4,5 This gate-opening is 

associated with the swinging of the imidazolate linkers above a given threshold 

pressure, and depends on the nature of the probe molecule.6 On the contrary, a 

closely related ZIF with the same SOD topology, sharing the same metal atoms 

(Zn), the only difference being the nature of the ligand, i.e. benzimidazole in the 

specific case of ZIF-7, gives rise to a completely different scenario. Recent studies 

described in the literature have shown that upon gas adsorption there are 

associated phase-to-phase transitions, the threshold pressure for these changes 

being also sensitive to the nature of the adsorptive molecule. Experimental results 

and mathematical modelling clearly anticipate a breathing effect from a narrow-pore 

highly dense structure, phase I, to a large-pore low-density framework, phase II.7,8 
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Figure 3.1. Scheme of molecular structure of the organic linker and 3D structure 
of some ZIFs with structural flexibility.3 

As described above, the core structure of these fascinating ZIFs is a network 

of Zn metallic centers tetrahedrally coordinated through substituted imidazolate 

linkers. The most basic of these structures, i.e. the one constituted by un-substituted 

imidazolate linker, corresponds to ZIF-4. This ZIF has an orthorhombic space group 

with cag network topology of the mineral variscite and pore size windows of 0.21 nm 

in diameter.9 Recent studies have shown that despite the small pore window 

predicted theoretically, ZIF-4 is indeed able to adsorb N2 and even small 

hydrocarbons.9,10 N2 adsorption measurements described by Bennett et al. 

anticipate structural changes upon N2 adsorption, although the reason behind these 

phenomena have never been evaluated. Despite the importance of this specific ZIF 

to get a better understanding of this sub-class of materials and their associated 

structural transformation, the number of studies reported in the literature is rather 

scarce.2,9–12 

With this in mind, the aim of this study is to ascertain the nature of these 

structural changes in ZIF-4 upon gas adsorption by combining synchrotron X-ray 

diffraction and inelastic neutron scattering studies under operando conditions, and 

molecular simulation studies.  
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3.2. Experimental section 

3.2.1. Synthesis of ZIF-4 

ZIF-4 crystal were synthesized following the recipe described by Yaghi et al. 

with some modifications.2 In an initial step, a solid mixture of 0.4 g Zn(NO3)·4H2O 

and 0.3 g imidazole was prepared in a 100 ml beaker. Afterwards, 30 ml of N,N-

dimethylformamide were added drop wise and the solution was ultrasonicated for 

30 min. After ultrasonication, the beaker containing the solution was sealed with 

silicon stopper and heated to 403 K (heating ramp 5 K/min) for 48h. Since the control 

of the temperature is crucial to get high-quality crystals, sand-bad was used to 

control the temperature. Once the thermal treatment is done, the mixture must be 

cooled down to room temperature very slowly and left for additional 96h at 268 K in 

the fridge. These crystals must be washed with 30 ml DMF (x2) and methanol (x2). 

Finally, the crystals are dried at 323 K for 1h. At this point it is important to highlight 

the necessity of the step at 268 K for 96h to allow time for the growth of micron-size 

ZIF-4 crystals. If this step is not performed properly, a white powder is obtained with 

mixtures of nano-crystalline ZIF-4 and an “unknown” phase. 

3.2.2. Characterization of the synthesized ZIF-4 

3.2.2.1. Nitrogen and carbon dioxide isotherms 

Synthesized ZIF-4 crystals have been evaluated using a number of 

techniques. Textural properties have been evaluated using N2 

adsorption/desorption measurements at cryogenic temperatures. Before the 

adsorption experiment, ZIF-4 crystals were outgassed at 413 K for 48h under high 

vacuum (10-7 kPa). Nitrogen adsorption measurements at 77 K were performed in 

a home-made high-resolution manometric equipment designed and constructed by 

the LMA group. CO2 adsorption/desorption isotherms were performed at 273 K and 

298 K using the same equipment and under the same experimental conditions.  
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3.2.2.2. Scanning electron microscopy 

Scanning electron microscopy images of as synthesized ZIF-4 were 

performed using a JEOL JSM-840 microscope.  

3.2.2.3. Synchrotron X-ray powder diffraction 

Synchrotron X-ray powder diffraction data (SXRPD) were collected on the 

powder-diffraction end station of the MSPD beamline at synchrotron ALBA in Spain, 

using a MYTHEN detector and a wavelength of 0.4427 Å. The experiments were 

performed in an ad hoc capillary reaction cell (fused silica capillary, inner diameter 

0.7 mm, outer diameter 0.85 mm). Before the experiment the ZIF-4 samples were 

placed inside the capillary connected on-line to a gas-handling and a vacuum line. 

An Oxford Cryostream 700 was used to control the temperature of the sample. In-

situ SXRPD measurements were performed at 298 K and 80 K and varying 

pressures (vacuum up to 1 bar).  

3.2.2.4. Inelastic neutron scattering 

Inelastic neutron scattering (INS) measurements were performed at the 

VISION beamline (BL-16B) of the Spallation Neutron Source (SNS), Oak Ridge 

National Laboratory (ORNL), USA. About 200 mg of ZIF-4 was loaded in an Al 

sample holder connected to a gas handling system. The blank sample was first 

evacuated for 48h at 413 K and subsequently cooled down to 5 K. Once at this 

temperature, the INS spectrum was collected for several hours (the background for 

the instrument and sample holder is negligible in this case since the hydrogenous 

sample scatters neutrons very strongly). After the background measurement, the 

ZIF-4 was loaded with N2 at 80 K up to 103 kPa for a few hours. The dosed sample 

was cooled down to 5 K and the INS was re-measured for several hours. A similar 

experiment was performed after dosing CO2 at 298 K up to 103 kPa, followed by 

cooling down to 5 K. 

3.2.3. Molecular Simulations of ZIF-4 phase transitions 

Molecular Dynamics simulations were performed with the forcefield based on 

the forcefield developed by Zhang et al.13 These authors modified Amber forcefield 
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to simulate N2-induced transition in ZIF-8.13 The forcefield has been recently 

adopted by some of us to simulate the temperature-induced transition in ZIF-7.14 

The major modification was to use the QEq charge equilibration scheme15 to 

calculate partial atomic charges. The parameters are listed in Tables 3.1-3.5. With 

this modification the forcefield predicts reliable structural properties of ZIF-8. In 

particular, it predicts anisotropic mechanical properties of ZIF-8 in reasonable 

agreement with experimental measurements.16 

Table 3.1. Lennard-Jones parameters and partial charges for ZIF-4 simulations 
 U, kcal/mol R0= 2^(1/6) σ, A q, e a 

C_R 0.0567 3.8512 0.207 
C_R1 0.0567 3.8512 0.010 

H1 0.0238 2.8859 0.119 
H2 0.0238 2.8859 0.098 

N_R 0.0373 3.6604 -0.303 
Zn 0.067 2.7635 0.128 

         a Average charges. Charges were calculated using the QEq procedure15 for the reported ZIF-4(HT) structure11 
and were kept constant during subsequent calculations. 

Table 3.2. Bond stretch parameters for ZIF-4 simulations 
 R0, A K0, kcal/mol/A2 

C_R1 – C_R1 1.346 1036 
C_R - H1 0.929 734 

C_R1 – H2 0.929 734 
N_R – C_R 1.339 976 

N_R – C_R1 1.371 820 
Zn – N_R 1.987 172 

𝑈𝑈𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠ℎ =  𝐾𝐾0
2

(𝑅𝑅 − 𝑅𝑅0)2                                   Eq. 3.1 

Table 3.3. Angle bend parameters for ZIF-4 simulations 
 𝜃𝜃0 K0, kcal/mol/rad2 

C_R – N_R – C_R1 105.24 140 
C_R1 – C_R1 – H2 125.67 100 
N_R – C_R – H1 123.89 100 

N_R – C_R – N_R 112.17 140 
N_R – C_R1 – C_R1 108.67 140 

N_R – C_R1 – H2 125.66 100 
N_R – Zn – N_R 109.47 21 
Zn – N_R – C_R 127.5 100 

Zn – C_R – C_R1 128 70 
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𝑈𝑈𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 =  𝐾𝐾0
2

(𝜃𝜃 − 𝜃𝜃0)2                                       Eq. 3.2 

Table 3.4. Dihedral torsion parameters for ZIF-4 simulations. 
 B, kcal/mol d n 

Zn - N_R - C_R - H1 0.2 1 2 
Zn - N_R - C_R - N_R 0.2 1 2 

Zn - N_R - C_R1 - C_R1 0.2 1 2 
Zn - N_R - C_R1 - H2 0.2 1 2 
N_R - Zn - N_R - C_R 0.348 -1 3 
N_R - Zn - N_R - C_R1 0.348 -1 3 
H2 - C_R1 - C_R1 - H2 8 1 2 

N_R - C_R1 - C_R1 - H2 8 1 2 
N_R - C_R1 - C_R1 - N_R 8 1 2 

C_R1 - N_R - C_R - H1 8.3 1 2 
C_R1 - N_R - C_R - N_R 9.6 1 2 

C_R1 - C_R1 - N_R - C_R 9.6 1 2 
C_R - N_R - C_R1 - H2 9.6 1 2 

𝑈𝑈𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 =  1
2
∑ 𝐵𝐵𝑗𝑗 �1 − 𝑑𝑑𝑗𝑗  cos�𝑛𝑛𝑗𝑗 𝜙𝜙��𝑗𝑗                                    Eq. 3.3 

Table 3.5. Improper torsion parameters for ZIF-4 simulations 
 K0, 

kcal/mol 
n 𝜒𝜒0 

C_R – N_R – N_R – H1 2.2 2 0 
C_R1 – C_R1 – H2 – N_R 2.2 2 0 

Zn - N_R - C_R1 - C_R 2.0 2 0 

𝑈𝑈𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 =  𝐾𝐾0
2

 (1 − cos[𝑛𝑛 𝜒𝜒 −  𝜒𝜒0])                                   Eq. 3.4 

MD simulations were performed using Forcite code from Materials Studio 

2018 from BIOVIA. First, we converted ZIF-4 structure to P1 and minimized it to 

obtain a dense structure at zero temperature. Starting with this structure we 

performed a series of short NpT simulations with progressively increasing 

temperature. This procedure mimics the experimental measurements of 

temperature induced phase transition in ZIF-714 and ZIF-411. MD simulations we 

performed with 0.2 fs timestep, Nose-Hoover thermostat17 with Q ratio 0.001, and 

anisotropic Parrinello-Raman18 barostat as implemented by Martyna et al.19 with 

time constant of 0.1 ps. The length of simulations at each temperature was 1 ps. 

The temperature ramp was from 10 K to 1510 K with 450 steps. We used 3x2x2 

supercell. Simulations were also performed with 2x2x2 and single unit cell to confirm 

the results. The use of a larger 3x2x2 supercell is preferred as it minimize 

fluctuations in volume and pressure.  
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GCMC simulations were performed to load the obtained expanded ZIF-4 

structure with N2 molecules at 77 K. To facilitate full loading, we performed 

simulations at 1000 kPa. We used TraPPE forcefiled for N2 molecules20 and n-

pentane21 and Lorentz-Berthelot combining rules for LJ interactions with ZIF-4 

atoms. 

After GCMC simulations we performed NpT simulations for expanded ZIF-4 

loaded with N2 molecules to confirm the stability of the structure and refine the unit 

cell parameters at 77 K.   

Vibrational Density of States (VDOS) was calculated from MD simulations 

using Fourier transform of the velocity autocorrelation function (VACF).22  

             Eq. 3.5 

𝑔𝑔(𝜔𝜔) = 1
√2𝜋𝜋

∫ 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉(𝑡𝑡)∞
−∞ 𝑒𝑒−𝑖𝑖𝜔𝜔𝑡𝑡𝑑𝑑𝑑𝑑                         Eq. 3.6 

To capture low frequency modes responsible for the phase transitions 

between different polymorphs of ZIF-4, the production simulations were performed 

for 50 ps. VDOS for each individual atom were weighted according to the atomic 

masses.  

𝑔𝑔(𝜔𝜔) = ∑ 𝑚𝑚𝑗𝑗𝑔𝑔𝑗𝑗(𝜔𝜔)𝑁𝑁
𝑗𝑗=1                                               Eq. 3.7 

For a given structure simulations were performed in the NVT ensemble at 

300 K with a unit cell taken as an average from NPT simulations.  We checked that 

the thermostat and barostat did not affect the calculated VDOS frequencies. 

Essentially identical results were obtained from NPT simulations, NVT simulations, 

and from NVE simulations (performed after NVT so that the temperature was close 

to the desired temperature). 
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3.3. Results 

3.3.1. ZIF-4 characterization 

 

Figure 3.2. Rietveld refinement of the X-ray diffraction pattern of as-synthesized 
ZIF-4 performed using synchrotron XRD. Initial model taken from Lewis et al.23 

The quality of the synthesized ZIF-4 crystals has been evaluated using 

synchrotron XRD measurements. Figure 3.2 shows the pattern for the as-

synthesized sample and the Rietveld refinement. The XRD pattern of the desolvated 

sample exhibits a very good agreement with the theoretical one, thus confirming the 

quality of the synthesized crystals. At this point it is important to highlight the 

synthesis of ZIF-4 is quite challenging since small variations in the synthesis 

protocol gives rise to white powders with collapsed structures. 

 

Figure 3.3. SEM images of the synthesize microcrystals of ZIF-4. 
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The morphology of the synthesized crystals was evaluated using scanning 

electron microscopy (SEM). Figure 3.3 shows two representative images of the as-

synthesized crystals. As it can be observed, the proposed synthesis approach gives 

rise to high quality crystals with rhombohedra morphology and with a crystal size in 

the micrometer-size range (average size ca. 625 µm ± 137µm). 
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Figure 3.4. N2 adsorption (filled symbols)/desorption (empty symbols) isotherm for 
ZIF-4 at 77K (upper panel). Time requested to reach equilibrium for each of the 

adsorption and desorption points (lower panel). 

Figure 3.4 shows the N2 adsorption/desorption isotherm for ZIF-4 at 

cryogenic temperatures measured in a fully automated manometric equipment 

under very strict criteria to reach equilibrium. It is included the kinetic data for each 

physisorption point. At this point it is important to highlight that the whole nitrogen 

isotherm for ZIF-4 crystals took approximately one week. As it can be observed, the 

amount of nitrogen adsorbed below p/p0 = 0.3 is rather zero. Consequently, N2 

adsorption measurement in ZIF-4 does not allow anticipating the monolayer 

capacity, and consequently, the BET surface area of ZIF-4.  

The amount of nitrogen adsorbed below 0.4 relative pressure is rather small 

due to the inaccessibility of the nitrogen molecules to the inner porous structure. 

However, above a certain threshold pressure, i.e. above 30 kPa, the nitrogen 

adsorption capacity experiences a sudden increase in the amount adsorbed up to a 
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maximum of ca. 12.5 mmol g-1 (or 280 cm3 STP g-1) at 103 kPa. Upon desorption 

the material remains unaltered, i.e. nitrogen is kept entrapped in the inner porosity 

down to a given pressure, ca. 21 kPa, when the material suddenly desorbs partially 

these nitrogen molecules down to a constant value of ∼ 7.6 mmol g-1. The shape of 

the isotherm and the breathing phenomenon at medium pressures is in close 

agreement with the N2 isotherm reported in the literature by Bennett et al. for ZIF-

4.9 At this point it is important to emphasize that contrary to some assumptions 

reported in the literature, ZIF-4 isotherm does not allow to estimate the monolayer 

capacity using the BET equation (due to the absence of nitrogen adsorption in the 

relative pressure range 0-0.3) and consequently, to estimate the apparent surface 

area. 

3.3.2. ZIF-4 flexibility upon gas adsorption 

To gain more knowledge about the breathing phenomenon in ZIF-4, 

synchrotron X-ray powder diffraction (SXRPD) studies were performed at the MSPD 

station in ALBA synchrotron (Spain). Desolvated ZIF-4 was cooled down to 80 K 

under vacuum and N2 doses were incorporated in the capillary cell up to 

atmospheric pressure followed by an evacuation step, trying to reproduce the 

adsorption measurements described above. The Rietveld refinement of the 

desolvated sample at 298 K showed in Figure 3.2 confirms that its crystal structure 

corresponds to ZIF-4 without observable amount of impurities.11 Lattice parameters 

are a = 15.4936(7)Å, b = 15.5110(7)Å, c = 18.0468(8)Å (V = 4337.0(5) Å3). 

Afterwards the ZIF-4 sample was cooled down under vacuum to 80 K before the 

incorporation of N2. At cryogenic temperatures the unit cell parameters exhibit a 

small contraction (1%), so that the new lattice parameters at 80 K are a = 

15.507(5)Å, b = 15.098(2)Å, c = 18.354(4)Å (V = 4297(2) Å3).  

The small contraction in the unit cell at 80 K differs from the values previously 

reported so far by Wharmby et al., where a porous to dense phase transition with 

up to 23% contraction in the unit cell was observed at 80 K (V = 3344.77(4)).11 These 

authors observed that this contraction is indeed crystal-size dependent, i.e. larger 

crystals exhibit a smaller contraction. However, our experiments suggest that the 

value of 1% is quite reproducible independently of the crystal size evaluated. At this 
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point it is important to highlight that we could observed a larger unit cell contraction 

when performing a fast cooling step, i.e. under non-equilibrium conditions.  
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Figure 3.5. Synchrotron X-ray diffraction pattern of ZIF-4 at 80 K after dosing N2 
(adsorption and desorption).  

As can be appreciated in Figure 3.5 the SPXRD pattern of ZIF-4 does not 

exhibit any significant change after incorporation of 20 kPa of N2. However, 

incorporation of 40 kPa gives rise to important changes in the SPXRD pattern that 

evolve progressively until reaching 103 kPa, i.e. two different phases prevail until 

saturation. Upon N2 dosing (only a few minutes were left after dosing N2 and before 

recording the spectra) some peaks disappear (for instance 2.72°, 3.35°, 3.62° and 

4.88°) and some new peaks emerge (3.55°, 3.80° and 4.72°), among others. These 

structural changes are associated with the prevalence of two different phases, the 

low-temperature phase described above, and a new phase characterized by a 

significant expansion in the unit cell parameters (up to 8-9% vol. expansion). The 

lattice parameters for the expanded-pore (N2) ZIF-4 are a = 15.960(3)Å, b = 

15.908(3)Å, c = 18.311(3)Å (V = 4649(2) Å3). 
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Figure 3.6. Evolution of the unit cell parameters in ZIF-4 before and after dosing 
N2 at 80K. 

Figure 3.6 shows the evaluation of the unit cell parameters for the ZIF-4 

sample upon nitrogen adsorption obtained after Le Bail fitting. These results are 

perfectly coincident with the nitrogen adsorption measurements described above, 

i.e. below p/p0 0.4 only the narrow-pore ZIF-4 structure is present. However, above 

this threshold pressure both phases (narrow-pore and expanded-pore) prevail up to 

atmospheric pressure when the expanded-pore (ep) structure is the only phase 

present. As described above, the unit cell expansion upon N2 dosing is ~8-9 % or ∆V 

= ~350 Å3. Taking into account the formula weight for ZIF-4 (399.0374 g mol-1), this 

expansion corresponds to an increase of ∼0.53 cm3 g-1. A closer look to Figure 3.4 

clearly shows that at atmospheric pressure ZIF-4 is able to adsorb 12.5 mmol g-1 or 

0.44 cm3 g-1 (as a liquid). The agreement between the adsorption experiments and 

the crystallographic measurements clearly confirms the validity and reproducibility 

of these measurements. 

Upon expansion, the capillary was evacuated down to ∼10 kPa. As observed 

in Figure 3.5, the SPXRD pattern does not exhibit any change, in close agreement 

with the adsorption values. Only at ∼10 kPa the pattern exhibits important changes, 

the final pattern having certain similarities with the initial narrow-pore ZIF-4, although 
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with possible symmetry lowering. According to these results, upon evacuation ZIF-

4 exhibits a phase transition from an expanded-pore structure to a pore-filled 

structure trapping inside up to 7.6 mmol/g of nitrogen. The pore-filled structure have 

some similarities with the high-temperature (HT) structure reported in the literature 

for ZIF-4.11 The structural parameters of the pore-filled structure are a = 15.644(2)Å, 

b = 15.140(2)Å, c = 18.411(2)Å (V = 4361(1) Å3). In summary, these results confirm 

for the first time the presence of two phase-to-phase transitions in ZIF-4, i) from 

narrow (np) to expanded-pore (ep) upon N2 adsorption and ii) from expanded-pore 

(ep) to a pore-filled structure upon nitrogen evacuation at 77K.  

3.3.3. Molecular simulations of ZIF-4 phase transition 

The existence of an expanded-pore structure of ZIF-4 has been predicted by 

classical Molecular Dynamics simulation. We followed the procedure and forcefield 

some of us used earlier to predict temperature-induced phase transition in ZIF-7.14 

This forcefield reproduces well the structural properties of ZIFs, including unit cell 

constants, mechanical moduli (Table 3.6), and vibrational densities of states. In 

particular, it reproduces the low-frequently vibrational modes identified by INS 

(described later), e.g., the flapping of the imidazole ligand at ~ 3 meV (Figure 3.7). 

Table 3.6. Reference calculations of anisotropic mechanical properties of ZIF-8 in 
comparison with experimental data. 
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Experimental unit cell parameters (a), anisotropic elastic constants (C11, C12, 

C44) and bulk modulus (K), ab initio HF and DFT calculations (PBE and B3LYP 

functionals) are from Ref.16 Forcefield calculations from this work – last row. 

 

 

Figure 3.7. Vibrational Density of States calculated from forcefield model of high-
density ZIF-4 structure at 50 K in comparison with INS and DFT 

(VASP)_calculations. Forcefield calculations were performed with the ZIF-4 (LT) 
structure (V=3160 A). 

For the prediction of the pore-expanded ZIF-4 structure we used a series of 

NpT simulations with anisotropic barostat, and raised the temperature step-wise to 

gradually increase entropic contributions to the free energy (F = E - TS) and drive 

the system to an expanded phase with a larger entropy, and thus overall lower free 

energy. Figure 3.8 and Figure 3.9 show evolution of the unit cell parameters during 

MD simulations in comparison with experimental data for the reported low-

temperature ZIF-4 transition11 and for the pore expanded ZIF-4. 
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Figure 3.8. Unit cell parameters from Molecular Dynamics simulation of the phase 
transitions in ZIF-4 upon heating. Shown are unit cell parameters for the 3x2x2 

supercell. The narrow pore structure ZIF-4 (LT) transitions first into the open pore 
structure ZIF-4 (HT) at around 200-300 K, and then into expanded pore ZIF-4 (ep) 

structure. The dashed lines with points are experimentally measured unit cell 
parameters from Ref.24 The dashed lines on the right are the unit cell parameters 
experimentally measured in this work for the expanded pore ZIF-4 (ep) upon N2 

adsorption at 77 K. 

Figure 3.8 shows typical simulation results. Starting from low temperature 

we observe first a transition from the ZIF-4 (LT) phase to ZIF-4 (HT) phase, in close 

agreement with the experimental measurements [6] for both unit cell parameters as 

well as the temperature of transition (150 K on the experiment, and ~200 K in 

simulations). Upon further heating we observe a transition to a pore-expanded ZIF-

4 structure at ~1200K. The unit cell parameters of the predicted expanded structure 

are in very close agreement with the measurements for the N2 loaded ZIF-4 at 77 K 

(Figure 3.6). Of course, this transition in simulations can’t be observed 

experimentally upon heating because ZIF-4 would either decompose, undergo 

amorphization25 or transition into a glassy state.24  
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Figure 3.9. Unit cell volume evolution during Molecular Dynamics simulation of the 
phase transitions in ZIF-4 upon heating. The narrow pore structure ZIF-4 (LT) 

transitions first into the open pore structure ZIF-4 (HT) at around 200-300 K, and 
then into expanded pore ZIF-4 (ep) structure. 

The results in Figure 3.10 demonstrate that an expanded-pore ZIF-4 is 

thermodynamically feasible upon heating despite having higher enthalpy. The 

resulting unit cell parameters a = 15.8Å, b = 16.1Å, c = 18.9Å (V = 4799 Å3) are in 

very good agreement with the XRD measurements on the expanded-pore (N2) ZIF-

4 obtained experimentally. The predicted total pore volume of an expanded ZIF-4 

(Vp = 0.45 cm3/g) is also in good agreement with the N2 adsorption measurements 

(Figure 3.4), assuming the normal liquid density of N2 in the pores. Moreover, we 

identify the second step on the desorption branch of N2 isotherm with the transition 

back to a pore-filled ZIF-4 structure (Vp = 0.24 cm3/g). The expanded ZIF-4 structure 

has significantly more open channels in the y-direction as compared to the reported 

ZIF-4 structure. 
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Fig. 3.10. Open ZIF-4 (HT) structure and predicted expanded-pore (ep) ZIF-4 
structure. The enthalpy difference was obtained from MD simulations. 

We have also simulated expanded ZIF-4 structure with adsorbed N2 

molecules at 77K at a loading of 10.3 mmol/g. We used Grand Canonical Monte 

Carlo (GCMC) simulations to load the structure with N2 molecules and, performed 

NpT simulations, which confirmed stability of the pore-expanded ZIF-4 structure 

(Figure 3.11). The resulting lattice parameters for the simulated (N2) ZIF-4 a = 15.7 

Å, b = 16.0 Å, c = 18.6 Å (V = 4655 Å3) are in even better agreement with the XRD 

measurements. Thus, interactions with N2 also stabilized the expanded ZIF-4 

structure even at low temperatures (Figure 3.11). 

 

Figure 3.11. Snapshot from the MD simulations of the pore-expanded ZIF-4 (ep) 
structure with N2 molecules at the loading of 10.3 mmol/g at 77 K. The structure is 

viewed from the Y direction. 
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The adsorption performance of ZIF-4 has also been evaluated for CO2 as a 

probe molecule at a much higher adsorption temperature. Figure 3.12 shows the 

CO2 adsorption isotherms at 273 K and up to 103 kPa. As can be appreciated, 

contrary to N2, CO2 is able to access the inner porous structure already at low 

relative pressures.  
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Figure 3.12. (Upper panel) CO2 adsorption (full symbols)/desorption (empty 
symbols) isotherms at 273 K for ZIF-4. (Lower panel) Time requested to reach 
equilibrium for each of the adsorption and desorption points at the isotherm. 

The filling of the ZIF-4 cavities with CO2 is relatively fast compared to N2 

(equilibrium time does not exceed 800 min, independently of the 

adsorption/desorption branch). The total amount adsorbed at atmospheric pressure 

is 3.2 mmol g-1 at 273 K. Applying the Dubinin-Radushkevich (DR) equation to the 

CO2 adsorption data gives rise to an accessible micropore volume of 0.21 cm3 g-1 

(CO2 liquid density at 273 K is 1.023 g cm-3), quite far from the nitrogen adsorbed 

volume (i.e. 0.43 cm3 g-1). Assuming the Gurvich rule for ZIF-4, the total amount of 

nitrogen and CO2 adsorbed as a liquid would be the same, provided that both 

adsorbates are able to access the same porosity. However, the concave shape of 

the CO2 isotherm and the faster kinetics do not anticipate any breathing, expansion 

or gate-opening phenomena. Taking into account that CO2 is smaller than N2 (0.33 
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nm vs. 0.36 nm) and the higher temperature of the adsorption measurement (298 K 

vs. 77 K), i.e. associated with faster kinetics, the lower adsorption capacity for CO2 

(3.2 mmol/g vs. 12.5 mmol/g) and the absence of a clear breathing phenomena 

anticipates that the expansion of the ZIF-4 structure upon gas adsorption is not a 

kinetic or steric effect but rather an energetic process associated to the phase 

transition upon CO2 adsorption from a narrow-pore (np) to an expanded-pore (ep) 

structure. 
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Figure 3.13. Synchrotron XRD pattern for ZIF-4 at 298K before and after 
introduction of CO2 up to 103 kPa. 

The absence of structural changes upon CO2 adsorption has been 

corroborated by synchrotron powder X-ray diffraction measurements. According to 

Figure 3.13, incorporation of CO2 up to 103 kPa at 298 K and the corresponding 

desorption step does not produce significant changes in the SPXRD pattern. These 

results are in close agreement with the CO2 adsorption isotherms described above 

and confirm the assumption that CO2 at atmospheric pressure and 103 kPa is not 

able to promote in ZIF-4 the phase transition from the narrow-pore to the expanded-

pore structure. 
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3.3.4. Inelastic neutron scattering 

Last but not least, the vibrational and rotation modes of ZIF-4 have been 

evaluated using inelastic neutron scattering measurements. These studies have 

been performed at the beamline VISION at the Oak Ridge National Laboratory 

(USA). INS is especially sensitive to the dynamics of hydrogen within a structural 

network due to the relatively large incoherent neutron cross-section of hydrogen 

compared to other atomic nuclei. Furthermore, due to the absence of selection rules, 

all transitions are active in INS, thus providing a powerful tool to evaluate structural 

deformations in ZIFs.3,4,8 Fig. 6 shows the low energy transfer region for the ZIF-4 

measured at 5 K and the simulated spectra obtained using VASP model. The 

theoretical results were then converted to the simulated INS spectra using the 

aClimax software.26 This low transfer energy region is the terahertz region and 

contains the most valuable information for ZIFs since it reveals dynamics of open 

and closed frameworks. The mid-high energy region (50-250 meV) contains the ring 

deformation modes and the C-C and C-H bending modes from the linker. As it can 

be observed, the original sample exhibits a rather smooth spectra with a main 

contribution at 5.05 meV (40.7 cm-1) and two small contributions at 6.90 meV (55.6 

cm-1) and 13.10 meV (105.6 cm-1).  

 

Figure 3.14. Inelastic neutron scattering spectra of ZIF-4 at 5 K in the low (left) 
and high (right) energy transfer range. The simulated spectra using VASP model is 

also included (red). 

Theoretical results clearly show that VASP allows for a good fitting of the 

experimental data, including the high energy modes (Figure 3.14), except the 

contribution at 5.05 meV. The higher neutron flux at VISION allows for a higher 
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resolution of the INS spectra for ZIF-4, thus allowing for a better evaluation of the 

structural phenomena upon gas adsorption.3 

Theoretical predictions anticipate that all contributions below 40 meV are 

rather similar in nature and involve the libration/flapping of the imidazole ring. More 

specifically, within this range the lowest energies correspond to the rotation of the 

rings through the Zn-N axis (see animation in the SI), while higher energies involve 

the ring libration modes involving Zn-N stretch. The assignment of the low energy 

peaks (ca. 3-5 meV) to the ring rotation/flapping mode implies that these peaks will 

be highly affected by the compression/expansion of the unit cell upon an external 

stimulus (e.g. temperature and pressure change or upon adsorption). Indeed, this 

could be the reason to explain the differences between simulations and 

experiments, i.e. whereas simulations are performed using the structure at 80 K (LT 

structure), at the low temperature of the INS experiment (5 K) an additional unit cell 

contraction is expected, thus explaining the appearance of this additional peak at 5 

meV, not predicted by the models. Classical molecular simulations (Figure 3.7) also 

does not predict the 5 meV peak. 

0 10 20 30 40 50
0.0

0.5

1.0

1.5

2.0

2.5

3.0

In
te

ns
ity

 (a
.u

.)

Energy transfer (meV)

 ZIF-4/N2

 ZIF-4

a)

50 100 150 200 250
0

1

2

3

4

In
te

ns
ity

 (a
.u

.)

Energy transfer (meV)

 ZIF-4/N2

 ZIF-4

b)

 

Figure 3.15. Inelastic neutron scattering spectra of ZIF-4 at 5 K before and after 
the incorporation of 103 kPa of N2 at 77K. After incorporation of N2 the sample 

was cooled down to 5 K before the INS measurement. Low (left) and high (right) 
energy transfer range are shown. 

It is reasonable to assume that in the contracted structure the flapping of the 

imidazole ligand, theoretically predicted at 3 meV, will be hindered and shifted to a 

slightly higher energy value (ca. 5.05 meV). Incorporation of 103 kPa of nitrogen to 
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ZIF-4 at 80 K and subsequent cooling down to 5 K gives rise to the same INS spectra 

(see Figure 3.15). Although this observation is in contradiction with the synchrotron 

X-ray diffraction measurements, it must be attributed to the instability of N2 in the 

cavities of the ZIF-4 at extremely low temperatures (i.e. 5 K). Indeed, a similar 

instability of N2 was reported for ZIF-7 upon slight variations in temperature around 

80 K.8 On the contrary, incorporation of 103 kPa of CO2 at 298 K and further cooling 

down to 5 K gives rise to interesting findings. Under these conditions the 

suppression of the contribution at 5.05 meV can be clearly appreciated (see Figure 
3.16). Taking into account that the spectra of ZIF-4 filled with CO2 resembles that 

predicted by the model at 298 K, this could be an indication of the filling of the 

cavities by CO2 at these extremely low temperatures, so that the adsorption of CO2 

produces a structural change, probably from the narrow-pore (np) to the certain 

expanded-pore (ep) structure. 

 

Figure 3.16. Inelastic neutron scattering spectra of ZIF-4 at 5 K before and after 
the incorporation of 103 kPa of CO2 at 298 K. After incorporation of CO2 the 

sample was cooled down to 5 K before the INS measurement. Low (left) and high 
(right) energy transfer range are shown. 

It should be noted that at least two other publications indirectly confirm the 

existence of the pore-expanded ZIF-4. In the work of Bennet et al.9 the measured 

N2 adsorption isotherms agree almost perfectly with our isotherm in Figure 3.4, thus 

confirming the validity of our experiments. Recently Hwang et al.27 found an unusual 

dependence for diffusivities of alkanes in ZIF-4. They hypothesized that the 

structure can expand upon adsorption of pentane. Our experimental and modeling 

results strongly suggest that this indeed could be the case, and that other molecules 
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can cause transition to the expanded-pore ZIF-4. In fact, we performed GCMC 

simulations with the pore-expanded structure and were able to match the 

experimental loading of pentane of 2.5 mmol/g (Figure 3.17). 

 

Figure 3.17. Snapshot from the GCMC simulations of the pore-expanded ZIF-4 
(ep) structure with pentane molecules at the loading of 2.5 mmol/g. The structure 

is viewed from the Y direction. 

3.4. Conclusions 

In summary, combination of synchrotron X-ray diffraction and inelastic 

neutron scattering measurements under operando conditions clearly show that ZIF-

4 exhibits a breathing phenomenon upon nitrogen adsorption at ~30 kPa, 

associated with an 8-9% volume expansion in the unit cell. The transition from a 

narrow-pore (np) to an expanded-pore (ep) phase explains the complex behavior of 

the nitrogen adsorption isotherm at cryogenic temperatures. The existence of an 

expanded ZIF-4 has been predicted by molecular simulations. First, the expanded 

ZIF-4 structure was predicted by MD simulations at higher temperatures, which 

increases entropic contributions to the free energy and stabilizes the expanded 

structure. Second, the expanded ZIF-4 structure with N2 molecules was confirmed 

by MD and GCMC simulations at 77 K. Although CO2 with a lower kinetic diameter 

and at a much higher adsorption temperature is able to access in the inner cavities 

in ZIF-4, this molecule is not able to promote the np to ep transition at ambient 
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temperature. However, INS measurements show that only at cryogenic 

temperatures (5 K) CO2 is able to promote certain structural changes.   
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Chapter 4 describes the different approaches applied to 

understand the structural flexibility upon gas adsorption/separation in 

mixed linker based ZIFs. ZIF-62 is a MOF formed by the combination 

of benzimidazole and imidazole as a ligand, and zinc metal centres. 

Among the 105 ZIFs described in the literature, ZIF-62 has attracted 

enormous attention due to its unique characteristics and the emerging 

field in MOFs related to liquid crystals and glass formation. Even so, 

structural properties upon gas adsorption have not been completely 

elucidated. Chapter 4 combine different research techniques and 

methodologies such as synchrotron XRD, gas adsorption-desorption 

isotherms and, molecular modelling and simulation, to create a unique 

and deep overview of structural changes in ZIF-62 as a consequence 

of an external stimuli. SPXRD analysis showed a phase transition 

upon oxygen and nitrogen adsorption from a contracted phase to an 

expanded phase. Finally, molecular simulations showed the phase 

transition and the allocation of molecules in the ZIFs cavities. All this 

combined open a wide number of opportunities for application of these 

materials into the field of gas separation, such as hexane isomers or 

light hydrocarbon separation (C1-C4). 

Gas Adsorption/Separation 
Properties of Mixed Linker 

ZIF-62 
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4.1. Introduction 

Selective adsorption and separation of gases in industrial streams is highly 

challenging due to the similarity in the physico-chemical properties (size, shape and 

polarity) of the target molecules in a number of processes.1 Clear examples of 

complex separation processes are the discrimination between linear and branched 

hydrocarbons,2 to increase the octane number, O2/N2 separation from air,3 and 

adsorption of CO2 and N2 for natural gas upgrading,4,5 among others. These 

separation processes require the design of perfectly tailored 3D porous networks 

with the proper characteristics to promote these separation processes, for instance, 

with a proper pore size and shape to allow the selective adsorption of one of the 

molecules or with a proper polarity to promote specific framework interactions with 

the target molecules. For these specific processes, zeolites and carbon molecular 

sieves have been the most widely applied materials due to their intrinsic 

characteristics such as a high surface area, large pore volume and, in the specific 

case of the zeolites, a large polarity.6,7 Despite their promising performance, these 

materials are highly limited in terms of composition and associated versatility.   

 Another kind of materials with highly promising performance for gas 

separation are zeolitic-imidazolate frameworks (ZIFs). ZIFs are a sub-class of metal-

organic frameworks (MOFs) characterized by a high thermal, hydrothermal and 

chemical stability due to the presence of a 3D network that resembles zeolites 

(tetrahedral topology), i.e. built up by metal ions (e.g., Zn) linked to four imidazolate 

molecules with a similar configuration to the Si-O-Si angle in zeolites.8 Contrary to 

traditional porous materials, including MOFs, ZIFs exhibit unique characteristics due 

to the intrinsic flexibility of their 3D network and the associated structural changes, 

for instance, gate-opening phenomena, breathing ability, amorphization, phase 

transition processes, among others.9–18 These structural changes are usually 

associated with an external stimulus, for instance, a high-temperature treatment, 

application of high pressure or upon exposure to a given gas atmosphere. 

Interestingly, these structural responses open the gate towards the application of 

these ZIFs in gas adsorption and separation processes, based not only on steric 

effects (size and shape of the pore cavities), but also on the presence of specific 
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adsorbent-adsorbate interactions able to induce structural changes, i.e. able to 

compete with the bonding and non-bonding interactions within the MOF structure. 

These principles have been widely explored in the literature for instance in ZIF-8 

and ZIF-7 to promote selective hydrocarbon separation,17,19 and highly selective 

processes for H2, CO2, O2, N2 and CH4.20,21 These results clearly anticipate that 

despite having a similar structure and sometimes even the same topology (e.g., ZIF-

8 vs ZIF-7), the nature of the imidazolate ligand defines a completely different 

adsorption performance (see for instance the completely different nitrogen 

adsorption performance in ZIF-8 and ZIF-7, with sod topology, and the prototypical 

ZIF-4, with cag topology).9,11,13,16,22 As described above, the different performance 

has been attributed to the different interactions between the target molecules and 

the ZIF framework and the nature of the intranet interactions, defined by the organic 

imidazolate linker.   

The versatility of ZIFs has been tremendously expanded upon the discovery 

of mixed-linker networks, i.e. the preparation of completely new porous networks 

through the combination of different imidazolate-based linkers. This is, for instance, 

the case of ZIF-62 [Zn(imidazolate)2-x(benzimidazolate)x], which is isostructural of 

ZIF-4, sharing the same imidazolate linker but with a small proportion (x ~ 0.25) of 

the bulkier benzimidazolate (bim-) linker.23 Despite sharing the same space group 

(cag topology) and similar unit cell parameters as ZIF-4, recent studies have shown 

that the physico-chemical properties of these two ZIFs are rather different (for 

instance ZIF-62 exhibits a lower melting point and a wider melting range than ZIF-4 

due to the higher electron donating properties and larger steric hindrance of bim-

).24,25 Interestingly, ZIF-62 is able to form glasses with accessible porosity upon a 

melt-quenching treatment with very good selectivity values for H2/CH4, CO2/N2 and 

CO2/CH4 mixtures, although associated with a low adsorption capacity.26 Despite 

the high interest in the glasses, the number of studies dealing with the adsorption 

and structural properties of the parent ZIF-62 is rather limited. 

Taking into account the unique adsorption performance of these ZIFs and the 

intrinsic structural properties upon adsorption, the main goal of this manuscript is 

the understanding of the adsorption performance of ZIF-62 and the associated 

structural changes. Despite being analogous to ZIF-4, gas adsorption studies clearly 
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show a completely different behaviour, associated with distinct structural 

phenomena.    

4.2. Experimental section 

4.2.1. ZIF-62 Synthesis 

ZIF-62 was synthesized using a solvothermal method similar to those reported in 

the literature 27. Imidizole (0.525 g, 7.72 mmol) and benzimidazole (0.130 g, 1.10 

mmol) were mixed with Zn(NO3)2۰4H2O (0.8 g, 3.06 mmol) in a solid mixture. The 

mixture was dissolved in 60 mL of N,N-Dimethylformamide and kept under agitation 

for half an hour. Subsequently, the liquid solution was transferred in a Teflon vessel 

(100 mL) and heated in an autoclave to 403 K with a heating rate of 5 K min-1 and 

held to that temperature for 48 h. After the autoclave was at room temperature, the 

sample was washed several times with 30 mL of DMF (x2) and then with 30 mL of 

methanol (x2). Finally, the sample was exposed to a solvent exchange process with 

methanol (30 mL/day) for two days. The resulting white solid was filtered and 

activated under dynamic vacuum at 493 K for 8 h. 

4.2.2. Synchrotron powder X-ray diffraction analysis 

Synchrotron X-ray powder diffraction data (SXRPD) were collected on the 

powder diffraction end station of the MSPD beamline at synchrotron ALBA in Spain, 

using a MYTHEN detector and a wavelength of 0.4227 Å. The experiments were 

performed in an ad hoc capillary reaction cell (fused silica capillary, inner diameter 

0.7 mm, outer diameter 0.85 mm). SXRPD measurements were performed at 90 K 

in ZIF-62 material, after the blank pattern was measured, oxygen or nitrogen was 

dosed to the capillary on amount of 0.3 bar, 0.6 bar and 1 bar and the pattern was 

measured. Finally, the sample with 1 bar of gas (oxygen or nitrogen) was heated up 

from 90 K to 300 K and the XRD pattern was measured. 
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4.2.3. Termogravimetric Analysis 

TGA analysis was carried out in air, with samples placed in ceramic crucibles 

and heated to 1000 °C (ramp rate of 10 °C min−1). All results were recorded TG-

DTA METTLER TOLEDO equipment model TG/SDTA851e/SF/1100 

4.2.4. Scanning electron microscopy 

ZIF-62 micrographs were recorded using a field emission scanning electron 

microscope (FESEM) Merlin VP Compact from Zeiss equipped with an EDS 

microanalysis system Quantax 400 from Bruker. This equipment has resolution of 

0.8 nm at 15 kV and 1.6 nm at 1 kV.  ZIF-62 sample was kept in methanol until 

measurement. 

4.2.5. Adsorption isotherms 

N2 and O2 isotherms at 77 K, 195K and 298 K were performed in a 

homemade fully automated manometric equipment designed and constructed by 

the Advanced Materials Group (LMA), now commercialized as N2GSorb-6 (Gas to 

Materials Technologies; www.g2mtech.com). The samples were previously 

degassed for 8 h at 493 K under vacuum (10-3 Pa). Gas hydrocarbon and vapor 

molecules adsorption isotherms at 298 K were carried out in under similar conditions 

(equilibrium points, 10; interval time, 30 s; sorption rate limit, 0.01 Torr/ min). These 

measurements were performed in a homemade fully automated manometric 

equipment, now commercialized by Quantachrome as VStar.  

4.2.6. Molecular modelling and simulations 

Monte Carlo simulations were performed using RASPA software37. First, 

grand canonical Monte Carlo (GCMC) simulations were carried out to compute 

adsorption isotherms of O2 and N2 in ZIF-62 at 77, 195 and 298 K, and to estimate 

the saturation loading at 0.8 bar and 77, 97, 117, 137, 157, 177, 195, 215, 235, 255, 

275 and 298 K. Then, Monte Carlo simulations in the canonical ensemble (CMC) 

were run to compute the energy histograms of 100, 150 and 200 molecules of O2 

and N2 in ZIF-62 at 77K.  Simulations were arranged in cycles of trial moves, 

including translations and rotations of molecules for CMC and GCMC simulations, 
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and insertions and deletions of molecules for GCMC simulations. Results were 

obtained after 30 000 initialization cycles and 100 000 production cycles. Pore size 

distribution for ZIF-62 was computed with RASPA software as well, and the porosity 

of the framework was studied with PoreBlazer38.   

Van der Waals interactions in the system were described by 12-6 Lennard-

Jones (LJ) potentials with a cut-off at 12.8 Å, and Lorentz-Berthelot mixing rules 

were used to calculate adsorbate-adsorbate and adsorbate-adsorbent interactions. 

Electrostatic interactions were described by Coulomb potentials and computed 

using Ewald summations. The simulation box was at least twice the cut-off, for which 

a 2 x 2 x 2 supercell was chosen, and periodic boundary conditions were applied. 

TraPPE force field was used to model O239 and N240 molecules. ZIF-62 was 

modelled as rigid with its framework atoms fixed at their crystallographic positions, 

which were taken from CCDC-671070.27 The LJ parameters and partial charges for 

the framework atoms of ZIF-62 were derived from previously published force fields 

for ZIF materials28,29. All these force field parameters are summarised in Table 4.1 

and 4.2. 

Table 4.1. Lennard-Jones parameters and partial charges for framework atoms.  
Atom 

 
ε kB-1 / 

 
σ / Å Charge 

 C1 33.58 3.431 0.2593 
C2 33.58 3.431 -0.0839 
C3 33.58 3.431 0.0391 
C4 33.58 3.431 -0.1179 
H1 15.10 2.42 0.1128 
H2  14.047 2.571 0.1128 
H4 14.047 2.571 0.1128 
N1 22.05 3.261 -0.3879 
Zn 39.62 2.462 0.6918 

Table 4.2. Lennard-Jones parameters and partial charges for adsorbates. 
Atom 

 
ε 

 
  

σ / Å Charge (e-) 
Oxygen 

O_O2 49.0 3.020 -0.113 
O_com 0 0 0.226 

Nitrogen 

N_N2 36.0 3.310 -0.482 
N_com  0 0 0.964 
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4.3. Results 

4.3.1. Synthesis and characterization of ZIF-62. 

The crystal structure of ZIF-62 synthesized by solvothermal method has been 

reported before in the literature by Banerjee et al.27 The first approach of the 

research was to synthesize a material with high crystallinity and reproducibility. 

Figure 4.1 shows the comparative SPXRD pattern of as-synthesized ZIF-62 (green 

line) which closely match to the simulated pattern (dotted line) verifying the 

crystalline nature, the reproducibility of the synthesis method and the quality of the 

ZIF-62. The unit cell parameters obtained after Rietveld refinement are a = 

15.4659(4)Å, b = 15.5981(3)Å and c = 17.9667(4)Å, with a volume V = 4334.3(2)Å3 

(orthorhombic space group Pbca). These values are similar to those reported before 

in the literature.23,27 
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Figure 4.1. SPXRD pattern of as synthetized ZIF-62 (green line) and simulated 
pattern (dotted line). 

The morphology of the synthesized ZIF-62 nanoparticles is shown in Figure 
4.2. The morphology of the synthesized crystals is of well-defined corner-shared 

octahedral shape crystals with a heterogeneous particle size among 5 µm and 20 
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µm. As it has been reported in the literature, the bIm:Im ratio may have a 

considerable influence in the shape and size of ZIF-62 nanoparticles.23 

 

Figure 4.2. FESEM images of as-synthetized ZIF-62 

The thermal stability of ZIF-62 has been evaluated using thermogravimetric 

analysis (TGA). As it can be observed in Figure 4.3, the as-synthesized material 

exhibits a first weight-loss of ca. 10% between 400 K and 650 K due to the removal 

of the solvent (DMF) and a second weight loss of ca. 55% between 700 K and 1273 

K due to the decomposition of the framework. As it has been well described in the 

literature, close to 700 K an interesting phenomena called melt quenching glass 

formation is observed in ZIF-62.24  
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Figure 4.3. TG-DTA thermogram of as-synthetized ZIF-62. 
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At this point, it is important to highlight the high temperature required to 

remove the DMF from the ZIF-62 structure, i.e. around 550 K. Compared to other 

ZIFs (e.g., ZIF-7 and ZIF-4), where activation temperatures around 373 K - 423 K 

are usually sufficient to empty the cavities, in the specific case of ZIF-62 TG-DTA 

analysis anticipate that higher temperatures are required. This can be clearly 

reflected in the TG-DTA analysis (Figure 4.4) of the ZIF-62 sample performed after 

an outgassing treatment under ultra-high vacuum conditions at 413 K and 493 K for 

12 h, the complete removal of the solvent being effective only at 493 K.   
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Figure 4.4. TG-DTA thermograms of high-vacuum outgassed ZIF-62 at (a) 413 K 
and (b) 293 K 

4.3.2. Nitrogen and oxygen adsorption/desorption isotherms. 

The adsorption performance of ZIF-62 has been evaluated towards N2 and 

O2 at different temperatures. The separation of these two molecules is a challenging 

process using porous materials due to their similar size and shape (kinetic diameter 

for N2, 0.364 nm, and for O2, 0.346 nm). Traditionally their separation using zeolites 

and MOFs is based on the faster adsorption kinetics for O2 over N2.30,31 
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Figure 4.5. Nitrogen and oxygen adsorption-desorption isotherms in ZIF-62 at 
77 K, 195 K and 298 K. 

As it can be appreciated in Figure 4.5, at cryogenic temperatures ZIF-62 

exhibits a large adsorption capacity for O2 (up to 8 mmol/g at saturation 

pressure). This value is among the best values reported and predicted in the 

literature for O2 adsorption under subcritical conditions.32 For instance, Dinca et 

al. reported an adsorption capacity for Cu(BDT) of 14 mmol/g at 77K and 

Humphrey et al. reported up to 6 mmol/g for CUK-1 at 87K.33,34 Interestingly, ZIF-

62 is able to selectively adsorb O2 over N2 with high selectivity at cryogenic 

temperatures over the whole relative pressure range evaluated (selectivity above 

68 at p/p0 = 0.4). These selectivity values are among the best reported in the 

literature for O2/N2 separation in MOFs at 77K.33,34 Unfortunately, these 

excellent adsorption properties vanish under less energy-intensive experimental 

conditions, i.e. at 195K and 298K. At 195K both probe molecules exhibit a type 

I isotherm with full accessibility to the inner porous structure, slightly favoured for 

O2 at 1 bar (1.8 mmol/g vs 1.6 mmol/g for N2; O2/N2 ratio of 1.14). In any case, 

the adsorption performance and the preferential adsorption of O2 vanish at 298K 

with a total uptake lower than 0.15 mmol/g and no selectivity. Although under 

equilibrium conditions, both probe molecules exhibit similar accessibility to the 
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inner porous structure at 195K and 298K, O2 diffusion is always favoured over 

nitrogen (Figure 4.6).  
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Figure 4.6. Time requested for each specific adsorption point at the N2 and O2 
isotherms to reach equilibrium. Values are reported only for isotherms performed 

at 195K and 298K. 

The problems of accessibility for nitrogen in ZIFs at 77K have been widely 

reported in the literature. For instance, in the specific case of ZIF-8 computational 

studies combined with synchrotron X-ray diffraction data and inelastic neutron 

scattering (INS) have shown that, upon nitrogen adsorption, ZIF-8 structure 

experience a gate-opening effect through the swinging of the imidazolate linker.9,13 

In the case of ZIF-7 and ZIF-4, although nitrogen adsorption is kinetically restricted 

and requires large equilibration times, synchrotron X-ray diffraction measurements 

have clearly shown a phase transition from a highly dense narrow pore phase to an 

expanded phase, i.e. these ZIFs are able to breathe.16,22 Contrary to these ZIFs, 

nitrogen adsorption in ZIF-62 at cryogenic temperatures is rather zero over the 

whole pressure range evaluated. Even when the N2 isotherms are performed under 

strict equilibrium conditions (Figure 4.7), although nitrogen uptake improves, the 

obtained values are far from the adsorption capacity for a similar molecule such as 

O2.  
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Figure 4.7. Nitrogen adsorption-desorption isotherms at 77 K in ZIF-62 performed 
under different equilibrium conditions (∆P = pressure variation allowed between 

consecutive pressure readings before reaching equilibrium). 

A similar performance is observed after a milling process to decrease the ZIF-

62 crystal size (Figure 4.8). In this specific case, N2 adsorption slightly increases, 

thus reflecting the kinetic problems of N2 to access the inner porous structure in ZIF-

62.  
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Figure 4.8. Comparative nitrogen adsorption-desorption isotherms in as-
synthesized and grounded ZIF-62 at 77K. 
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4.3.3. Oxygen and nitrogen adsorption simulation in ZIF-62 

The adsorption performance of the ZIF-62 material has been modelled using 

Grand-canonical Monte Carlo simulation in a rigid model. Figure 4.9 and Figure 
4.10 compare the computational data for O2 and N2 adsorption at the three 

temperatures evaluated (77K, 195K and 298K) with the experimental data described 

above (Figure 4.5). 
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Figure 4.9. comparative adsorption oxygen isotherms at 77 K, 195 K and 298 
K (filled symbol experimental value and empty symbol simulated value). 

As it can be appreciated in Figure 4.9, simulations are able to predict the O2 

adsorption performance in ZIF-62 for the three temperatures evaluated, thus 

validating the model framework used. However, the scenario changes significantly 

for nitrogen. Whereas the adsorption performance at 195 K and 298 K can be easily 

predicted by the model, simulations highly overestimate the adsorption performance 

for nitrogen at 77 K. In fact, the predicted uptake at cryogenic temperatures for N2 

was close to 6 mmol/g, far from the experimental value (0.43 mmol/g).  
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Figure 4.10. Experimental and simulated nitrogen adsorption isotherms at 77 

K, 195 K and 298 K (filled symbol experimental value and empty symbol 
simulated value). 

The variation in the uptake for these two probes at different temperatures can 

be clearly appreciated in Figure 4.11. Based on the simulation, two well-defined 

regions can be appreciated. Above 190 K N2 and O2 exhibit a similar adsorption 

behaviour with a progressive decay with temperature. Below 190 K both probes 

exhibit an exponential increase in the accessibility, the increase being more marked 

for O2 with a total uptake predicted at 77 K of 7.8 mmol/g for O2 and 5.9 mmol/g for 

N2 (theoretical selectivity ratio 1.3). 
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Figure 4.11. ZIF-62 loaded with oxygen and nitrogen at 0.2 bar as a function of 
the temperature. 
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Table 4.3 summarises the host-guest and guest-guest contributions per 

molecule to the system energy at saturation pressure obtained from the computed 

adsorption isotherms. In the region where adsorption performances are comparable 

and well predicted by the model, at 298 and 195K, there are no significant 

differences in the host-guest and guest-guest interactions. At 77K the host-guest 

interaction of O2 molecules (-14.436 kJ mol-1) and N2 (-14.041 kJ mol-1) are very 

similar. However, the guest-guest contribution per molecule to the system energy is 

3.3 times higher for O2 (-1.25 kJ mol-1) than for N2 (-0.38 kJ mol-1), suggesting that 

a higher interaction between molecules of O2 as the possible reason for the 

adsorption trends in this region.  

Table 4.3. Energy computed in the ZIF-62 system per molecule at saturation (1 bar) 
at 77, 195 and 298 K, in a 2 x 2 x 2 simulation box.   

 O2 data N2 data 
T / K Loading Host-Guest Guest-Guest Loading Host-Guest Guest-Guest 
77 217 molec. -14.436 kJ mol-1 -1.25 kJ mol-1 169 molec. -14.041 kJ mol-1 -0.38 kJ mol-1 
195 49 molec. -14.268 kJ mol-1 - 0.06 kJ mol-1 47 molec. -15.443 kJ mol-1 -0.05 kJ mol-1 
298 5 molec. -14.127 kJ mol-1 - 0.005 kJ mol-1 4 molec. -14.423 kJ mol-1 -0.005 kJ mol-1 
77* 220 molec. -14.366 kJ mol-1  -1.25 kJ mol-1 145 molec. -14.485 kJ mol-1 -0.34 kJ mol-1 

(*) Energies computed in the system at 0.2 bar and 77K, in a 2 x 2 x 2 simulation box, where oxygen adsorption is already at 
saturation.  

Figure 4.12 shows the energy histograms for the system containing 100, 150 

and 200 molecules of O2 and N2 at 77 K to explore the behaviour of the adsorbate 

at analogous conditions. The total energy of the systems sit around -1500 kJ mol-1 

for a loading of 100 molecules, and these values increase (in absolute values) at a 

higher rate for O2 when the loading increases.  Here, the negligible difference found 

in the host-guest contribution per molecule at 77K (Table 4.3) becomes significant, 

resulting in a difference of 300 kJ mol-1  when the ZIF-62 model is loaded with 200 

molecules of O2 (-2959.18 kJ mol-1) or N2 (-2648.89 kJ mol-1). Similarly, the values 

of the guest-guest contribution are 3.8 times higher for O2 (-239.77 kJ mol-1), 

generating a shift to the left of 177.12 kJ mol-1. Although host-guest interactions 

account for roughly the 90% of the total energy in the system, guest-guest 

interactions are responsible for a third of the differences in the energies between 

the systems loaded with 200 molecules of O2 or N2.  Thus, host-guest and guest-

guest interactions combined generate an overall difference of 500 kJ mol-1, with a 

total energy of -3202.28 and -2701 kJ mol-1 for O2 and N2, respectively. In addition, 
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comparing the loading at saturation pressure of O2 (~200 molecules) and N2 (~150 

molecules), the ZIF-62 model with adsorbed O2 shows a total energy 1000 kJ mol-

1 higher than the model with N2.  

 

Figure 4.12. Computed energy histograms of total energy of the system (a) and 
guest-guest (b) and host-guest (c) contributions for O2 and N2 in ZIF-62 at 77K. 

The porosity of ZIF-62 was studied computationally and is shown in Figure 4.13. 
The pore space within the framework (Figure 4.13, left) is characterised by cages 

with three windows that connect them to the other two cages. According to 

PoreBlazer35 the pore limiting diameter (PLD) and largest cavity diameter (LCD) are 

1.4 Å and 4.57 Å, respectively. These values agree with those observed in the 

computed pore size distribution (PSD), which shows a high and narrow peak around 

4.6 Å, and a wider and lower peak around 1.5 Å (Figure 4.13, right). Thus, the 

cages observed in the pore space of ZIF-62 correspond to the size of the LCD and 

the higher peak in the PSD. Similarly, the PLD and the lower peak of the PSD mark 

the size of the channels that connect the cages and therefore limit the diffusion of 

molecules. Given that this pore opening is smaller than the size of the molecules, a 
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structural distortion must occur, at least locally, leading to the gate opening that will 

allow the diffusion of the adsorbates, regardless of the temperature.  

 

Figure 4.13. Porosity observed from xz-view (left) and pore size distribution (right) 
of ZIF-62. 

GCMC simulations performed in the rigid ZIF-62 do not consider kinetic effects in 

the ZIF-62 model and thus, cannot reproduce deviations in the adsorption caused 

by kinetic reasons. However, they capture the different behaviour of O2 and N2 

within the structure at different temperatures and suggest that the lower interactions 

between N2 molecules at 77K and its lower interaction with the framework underlie 

the kinetic problems of N2 to access the pores of ZIF-62. 

4.3.4. ZIF-62 structure analysis using synchrotron power X-ray diffraction 

The presence of structural changes upon adsorption has been evaluated 

using synchrotron X-ray powder diffraction measurements under operando 

conditions. To this end, ZIF-62 was cooled down to 90 K and dosed with O2 or N2 

from low pressures up to 1 bar. Activated ZIF-62 at 90 K under vacuum exhibits an 

orthorhombic structure with a = 15.3978(6), b = 15.4138(6), c = 17.9555(6), and v = 

4261.5(4). These values correspond to a unit cell contraction upon cooling of ca. 

1.7%, in close agreement with previous data with ZIF-4.16 Once at 90 K the reaction 

cell was pressurized with O2 up to 1 bar. Figure 4.14 shows that upon oxygen 

incorporation there is a decrease in the intensity of the main diffraction peaks at 3.0, 

3.4, 3.7, 4.0 and 4.5º and the appearance of new peaks as a shoulder at 2.9, 3.9 

and 4.4º.  
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Figure 4.14. SPXRD patterns of ZIF-62 at 90 K loaded with 0.3, 0.6 and 1 bar 
of O2. 

Rietveld refinement analysis of the sample exposed to 1 bar at 90K show the 

presence of two phases, an expanded phase (ep) with unit cell parameters a = 

15.697(1) Å, b = 15.470(1) Å, c= 18.221(1) Å, and v = 4424.6(5) Å3 (solid symbols 

in Figure 4.15), and a contracted phase (cp) with cell parameters a = 15.4279(8) Å, 

b = 15.4104(7) Å, c= 17.9604(9) Å, and v = 4270.1(4) Å3 (empty symbols in Figure 
4.15).  
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Figure 4.15. Variation in the unit cell parameters for ZIF-62 at different 
temperatures and 1 bar of O2. 
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The expanded phase corresponds to ca. 3.8% volume expansion upon O2 

dosing. Figure 4.16 shows the structural change upon the heating of the sample 

loaded with 1 bar of O2. It is observed the peaks attributed to the prevalence of the 

two phases in the low temperature region up to 140K, the contracted phase 

disappearing afterwards. The remaining phase exhibits a certain contraction down 

to 175 K (Figure 4.20), followed by a slight expansion up to 300 K with unit cell 

parameters a = 15.4688(4) Å, b = 15.5810(4) Å, c = 17.9484(6) Å, and v = 4325.9(2) 

Å3 at 300K. These values are rather similar to those described above for the 

activated ZIF-62 structure at 300K under vacuum, thus reflecting the scarce uptake 

of O2 at room temperature in this system, in close agreement with the adsorption 

isotherms in Figure 4.5. The presence of these two regions in ZIF-62 with the 

expanded phase (ep) vanishing at 160-170 K perfectly correlates with the theoretical 

predictions and the large oxygen uptake below 160 K (see Figure 4.11). 
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Figure 4.16. SPXRD patterns of ZIF-62 loaded with 1 bar of oxygen from 

90 K to 300 

Similar experiments have been performed for ZIF-62 at 90K dosing N2 up to 

1 bar (Figure 4.17). Contrary to the adsorption isotherms described above, N2 at 90 

K is able to produce significant changes in the XRD pattern upon adsorption.  
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Figure 4.17. SPXRD patterns of ZIF-6 at 90 K loaded with 0.3, 0.6 and 1 bar of 

nitrogen. 

Similar to oxygen, incorporation of nitrogen at 90K and 1 bar gives rise to the 

development of two phases, an expanded phase (ep) with unit cell parameters a = 

15.677(1) Å, b = 15.459(1) Å, c= 18.206(1) Å, and v = 4412.4(5) Å3, and a contracted 

phase (cp) with parameters a = 15.4035(5) Å, b = 15.4285(5) Å, c= 17.9603(6) Å, 

and v = 4268.3(3) Å3 (Figure 4.18). 
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Figure 4.18. Variation in the unit cell parameters for ZIF-62 at different 
temperatures and 1 bar of N2. 
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The expanded phase observed after nitrogen dosing corresponds to a 3.5% 

unit cell expansion (Figure 4.20). As described above for O2, the two phases prevail 

only at low temperatures, the contracted phase disappearing at 140 K (Figure 4.19). 

These results clearly show that the performance of ZIF-62 under operando 

conditions is rather similar for O2 and N2, as described in Figure 4.20 (although 

slightly favoured for O2). These results can be explained due to the different 

experimental conditions used in the synchrotron XRPD measurements and the gas 

adsorption isotherms performed at cryogenic temperatures. These differences 

include a slightly different adsorption temperature (90K vs 77K), a slightly smaller 

particle size (samples for SXRPD must be finely grounded) and the different 

dimensions of the reactor (experiments at the synchrotron are performed using a 

thin capillary reactor). These results confirm that the inaccessibility of nitrogen to the 

inner porous structure of ZIF-62 at 77 K is not due to a pore size and shape 

restriction but rather to kinetic restrictions due to the nature of the nitrogen-

framework interactions. Larger temperatures are needed to overcome these kinetic 

limitations.  
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Figure 4.19. SPXRD patterns of ZIF-62 loaded with 1 bar of nitrogen from 

90 K to 300 K. 
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Figure 4.20. Temperature scanning of cell volume in ZIF-62 filled with 1 bar of 
oxygen (red lines) nitrogen (blue lines) from 90 K to 300 K. 

4.3.5. Adsorption of bulkier molecules: linear and branched hydrocarbons 

Although ZIFs are characterized by a small pore aperture (e.g., predicted 

limiting pore size window for ZIF-4 ~ 0.21 nm36, ZIF-7 ~ 0.3 nm27, and ZIF-8 ~ 0.34 

nm37), previous studies reported in the literature have shown that these systems are 

able to adsorb larger molecules, e.g., hydrocarbons, due to the presence of 

structural effects, for instance, gate-opening phenomena, responsible for the 

promoted accessibility to the inner porous structure to "unexpected" molecules. 

Although to our knowledge there are no studies in the literature dealing with 

hydrocarbon adsorption in ZIF-62, its glass counterpart agZIF-62 has been reported 

to adsorb linear hydrocarbons (e.g., n-butane) with a significant uptake (up to 0.8 

mmol/g), although with certain irreversibility due to the restricted accessibility of 

these molecules through the reduced pore size aperture of the glass (i.e., 0.25 

nm).25,38 These studies have anticipated that agZIF-62 is also able to separate 

alkanes/alkenes based on the faster diffusion of the unsaturated hydrocarbon.  

 

 



  Chapter 4 

141 
 

1E-3 0.01 0.1 1
0.0

0.3

0.6

0.9

1.2

1.5

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.3

0.6

0.9

1.2

1.5

1.8

C3

 

 

A
d

so
rb

e
d

 a
m

o
u

n
t 
(m

m
o

l/g
)

Pressure (bar)

PropanePropyleneEthaneEthyleneMethane

C1

(a)

(b)

 

 
A

d
so

rb
e

d
 a

m
o

u
n

t 
(m

m
o

l/g
)

Pressure (bar)

 2,2-Dimethylbutanen-Hexane 2-Methylpentane

 

Figure 4.21. Adsorption isotherms for (a) linear and (b) branched 
hydrocarbons in ZIF-62 at 298 K. 

Figure 4.21 shows the adsorption performance of ZIF-62 for (a) linear (C1-

C3) and (b) linear/branched (C6) hydrocarbons at 298 K and up to atmospheric 

pressure. In the specific case of the linear hydrocarbons, these studies have been 

extended to alkane/alkene adsorption processes to observe the effect of the 

unsaturated double bonds in ZIF-62. Figure 4.21a shows that all hydrocarbons 

tested are able to access the inner cavities in ZIF-62, independently of the kinetic 

diameter of the probe molecule (up to 0.43 nm for propane). This observation 

reinforces the hypothesis that the lack of accessibility for nitrogen at 77K is not due 

to pore size inaccessibility but rather to kinetic restrictions. Adsorption uptake for 

hydrocarbon increases with the number of carbon atoms in the aliphatic chain from 

C1 (∼ 0.6 mmol/g) up to C3 (∼ 1.4 mmol/g). This behaviour has also been observed 

for other ZIFs, and it must be attributed to the lower condensation pressure of C3 

hydrocarbons versus their lower molecular mass counterparts (e.g., CH4).17 Taking 

a closer look to the C2 series, experimental results show that ethane exhibits an 

improved uptake compared to ethylene over the whole pressure range evaluated. 

The preferential adsorption of the saturated hydrocarbon can be associated with its 

slightly larger kinetic diameter (∼ 0.2 Å) compared to its unsaturated counterpart, 
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thus having a better fitting in the ZIF cavities and a larger adsorption potential.39 

However, the diffusion of the C2 hydrocarbons follows an opposite trend with the 

smaller alkene (ethylene) exhibiting a shorter equilibration time (faster diffusion), in 

close agreement with previous results in agZIF-62 (see Figure 4.22).25 In any case, 

the adsorption uptake for hydrocarbons is much larger in the parent ZIF-62 

compared to the glass counterpart. The adsorption uptake further increases for 

propylene (C3) and shifts to lower pressures compared to C2 hydrocarbons, 

following the expected tendency. Only propane with a larger chain length and a 

larger kinetic diameter experiences problem to access the porosity, the adsorption 

isotherm exhibiting unexpected steps (e.g., at p ∼ 0.1-0.2 bar) and marked 

irreversibility.  
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Figure 4.22. Time requested to reach equilibrium for each specific point at the 

alkane/alkene adsorption isotherms performed in ZIF-62 at 298K. 
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Last but not least, the adsorption performance has been tested for bulkier 

hydrocarbons, i.e., mono and di-branched C6 hydrocarbons (Figure 4.21b). In 

accordance with the observations described above, n-hexane exhibits severe 

problems to access the inner cavities in ZIF-62, compared to propane, with the 

associated steps at specific points of the isotherm and the irreversible hysteresis 

loop. The mono-branched C6 isomer (2-methyl pentane; kinetic diameter 0.50 nm) 

exhibits a sudden decrease in the amount uptake (down to ∼ 0.5 mmol/g), whereas 

the di-branched isomer (2,2-dimethyl butane; kinetic diameter 0.62 nm) is mainly 

excluded. These results confirm that pore size aperture and pore accessibility in 

ZIF-62 is larger than the crystallographic pore opening predicted and close to the 

kinetic diameter of C3-C6 saturated hydrocarbons, i.e. ca. 0.43 nm. The unexpected 

accessibility for bulkier hydrocarbons and the variation of the pressure threshold for 

each individual molecules (C1-C2-C3 selectivity and alkane/alkene selectivity) can 

only be understood due to the presence of specific interactions between the 

hydrocarbon molecules and the ZIF framework with the associated structural 

changes (e.g., a gate-opening effect). 

4.4. Conclusions 

ZIF-62 was synthesized by solvothermal method, and textural and 

morphological characteristics were evaluated through different physicochemical 

techniques. It was observed big tetrahedral crystals with an average size of 5-20 

µm and strong solvent-surface interactions in the structure evacuation process. 

Nitrogen and oxygen adsorption-desorption isotherm showed at similar behavior at 

298 K and 195 K but not at 77 K where ZIF-62 showed a not adsorptive behavior 

for nitrogen while the maximum adsorbed amount of oxygen was close to 8 mmol/g. 

Monte Carlo simulations for a rigid structure of ZIF-62 showed a framework with a 

big cavity of 4.3 Å and a small one of 1 Å. Simulated nitrogen and oxygen adsorption 

isotherm elucidate a similar adsorptive behavior for both gases at 77 K, 195 K and 

298 K and fitted in good agreement with the experimental data at 195 K and 298 K. 

Nitrogen adsorption isotherm at 77 K showed a non-adsorptive behavior in the 

experimental isotherm while simulation suggests there should be a similar maximum 

of nitrogen and oxygen (close to 5 mmol/g), this may suggest a diffusional barrier. 
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SXRD experiment showed a structural transformation when the framework was 

loaded with oxygen or nitrogen at 90 K, suggesting a structural flexibility.  

The Rietveld refinement performed in the SPXRD patterns at 90 K suggested 

a mixture of an expanded phase (phase I) and a contracted phase (phase II), this 

two phases prevailed until 150 K, after this point the contracted phase disappears 

and the cell parameter were close to those described for the blank structure. Even 

at first look experimental and simulated results could be contradictory, synchrotron, 

and particle size experiments are essential to understand the difference between 

those results. Even that nitrogen is not adsorbed as simulation experiments 

predicted, particle size and kinetic barriers experiments confirm the accessibility of 

nitrogen to the structure. However, the number of molecules accessing to the 

frameworks depends on external parameters such as, as kinetic barriers caused by 

particle size or equilibrium time. Expanding the potential applications of ZIF-62 for 

different industrial interest molecules, isotherms of small molecules such as 

methane or carbon dioxide where were performed at 298 K.  

C1-C4 paraffins and olefins adsorption isotherms in ZIF-62 at 298 K showed 

an inverse preferential adsorption behavior which has been observed in other ZIF 

structures. Finally, ZIF-62 appeared to be an excellent material for separation of 

hexane isomers, showing a high preference for linear alkane and non-adsorptive 

preference for bi-branched isomers. 
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Chapter 5 reviews the most significant results obtained into the 

paradigm of structural changes and adsorption capacity in ZIFs upon 

nitric oxide adsorption and release. Nitric oxide has been called the 

“molecule of the decade” due to discovery of its essential role in 

biological processes. Zeolitic imidazolate frameworks (ZIFs) have 

been applied for the first time in the adsorption and release of an 

important biomedical molecule, such as NO. Despite the absence of 

open metal sites (OMS) and suitable surface chemistry (e.g., amine 

basic groups) in ZIFs, these materials exhibit an excellent 

performance in terms of total uptake, irreversibility until use and 

delivery kinetics. These excellent results must be attributed to the 

presence of specific interactions between the framework and the NO 

molecules. For instance, ZIF-4 is able to adsorb up to 1.6 mmol/g, 

whereas its benzyl imidazolate counterpart (ZIF-7) is limited to 0.5 

mmol/g. However, despite the lower adsorption capacity exhibited by 

ZIF-7, the presence of a narrow pore (np), highly dense structure 

(phase II) allows controlling the NO release under humid conditions 

for more than 15h at physiological temperature (310K).  

 

Nitric Oxide Adsorption into 
Flexible Zeolitic Imidazolate 

Frameworks (ZIFs) 
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5.1. Introduction 

Nowadays, one of the main challenges in materials science is the design of 

functional nano porous solids for biomedical applications. For instance, a porous 

material to be applied in drug delivery processes must fulfil a series of stringent 

requirements, i.e. a high loading capacity, a "strong" adsorption potential so that the 

drug can be stored until use, prolonged delivery over time and, the most important, 

a proper biocompatibility. One of these biomedical challenges concerns the 

adsorption and release of nitrogen monoxide (NO). NO is a highly reactive molecule, 

that for a long period was considered just a toxic gas produced from cars exhaust. 

However, when a Nobel prized was awarded to scientist who  discover the essential 

role of this small molecule into many physiological functions (for instance, in the 

cardiovascular system) a big attention was focused in the development of nano 

porous materials able to store and deliver NO constitutes a promising approach for 

instance to avoid thrombosis formation upon incorporation of medical devices (e.g., 

stents or catheters) in human body.1,2 However, due to the low intermolecular 

interactions, the saturation vapor pressure of NO is high, i.e. 64.83 bar, with the 

associated complexity to store a considerable amount of NO at atmospheric 

pressure. Nanoporous materials such as zeolites and porous organic polymers 

containing immobilized metal complexes have been reported in the literature as 

promising platforms to overcome these limitations for NO adsorption and release.3,4 

The presence of metal cations (or extra-framework cations in the specific case of 

the zeolite) able to chemisorb NO has been identified through X-ray diffraction and 

IR spectroscopy. Despite these promising results, these materials suffer from a 

small adsorption capacity for NO at 298 K, i.e. below 1 mmol/g.  

Recent studies described in the literature have shown the improvement of 

these number by using metal-organic frameworks (MOFs) as a host structure. Cu-, 

Co- and Ni-MOFs among others have shown adsorption values as high as ~ 7 

mmol/g at 25ºC, with a proper irreversibility, required to retain the adsorbed NO until 

use.5–7 The presence of coordinatively unsaturated metal sites (CUSs) on the 

evaluated MOFs able to bind NO molecules explains the optimum performance in 

terms of storage values and release characteristics. Despite the irreversible nature 
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of the adsorbed NO, these studies have shown that it can be partially desorbed 

using humid air, NO delivery ranging from 1h up to 40h, depending on the metal and 

porous network. Another approach to store NO in MOFs is based in the formation 

of NONOates. Recent studies described in the literature have shown that the 

incorporation of amine groups in the organic linker (for instance IRMOF-3 and 

UMCM-1-NH2) allows to improve the NO adsorption performance, even in the 

absence of open metal sites (OMS).8,9 

A potential approach for NO storage not explored till date is the use of flexible 

MOFs such as, zeolitic-imidazole frameworks (ZIFs). These materials are a sub-

class of the MOFs family characterized by the presence of structural phenomena 

upon adsorption, i.e., swinging of the linker and the associated gate-opening or 

breathing phenomena.10–14 Although ZIFs does not possess CUS or a properly 

designed surface chemistry, the structural changes taken place upon 

adsorption/desorption can be anticipated a priori as a potential tool to control/modify 

the delivery kinetics for NO. Furthermore, these materials possess high thermal and 

mechanical stability, with the associated advantages in terms of minimizing 

structural deterioration and metal leaching in biomedical applications. 

ZIF-4 and ZIF-7 are 2 out of 105 ZIFs reported in the literature so far.15 ZIF-

4 is formed by the simplest linker unit, imidazole, and zinc metal clusters. This 

material shares a remarkable structural flexibility and phase transitions upon 

external stimulus (pressure and/or temperature changes).14,16,17 These properties 

have attracted great attention for applications in gas separation and storage.18,19 On 

the other hand, ZIF-7 has sodalite topology and is formed by benzimidazole linkers 

connected to zinc metal clusters.12 In ZIF-7 the linkers have some freedom to rotate 

over certain angles promoting structural flexibility, mainly a phase transition from a 

narrow pore (np) to a large pore (lp) structure.20 

Taking into account the excellent characteristics of ZIFs and the associated 

structural changes, the main goal of this manuscript is the evaluation of the 

performance of two flexible ZIFs, i.e. ZIF-7 and ZIF-4, in the adsorption/delivery of 

NO under different experimental conditions. The amount of NO adsorbed and the 
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delivery characteristics under different temperature and dosing conditions will be 

thoroughly evaluated. 

5.2. Experimental section 

5.2.1.  MOFs synthesis 

ZIF-4 and ZIF-7 were synthesized by solvothermal method using procedures 

reported before in the literature.14,18 For ZIF-4, 0.4 g of Zn(NO3)2ꞏ6H2O were mixed 

with 0.3 g of imidazole and dissolved in 30 mL of N,N-dimethylformamide (DMF). 

The liquid mixture was placed in a glass jar, sealed tightly and placed in the oven 

for 48 h at 403 K. For ZIF-7 a similar procedure was followed mixing 0.4135 g of 

Zn(NO3)2ꞏ6H2O and 0.3764 g of benzimidazole. The solid mixture was dissolved in 

30 mL of DMF, transferred in a glass jar and placed in the oven for 48 h at 403K. 

The solid crystals were washed with 30 mL of DMF (x2) and exposed to a solved 

exchange process with 30 mL of methanol (x) for 24 hours. Finally, the samples 

were dried at room temperature for 6 hours and stored for further characterization.  

5.2.2. MOFs characterization 

X-ray powder diffraction (XRPD) patterns of ZIF-4 and ZIF-7 were obtained 

using a Bruker D8-Advance equipment with mirror Goebel with high temperature 

Chamber and a generator of X-ray KRISTALLOFLEX K 760-80F with a tube of RX 

with copper anode. Spectra were registered between 3 and 80° (2θ) with a step of 

0.05° and a time per step of 3 s. XRPD of the samples were obtained under different 

outgassing temperatures (423 K and 523 K). 

Scanning electron microscopy (SEM) images of ZIF-4 and ZIF-7 were 

obtained using an JSM-6700F that is a high-resolution SEM with a field emission 

gun (FEG) electron source. It is equipped with a secondary electron detector for 

topographic contrast imaging, a retractable backscattered electron detector for 

atomic number contrast imaging and an Oxford Inca EDX system for compositional 

analysis.  
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Thermogravimetric analysis (TG) were obtained using the scientific facilities 

available in the technical services of the University of Alicante. ZIF-4 and ZIF-7 TG-

DTA were recorded using an equipment TG-DTA METTLER TOLEDO model 

TGA/SDTA851e/SF/1100. The samples were measured using an alumina sample 

holder and temperature range from 298K up to 1073K with step of 5 K/min under N2 

flow. 

X-ray photoelectron spectroscopy (XPS) spectra were recorded in a XPS K-

ALPHA Thermo Scientific. All spectra were collected using an Al-K radiation (1486.6 

eV), monochromatized by a twin crystal monochromator, yielding focused X-ray spot 

elliptical shaped with a major axis length of 400 µm at 3 mA x 12 kV. The alpha 

hemispherical analyser was operated at the constant energy mode with survey scan 

pass energies of 200 eV to measure the whole energy band and 50 eV in a narrow 

scan to selectively measure the desired elements. Charge compensation was 

achieved with the system flood gun that provides low energy electrons and low 

energy argon ions from a single source. The CHx in carbon 1s score level was used 

as reference binding energy (284.6 eV). The powder samples were pressed and 

mounted on the sample holder and placed in the vacuum chamber. Before the 

spectrum recording, the samples were maintained in the analysis chamber until a 

residual pressure of ca. 5 × 10−7 Nm-2. The peaks deconvolution was performed by 

a quantitative analysis calculating the integral of each peak, after subtracting the S-

shaped background, and by fitting the experimental curve to a combination of 

Lorentzian (30%) and Gaussian (70%) model. 

5.2.3. CO2 adsorption isotherm at 273K 

CO2 adsorption/desorption isotherms were performed at 273 K using a 

home-made high-resolution manometric equipment designed and constructed by 

the LMA group. Before the adsorption experiment, ZIF-4 and ZIF-7 crystals were 

outgassed using two different temperatures, 423 K and 523 K, for 48h under high 

vacuum (10-7 kPa).  
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5.2.4. ZIFs phase analysis by PXRD 

ZIF-4 and ZIF-7 structural transition upon outgassing temperature was evaluated 

through powder X-ray diffraction. A PANalytical Empyrean multi-functional system for 

analysis by X-ray diffraction was used. The basic configuration has a goniometer with 

an X-ray tube cathode Cu K α, and a 3D Pixcel detector. The configuration allows the 

installation of different modules (SAX, reflectometry, etc.) easy to install with prefix 

positions. The system has a reaction chamber for analysis of the phase change material 

during heating to a maximum temperature of 900 ° C and an entrance to control gas 

atmosphere in the chamber. ZIF-4 and ZIF-7 outgassed at 423 K and 523 K were 

analyzed at room temperature first obtain a blank of the evacuated structure and 

secondly, a pattern of the material exposed to 1 bar of NO or CO2. 

5.2.5. Nitric oxide adsorption/desorption isotherms 

Nitric oxide adsorption/desorption experiments on ZIF-4 and ZIF-7 were 

measured using a gravimetric equipment bespoke in Russell Morris’ research group. 

In the gravimetric method a CI instrument microbalance was thermally stabilized to 

eliminate external environmental effects (sensitivity of 0.1 µg and reproducibility of 

0.01% of the load). The adsorption pressure was monitored by two gauges in the 

ranges of 1 × 10-8 -1 × 10-2 and 1 × 10-4 -1 × 103 mbar, respectively. The samples 

were outgassed either at 423K or 523K under vacuum until no weight loss was 

observed. For each sample the temperature was decreased to 298K and kept 

constant using a water bath. To minimize the influence of temperature differences 

on weight readings, the counterbalance temperature was kept at the same 

temperature and the sample temperature was monitored using a thermocouple 

located close to the sample bucket. The nitric oxide was introduced to the system 

until the desired pressure was reached. Kinetic data was recorded in each point 

measuring the mass uptake as a function of time. In this manner 

absorption/desorption isotherm was collected by increasing or decreasing the 

pressure and the mass gain or loss was noted after the equilibrium had been 

achieved.  
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5.2.6. Nitric oxide releasing experiments 

NO release measurements were performed using an NOA 280i chemiluminescent 

nitric oxide analyser. The analyser was calibrated by passing air through a zero filter 

and 89.82 ppm NO gas flow. The flow rate was set to 180 mL/min with a cell pressure 

of 8.5 torr and an oxygen pressure of 6.1 psig. To measure the NO released from 

ZIF-4 and ZIF-7, a nitrogen flow with a controlled humidity (11 % RH) was passed 

through the powders at different temperature conditions, the final NO concentration 

being recorded until a NO outlet concentration below 20 ppb is obtained. To observe 

the effect of the kinetics in the NO adsorption, 1h and 24 h of exposure were used 

in both materials.  

5.3. Results 

5.3.1.  Physicochemical evaluation of the synthesized ZIFs 

Figure 5.1 shows the XRD pattern of the as-synthesized ZIF-4 and ZIF-7. Both 

patterns perfectly fit with the simulated X-ray diffraction data available at the 

Cambridge Database. ZIF-4 exhibits the so-called high-temperature phase (HT) 

described by Wharmby et al. and characterized by a Pbca space group and a unit 

cell volume around 4344 Å3.21 Concerning ZIF-7, the obtained XRD pattern 

corresponds to the rhombohedral phase I (the so-called large-pore (lp)) commonly 

associated with pore occupation with guest molecules (e.g., solvent).12 
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Figure 5.1. XRD pattern of the as-synthesized (a) ZIF-4 and (b) ZIF-7 samples in 
comparison with the simulated patterns (red), obtained from Cambridge Structural 
Database, Cambridge Crystallographic Data Centre, Cambridge CB2 1EZ, United 

Kingdom. 

Based on the literature, the volume of the ZIF-7 phase I structure is 7214 Å3, 

whereas the desolvated structure (phase II) is triclinic with a volume of 7917 Å3.22 

Figure 5.2 shows the SEM images of the synthesized ZIFs. Both samples exhibit 

octahedral morphology with an average crystal size of ca. 300 µm for ZIF-4 and ca. 

40 µm for ZIF-7.  

 

Figure 5.2. SEM images of the as-synthetized (a) ZIF-4 and (b) ZIF-7. 

100 µm 40 µm 
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The thermal behaviour of ZIF-4 and ZIF-7 was evaluated using 

thermogravimetric analysis (TG) under an air flow up to high temperature. As 

observed in Figure 5.3, ZIF-4 exhibits a weight loss (ca. 8%) at 473 K due to the 

removal of the solvent, and a second weight loss of ca. 34% at 893 K due to the 

decomposition of the linker. ZIF-7 exhibits a similar profile with a first weight loss 

due to the removal of the solvent at 470 K (ca. 12%) and a second weight loss at 

836K of ca. 41% due to the decomposition of the material. Based on these 

measurements, 423 K and 523 K were selected temperatures for the thermal 

treatment before each adsorption evaluation.       
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Figure 5.3. TGA-DTA patterns of the as-synthetized (a) ZIF-4 and (b) ZIF-7 
samples under air flow. 

5.3.2.  CO2 adsorption measurements at 273K 

Previous studies described in the literature have shown that N2 adsorption at 

77K in ZIF-7 and ZIF-4 is a kinetically restricted process and extended equilibrium 

times are required to achieve proper equilibrium conditions (isotherms take several 

days to be completed).12,14 On the contrary, CO2 adsorption at a higher adsorption 

temperature (273 K) constitutes a proper alternative to N2 to evaluate the porous 
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structure in ZIFs due to the absence of kinetic restrictions and/or specific 

interactions between the probe molecule and the structural framework that preclude 

gas adsorption. To evaluate the success of the synthesis process and the nature of 

the developed structural network, CO2 adsorption/desorption isotherms have been 

evaluated for both samples after an outgassing treatment at 423 K and 523 K 

(Figure 5.4).  
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Figure 5.4. Carbon dioxide adsorption/desorption isotherms in (a) ZIF-4 and (b) 
ZIF-7 at 273 K. Samples were outgassed at 423 K (black) and 523 K (blue). 

The CO2 adsorption isotherm of the ZIF-4 sample exhibits a type I adsorption 

performance, attributed to the filing of the inner cavities, excluding any structural 

expansion or gate-opening effect, in close agreement with previous studies 

described in the literature.14 CO2 adsorption in ZIF-4 is fully reversible with a total 

amount adsorbed of ~3.1 mmol/g, after a thermal treatment at 423 K. An increase 

in the temperature of the outgassing treatment up to 523 K gives rise to an important 

decrease in the adsorption performance down to a final uptake of ~1.0 mmol/g. The 

adsorption performance is different in the case of ZIF-7. In this case, an S-shape 

isotherm is clearly observed due to the filling of the inner cavities with CO2, and the 

associated phase transition from the closed-packed phase II (obtained after 

removing the solvent), to an expanded, low density, phase I. The total uptake at 1.0 
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bar is ~2.5 mmol/g, in close agreement with previous studies from our research 

group.14 The presence of a phase transition associated with a structural expansion 

can be clearly reflected in the desorption branch, with an associated hysteresis loop 

at low pressures (ca. 0.1-0.2 bar). An increase in the outgassing temperature in the 

ZIF-7 does not give rise to significant changes, except a small decrease in the total 

uptake (~8% decrease). These results confirm the proper removal of the solvent 

even after a thermal treatment at 423 K under ultra-high vacuum conditions (UHV), 

together with the presence of some structural changes after an increase in the 

temperature to 523 K, these changes being detrimental for the final adsorption 

performance. In any case, these changes in ZIF-7 are rather small compared to ZIF-

4. In the specific case of ZIF-4, the drastic decrease in the amount adsorbed must 

be attributed to the partial amorphization of the ZIF-4 structure after the thermal 

treatment at 523K to the so-called aT-ZIF-4, in close agreement with previous 

findings from Bennett et al.16 However, the presence of further re-crystallization to 

the dense zni phase cannot be excluded at this point.   

5.3.3.  NO adsorption experiments at 298K 

Previous studies described in the literature have shown that the structural 

changes taken place in ZIFs highly depend on the nature of the probe molecule, i.e. 

it is usually an energetic process that depends on the balance between the inner 

framework interactions and the interactions of the ZIF framework with the 

corresponding gas molecule. NO is a slightly polar molecule with more electron 

density over oxygen atom. A priori, one would expect to find specific interactions 

between the NO molecule and the ZIF framework due to the presence of a 

permanent dipolar moment able to open the porous network.  
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Figure 5.5. Nitric oxide isotherms in (a) ZIF-4 and (b) ZIF-7 at 298 K. Samples 
outgassed at 423 K (black square) and 523 K (red circles). 

Figure 5.5 shows the NO adsorption/desorption isotherms for both ZIFs up 

to 1.0 bar, for the two outgassing temperatures evaluated. In both cases, the amount 

of NO adsorbed is larger after a thermal treatment at 423K, in close agreement with 

CO2 described above. However, the adsorption performance is extremely different 

among ZIFs. 

Both samples exhibit a concave isotherm characteristic of microporous 

materials with a strong adsorption potential at low pressures. However, whereas 

ZIF-4 is able to achieve a large adsorption capacity for NO, up to ~1.6 mmol/g, ZIF-

7 has a limited capacity, close to 0.5 mmol/g. These results confirm that NO has a 

proper accessibility to the inner porous structure in ZIF-4, with an adsorption uptake 

in the range of the values obtained with CO2. On the contrary, ZIF-7 has limited 

accessibility. A closer look to the NO and CO2 isotherms in ZIF-7 clearly shows that 

0.5 mmol/g corresponds roughly to the amount of CO2 adsorbed in the initial step 

of the isotherm, i.e. before the phase transition from np to lp. This observation will 

demonstrate that NO is indeed not able to promote the breathing of ZIF-7 at 1.0 bar 

and 298 K. At this point it is important to highlight that despite the type I isotherm 

obtained for both samples, NO adsorption is completely irreversible under ultrahigh 
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vacuum conditions for both samples, the remaining amount of gas adsorbed being 

~1.37 mmol/g and ~0.47 mmol/g, for ZIF-4 and ZIF-7, respectively. Despite the 

absence of exposed covalent unsaturated metallic sites (CUS) in ZIFs and the 

absence of basic functionalities in the organic linker, both samples exhibit a perfect 

irreversibility. Although the irreversible adsorption of gases can be a priori a 

handicap, it can indeed very useful for biomedical applications to preserve adsorbed 

the active component until use, provided that the NO can be properly desorbed upon 

request.  

5.3.4.  NO release experiments under humid conditions 

Among the different approaches to release NO from inorganic porous 

materials, the most promising one concerns the use of a humid air flow. This is also 

the most realistic approach taking into account that, in human body, the loaded MOF 

will be in contact with physiological media, i.e., upon implantation there will be a 

competition between H2O and NO for the adsorption sites in the corresponding 

material. Previous studies using MOFs and zeolites have shown that this is a proper 

approach to release, although partially, the retained NO. Only under specific 

circumstances, for instance for sample CPO-27-Co and CPO-27-Ni, the total 

amount of NO retained can be properly released.6 Figure 5.6 and Figure 5.7 show 

the delivery profiles for ZIF-4 and ZIF-7, respectively, after exposure to NO for 1h 

and 24h (see experimental section for further details). In all cases, the NO signal 

was recorded over time under humid flow conditions (11% RH) until the final NO 

concentration was lower than 20 ppb. At this point, the experiment was stopped.                
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Figure 5.6. Chemiluminescence analysis of total NO delivery at 298K on contact 
with humid atmosphere (11 % RH) for (a) ZIF-4 outgassed at 423K and 1 h NO 

exposure, (b) ZIF-4 outgassed at 523K and 1 h NO exposure, (c) ZIF-4 outgassed 
at 423K and 24 h NO exposure and (d) ZIF-4 outgassed at 523K and 24 h NO 

exposure. Data collection was stopped when NO levels reached 20 ppb. 

Figure 5.6 (inset) shows that NO delivery in ZIF-4 exhibits an initial induction 

period (less than 1 min), the total amount released reaching a plateau in the first 

20s. The total amount desorbed after the plateau is rather small (≤ 0.5 µmol/g). As 

expected, the amount released is much larger for ZIF-4 exposed to NO for 24h, 

whereas the thermal treatment at 523 K becomes detrimental due to the 

amorphization of the structure and the low adsorption capacity of the denser 

material. An exception to this behaviour is the ZIF-4 treated at 423 K and exposed 

to NO for 24h. Under these conditions, the NO is released continuously for more 

than 2h until the limit of 20 ppb is reached. Interestingly, under these conditions the 

total amount of NO released is one-order of magnitude larger and close to 2.4 

µmol/g.         
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Figure 5.7. Chemiluminescence analysis of total NO delivery at 298 K on contact 
with humid atmosphere (11 % RH) for (a) ZIF-7 outgassed at 423 K and 1 h NO 

exposure, (b) ZIF-7 outgassed at 523 K and 1 h NO exposure, (c) ZIF-7 outgassed 
at 423 K and 24 h NO exposure and (d) ZIF-7 outgassed at 523 K and 24 h NO 

exposure. Data collection was stopped when NO levels reached 20 ppb. 

Although the adsorption performance of ZIF-7 is worse in terms of total NO 

uptake (Figure 5.7) compared to ZIF-4, the performance observed during NO 

desorption is drastically different. Compared to ZIF-4, the total amount delivered for 

ZIF-7 is much larger (up to 6 µmol/g) and with extended delivery kinetics (up to 5h). 

These results suggest that NO adsorbed in ZIF-7 with phase II (the so-called low-

pore (lp) phase or highly dense phase) gives rise to an optimum performance for 

NO delivery, i.e., the presence of a folded structure allows to decrease the delivery 

kinetics with a significant improvement in the time-scale length. As expected, this 

improvement is more significant after 24h NO exposure and after a thermal 

treatment at lower temperatures (423 K).   

Another important parameter able to define the delivery kinetics in ZIFs is the 

temperature of the surrounding media. Experiments described above were 

performed at 298 K, slightly below the temperature of the human body. In order to 

get a more realistic picture of the ZIFs performance, delivery experiments were 
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evaluated at 298 K, 310 K (temperature of the human body) and 318 K using the 

most promising conditions reported before, i.e., an outgassing treatment at 423 K 

and NO exposure for 24h. Figure 5.8 and Figure 5.9 shows the delivery profile for 

ZIF-4 and ZIF-7, respectively, at the three temperatures evaluated. As it can be 

appreciated, the performance changes drastically after an increase in the 

temperature of the delivery media of only 12 K. In the specific case of ZIF-4, the 

amount desorbed increases from 2.4 µmol/g up to 8.5 µmol/g at 310 K and 11.8 

µmol/g at 318 K. Concerning time scale, the system is able to release NO with a 

concentration above 20 ppb for more than 6h, as compared to 2h in the ZIF-4 at 298 

K.         

0 1 2 3 4 5 6 7
0

2

4

6

8

10

12
(c)

(b)

 

 

N
O

 re
le

as
ed

 (µ
m

ol
/g

)

Time (h)

(a)

 

Figure 5.8. Chemiluminescence analysis of total NO delivery on contact with 
humid atmosphere (11 % RH) for ZIF-4 at analysis temperature of (a) 298 K, (b) 

310 K and (c) 318 K. Samples were outgassed at 423 K overnight and exposed to 
NO for 24 hours. Data collection was stopped when NO levels reached 20 ppb. 

Concerning ZIF-7, the scenario also changes after an increase in the 

desorption temperature. As appreciated in Figure 5.9, the total amount of NO 

released exhibits a drastic change at 310 K (more than 25 µmol/g released) and 

even larger (more than 70 µmol/g) at 318 K. Compared to the amount released at 

298K (6 µmol/g), this result constitutes a tremendous increase (up to one order of 

magnitude) after an increase of released temperature of only 20 K. Furthermore, the 
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delivery process can be extended in time with a total of 18h with more than 20 ppb 

released.    
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Figure 5.9. Chemiluminescence analysis of total NO delivery on contact with 
humid atmosphere (11 % RH) for ZIF-7 at analysis temperature of (a) 298 K, (b) 

310 K and (c) 318 K. Samples were outgassed at 423 K overnight and exposed to 
NO for 24 hours. Data collection was stopped when NO levels reached 20 ppb. 

Previous studies described in the literature have shown that complete release 

of the adsorbed NO is rather difficult and depends on the nature of the MOF 

framework (nature of the metal species and organic linker). Whereas materials with 

open metal sites (e.g., HKUST-1) exhibit a low release (ca. 2.4 µmol/g) for only 

1h,5,23 materials such as CPO-27-M (M=Co, Ni) are able to deliver close to 100% of 

the retained NO (≈ 7 mmol/g) under humid flow conditions.6 Amine functionalization 

of linkers also allows to improve the NO adsorption and released performance (e.g., 

UMH materials) with a similar performance to ZIF-7, i.e. ca. 60 µmol/g delivered but 

limited to 6h.23 Compared to previous approaches described in the literature for NO 

adsorption using MOFs, this manuscript shows that ZIFs exhibit a similar or even 

improved behaviour in terms of storage and delivery kinetics with some additional 

advantages compared to the reported MOFs, i) an easy synthesis process, avoiding 

complex functionalization of the organic linker to increase its basic character and, ii) 
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absence of open metal sites, with the associated structural stability even in 

physiological solution.24 For instance, in the specific case of HKUST-1, DFT 

calculations predict a binding energy for water to the open metal sites as high as ~ 

47.3 kJ/mol, a value that allows water to compete with the majority of the target 

molecules (e.g., NO with a binding energy of 28.9 kJ/mol). The strong water-

framework interaction in HKUST-1 explains the associated structural deterioration 

of this material (and associated copper leaching) under humid environments.25,26 

This is a crucial aspect since the structural stability in ZIFs will prevent any structural 

deterioration and the associated release of toxic metal species into the organism.  

5.3.5. Structural changes upon a thermal treatment under UHV conditions 

To end up, the structural characteristics of both ZIFs have been evaluated after a 

thermal treatment under UHV conditions at 423 K and 523 K. The main goal was to 

ascertain the reasons behind the changes observed in the adsorption performance 

of ZIFs, preferentially for ZIF-4. Figure 5.10 shows the XPS spectra corresponding 

to the N1s region for the two samples after the two thermal treatments applied.  
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Figure 5.10. XPS spectra of N1s for ZIF-4 and ZIF-7 outgassed at 423 K and 523 
K. 
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As it can be observed, the XPS profiles are rather similar for both samples, 

independently of the thermal treatment applied. Each nitrogen signal can be 

deconvoluted into three components corresponding to pyridinic N at 398.9 eV, 

pyrrolinic N at 400.2 eV and a third small contribution at 401.7 eV, most probably 

due to quaternary or graphitic nitrogen species.27,28 Whereas at low degassing 

temperatures pyridinic and pyrrolinic nitrogen signals are rather similar (~50%), an 

increase in the degassing temperature to 523 K gives rise to a sudden increase in 

the pyridinic contribution (~67%) in both samples, most probably due to the creation 

of structural defects. However, these changes are similar for both samples and does 

not allow to justify the changes observed in the adsorption performance between 

ZIF-4 and ZIF-7. A similar scenario takes place in the Zn 2p region (Figure 5.11) 

with a similar profile for both materials, independently of the thermal treatment 

applied. XPS spectra for Zn show two main contributions at 1021.9 eV and 1045.2 

eV, attributed to Zn 2p3/2 and 2p1/2, respectively. In addition there were two small 

contributions at 1046.6 eV and 1023.9 eV, most probably due to the presence of 

metal oxide and hydroxide.27 In any case, these results confirm that the structural 

changes taken place in these ZIFs at higher temperatures are not related with 

changes in the chemical structure and elemental state of the materials.     
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Figure 5.11. XPS spectra in the Zn 2p region for ZIF-4 and ZIF-7 samples after a 
thermal treatment under UHV conditions at 423 K (a and c) and 523 K (b and d). 

To further characterize these materials, XRD patterns have been evaluated 

in the two ZIFs evaluated after a thermal treatment under UHV conditions at 423 K 

and 523 K (Figure 5.12). In the specific case of the ZIF-7, the XRD pattern 

corresponds to the narrow pore (np) structure, the so-called phase II, independently 

of the thermal conditions applied. However, in the specific case of ZIF-4 the scenario 

is different. Whereas a thermal treatment at 423 K under UHV conditions preserves 

the so-called high-temperature (HT) phase, an increase in the temperature of this 

treatment to 523 K gives rise to a completely new phase. Previous studies from 

Bennett et al. have shown that ZIF-4 is a unique material under a thermal stimulus.17 

Upon heating ZIF-4 can go through an amorphization step (ca. 573K) to the so-

called aT-ZIF-4, and further on, it can suffer a recrystallization to the dense phase 

zni-ZIF-4, at around 673 K. A closer look to Figure 5.12 clearly anticipates that ZIF-

4 evolved to the dense amorphous ZIF-4 phase.29 Apparently, under UHV conditions 
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all these thermal changes are shifted to lower temperatures, compared to the 

previous observations described in the literature.17,29 
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Figure 5.12. XRD patterns of ZIF-4 and ZIF-7 after a thermal treatment under 
UHV conditions at 423 K (a and c) and 523 K (b and d). 

5.3.6. Phase transition upon gas adsorption 

Breathing phenomena in ZIF-4 upon nitrogen adsorption at 77 K has been 

widely described in the literature.14,21,30 As it was observed in the isotherms showed 

in Figure 5.4, CO2 adsorption at 298 K does not promote any phase transition in 

ZIF-4 as it does in ZIF-7, where CO2 forces a transition from a narrow pore phase 

to an expanded pore phase. In situ PXRD measurements were performed under 

CO2 atmosphere to confirm the possible phase transitions in the samples outgassed 

at 423 K and 523 K. Figure 5.13 resumes the PXRD patterns of the ZIF-4 and ZIF-

7 under an atmosphere of CO2 at room temperature. It can be observed that in case 

of ZIF-7, outgassing temperature does not influence the phase transition 

phenomena. In both cases, transition from a narrow pore to an expanded phase is 

observed since new peaks appears in the pattern. On the other hand, CO2 is not 

able to promote a phase transition in ZIF-4 outgassed at 423 K.  As it was mentioned 
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before, ZIF-4 outgassed at 523 K suffer a temperature induced phase transition from 

a crystalline phase to an amorphous phase which makes a complex process to 

identify possible structural transition due to the adsorption process. 
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Figure 5.13. X-ray diffraction patterns of ZIF-4 and ZIF-7 under a CO2 
atmosphere. 

Figure 5.14 shows the PXRD patterns of the ZIF-4 and ZIF-7 samples 

exposed to NO atmosphere at room temperature. As it was observed in the case of 

CO2 in-situ measurements in ZIF-4, outgassing temperature does not have an 

influence in structural phase transition promoted by NO adsorption. Although, at 423 

K ZIF-4 is a crystalline structure with a close pore phase and the sample outgassed 

at 523 K shifts to an amorphous phase. PXRD patters of the ZIF-7 samples shows 

the peaks typical of the so called ZIF-7 phase II (narrow pore phase) which at 

difference of CO2 patterns where a phase transition is observed, the adsorption of 

NO in ZIF-7 occurs only in the narrow pore phase and non-phase transition is 

performed. 

The in-situ PXRD experiments confirms that nitric oxide adsorption in ZIF-4 

is performed in a opposite structures produced from the outgassing temperature, 
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while the NO adsorption in ZIF-7 occurs in a narrow pore phase (phase II) and this 

molecule is not able to promote any phase transition.  
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Figure 5.14. X-ray diffraction patterns of ZIF-4 and ZIF-7 under a NO atmosphere. 

5.4. Conclusions 

Compared to the traditional approaches to improve the interaction of NO with 

nanoporous structures, i.e., the incorporation of open metal sites or the 

functionalization of the material with basic moieties, this study anticipates a third 

approach based on flexible MOFs. The presence of structural changes upon 

adsorption in ZIFs and the transition from low-to-high density phases constitutes a 

promising alternative to store and deliver NO in a controlled way. By taking 

advantage of these phenomena, ZIF-4 can store up to 1.6 mmol/g and deliver it 

under humid conditions for more than 6h. Unfortunately, these excellent properties 

vanish after a thermal treatment at higher temperature (523K) due to the partial 

amorphization and re-crystallization of ZIF-4 into the amorphous structure. In the 

specific case of ZIF-7, although the amount adsorbed is lower due to the inability of 

NO to breathe the structure, the presence of a dense-phase allows to control the 
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delivery kinetics for more than 18h with a total amount released of more than 70 

µmol/g at 318K. These excellent results together with the excellent structural 

stability of ZIFs, even under physiological solution, opens the gate towards the 

application of ZIFs in biomedical processes (e.g., NO storage and delivery).         
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Chapter 6 reviews main significative advances achieved 

into the adsorption and delivery of brimonidine in metal-organic 

frameworks (MOFs) as potential nanocarriers for ocular 

therapeutics. Experimental results show that UiO-67 and MIL-100 

(Fe) exhibit the highest loading capacity with values up to 50-60 

wt.%, while the performance is quite limited for MOFs with narrow 

cavities (below 0.8 nm, e.g. UiO-66 and HKUST-1). The large 

loading capacity in UiO-67 is accompanied by an irreversible 

structural amorphization in aqueous and physiological media that 

promotes extended release kinetics above 12 days. Compared to 

the traditional drawbacks associated with the sudden release of 

the commercial drugs (e.g., ALPHAGAN), these results anticipate 

UiO-67 as a potential nanocarrier for drug delivery in intra-ocular 

therapeutics. These promising results are further supported by 

cytotoxicity tests using retinal photoreceptor cells (661W).  

 

Metal-Organic Frameworks 
as Drug Delivery Platforms 

for Ocular Therapeutics 
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6.1. Introduction 

Glaucoma is the second leading cause of irreversible blindness worldwide 

with millions of people, aged 40 and older, affected by its common form, open-angle 

glaucoma.1 After an initial diagnosis, medication is the main treatment nowadays to 

halt further loss of vision. Glaucoma is a multifactorial disease, usually associated 

to an increased pressure within the eye, and the associated damage in the optical 

nerve, resulting in vision impairment and even blindness. Among the different drugs 

available in the market, brimonidine is one of the most widely applied.2 Brimonidine 

is an alpha-adrenergic receptor agonist that, upon topical administration, can reduce 

intraocular pressure (IOP) by reducing aqueous humour production and increasing 

uveoscleral outflow. Recent studies have shown that brimonidine has no adverse 

effects on different retinal cells, but rather it shows neuroprotective effects on retinal 

ganglion cell degeneration in glaucoma.3,4 In fact, these and other results together 

with clinical trials have derived in the commercialization of brimonidine for the 

treatment of glaucoma under European medication agency (EMA) mandate (REF: 

EMA/366180/2017). Despite the high benefits of the drug, topical administration is 

usually associated with important drawbacks such as poor bioavailability (only 5% 

of the administered drug reaches the interior of the eye), side effects due to rapid 

drainage through nasolacrimal duct, and the necessity for multiple administration (2-

3 eye drops daily for many years). Taking into account the low compliance of 

patients to strictly follow the treatment and the detrimental effects in case of breach, 

new therapies are required to improve the quality of life in patients and to decrease 

their dependence on external medication. 

One of the most promising alternatives for a long-term treatment of glaucoma 

consist in the incorporation of the drug in platforms or vehicles able to concentrate 

the drug and release it at the target in a controlled way, increasing the bioavailability 

and avoiding the traditional “burst effects”. These delivery systems include 

hydrogels5, microspheres6, nano-vesicles7, nanoparticles8, microfilms9, among 

others. Unfortunately, these formulations based on macromolecules or polymers 

suffer from low loading capacity (gravimetric < 1 wt. % and/or volumetric <0.1 wt./vol. 

%) and fast release of the drug (within minutes/hours).10–12 These numbers can be 
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improved through the incorporation of denser inorganic matrices in the formulation, 

for instance montmorillonite clay and layered double hydroxides (LDH).13,14 

Montmorillonite/chitosan nanoparticles have been evaluated as delivery systems for 

betaxolol hydrochloride, a selective beta-adrenergic blocking agent, with excellent 

values of drug loading capacity (up to 14.5 wt.%) and delivery kinetics between 6-

10h.13 Sun et al. reported the synthesis of composites using a thermogel 

incorporated with brimonidine-loaded LDH nanoparticles with a significant loading 

capacity (up to 0.125 mg/g), although lower than the original LDH (25.0 mg/g or 

2.5%), and an improved release profile (up to 2 days are required to release 75%) 

compared to the original LDH.14 These studies mainly focused in pre-corneal 

administration, thus keeping the concerns about bioavailability in the interior of the 

eye (low penetration of the drug through the cornea; < 1-7%).  

Taking into account the limited volume of the ocular cavity (< 3-4 cm3) and 

the limited allowance of fluid (human eye can hold only 7-10 ml of fluid), any 

intraocular delivery platform for ocular therapeutics needs to fulfil even more 

stringent requirements compared to pre-corneal devices such as i) extremely large 

loading capacity (in gravimetric (wt.%) and volumetric (w/v %) basis) to mitigate any 

interference in the visual field after dosing, ii) slow delivery kinetics (within days or 

weeks) to allow long-term therapy, iii) high biocompatibility for retinal cells and, last 

but not least, iv) structural instability once the material has completed the job.  

Potential candidates able to fulfil these requirements are metal-organic 

frameworks (MOFs). The proper combination of metallic nodes or clusters and 

organic ligands allows to design a wide variety of 1-3D networks characterized by 

an extremely large surface area and pore volume.15 Previous studies described in 

the literature have shown that MOFs are potential candidates for drug delivery with 

excellent results for a wide variety of drugs such as antitumoral, retroviral, etc.16,17 

Furthermore, in vitro and in vivo cytotoxicity assays have anticipated a promising 

performance with low toxicity and inflammatory activity.16–18 To our knowledge, 

MOFs have never been tested as potential drug delivery platforms for ocular 

therapeutics.  



Metal-Organic Frameworks as Drug Delivery Platforms for Ocular Therapeutics  

178 
 

Based on these premises, the main goal of the present study is the evaluation 

of several MOFs in the adsorption and release of brimonidine for glaucoma 

treatment, the evaluation of their structural stability in the charging/discharging 

media and, last but not least, the evaluation of the cytotoxicity of the different 

components (bulk MOF, linker and metallic precursors) in retinal photoreceptor 

culture cells (661W). 

6.2. Experimental section 

6.2.1. MOFs synthesis 

UiO-66, UiO-67 and MIL-100(Fe) MOFs have been synthetized based in 

previous works reported in the literature. UiO-66 and UiO-67 were synthetized 

based in the procedure reported by Katz et al.19 For UiO-66, 0.5 g of ZrCl4 were 

dissolved in 20 mL of DMF and 4 mL of concentrated HCl. In a second vessel, 0.492 

g of terephthalic acid (BDC) were dissolved in 40 mL of DMF. The two solutions 

were mixed and maintain under stirring for 30 min. The transparent final solution 

was transferred to a 200 mL jar, closed tightly and kept at 353 K overnight. The 

synthesis procedure for UiO-67 was similar to the one described for UiO-66. Briefly, 

0.360 g of 4,4’-biphenyldicarboxylic acid (BDPC) were added to a mixture of 20/2 

mL of DMF/concentrated HCl and 0.268 g of ZrCl4 were dissolved into 40 mL of 

DMF. The two solutions were mixed and stirred for 30 min. The white colored final 

solution was placed into a 200 mL jar, closed tightly and kept at 353 K overnight. 

The resulting solid was filtered and washed first with DMF (2x30 mL) and then with 

ethanol (2x30 mL). Samples were activated under low vacuum (13·103 Pa) until a 

temperature of 363 K was reached. The samples were then subjected to an 

outgassing treatment at 423 K for 3 h under ultra-high vacuum conditions. MIL-100 

(Fe) was prepared using the facile low temperature synthesis procedure reported in 

the literature by Zhang et al.20 Briefly, 4.04 g of Fe(NO3)3·9H2O and 1.89 g of 

trimesic acid (H3BTC) were dissolved in 6 mL of distillate water and kept under reflux 

at 368 K overnight. The solid was purified three times using a solvent extraction 

treatment with deionized water (350 ml) and ethanol (350 ml) at 343 K for 24 h, and 
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finally dried in vacuum at 423 K for 10 h. HKUST-1 (Cu) has been used as received 

from the Sigma-Aldrich, labelled and commercialize as Basolite C 300. 

6.2.2. MOFs characterization 

6.2.2.1. X-ray diffraction analysis 

X-ray diffraction patterns of the samples were recorded using a Bruker D8-

Advance equipment with mirror Goebel with high temperature Chamber and a 

generator of X-ray KRISTALLOFLEX K 760-80F with a tube of RX with copper 

anode. Spectra were registered between 3 and 80° (2θ) with a step of 0.05° and a 

time per step of 3 s. 

6.2.2.2. Nitrogen isotherms at 77 K 

Textural properties of the samples were evaluated by gas physisorption of 

nitrogen at 77 K. Gas adsorption measurements were performed in a homemade 

fully automated manometric equipment designed and constructed by the Advanced 

Materials Group (LMA), now commercialized as N2GSorb-6 (Gas to Materials 

Technologies; www.g2mtech.com). The samples were previously degassed for 8 h 

at 423 K under vacuum (10-3 Pa). Nitrogen adsorption data were used to determine: 

(i) the total pore volume (Vt) at a relative pressure of 0.95, (ii) the BET specific 

surface area (SBET) and (iii) the micropore volume (VN2) by application of Dubinin-

Radushkevich equation. The difference between Vt and VN2 is considered to be the 

mesopore volume (Vmeso). 

6.2.2.3. Scanning electron microscopy 

The size and shape of the synthesized crystals was evaluated using field 

emission scanning electron microcopy (FESEM). These analyses were performed 

in a Merlin VP Compact system from ZEISS with a resolution of 0.8 nm at 15 kV and 

1.6 nm at 1 kV. FTIR spectra were recorded on a JASCO FTIR 4700 spectrometer 

with a resolution of 2 cm-1. 
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6.2.2.4. MOFs structural stability test. 

Structural stability of the MOFs was evaluated by immersing 0.1 g of each 

MOF in 50 mL of an aqueous solution or a phosphate-based solution (PBS) for 1h, 

1 day, 7 days and 30 days. After this time intervals, the material was washed with 

ultrapure water and filtered in vacuum. After an evacuation at 393 K for 8 h, the 

crystallinity of the materials was checked using XRD analysis. 

6.2.3. Drug loading and release experiments 

Brimonidine tartrate quantification was done based on the spectrometric 

method developed by Bhagav et al.21 A 1500 ppm stock solution of brimonidine 

tartrate was prepared dissolving 1.5 g of brimonidine tartrate in 1000 mL of ultrapure 

water. The calibration curve was constructed measuring concentrations from 2 to 

15 ppm using a UV-Vis spectrophotometer (double-beam spectrophotometer with a 

photomultiplier tube detector JASCO V-650 UV-VIS) at wavelengths of λ1= 247 nm 

and λ2= 320 nm. High performance liquid chromatography (HPLC) was used to 

certify the precision of the UV-Vis method in brimonidine quantification.22 Both 

methods gave an accuracy above 97%, thus confirming the validity of the UV-vis 

technique for brimonidine determination.  

6.2.3.1. Brimonidine loading experiments 

For the loading tests, a group of aqueous solutions with an initial 

concentration of 200 ppm, 500 ppm, 750 ppm, 1000 ppm and 1500 ppm of 

brimonidine tartrate were prepared from the stock solution. The MOFs samples were 

outgassed at 423 K overnight prior to the adsorption measurement. 100 mg of each 

MOF were placed in contact with 50 mL of each concentration and left under stirring 

until equilibrium was reached. Aliquots were taken in different periods of time in 

order to evaluate the kinetic behaviour of each MOF. All samples reached complete 

equilibrium after 7 h. 

The quantification of brimonidine tartrate was determined by UV-Vis 

spectrophotometry diluting each aliquot 1:100 and using the method described 

above. A MOF-loaded blank experiment was measured to determine possible 
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interferences in the UV-vis signal due to the MOF degradation. However, no 

interferences were observed at the wavelengths selected for brimonidine for all 

MOFs evaluated. 

6.2.3.2. Brimonidine release experiments 

In an initial step the MOFs were loaded by contacting 100 mg of a degassed 

MOF with 50 mL of a 500 ppm brimonidine tartrate aqueous solution. The system 

was left under stirring for 7 h to ensure full equilibrium. After this time, the sample 

was collected by filtration and an aliquot was saved to determine the maximum 

loading amount. The brimonidine-loaded MOF was washed several times with 

ultrapure water and dried under vacuum at 333 K for 6 h. The dried brimonidine-

loaded MOF was immersed in 50 mL of physiological solution (PBS) and aliquots 

were taken at different times up to 12 days. Brimonidine determination has been 

performed in a similar procedure to that described above. All the dilutions (1:100) 

and calibration curve were measured using PBS as a solvent instead of ultrapure 

water.  

6.2.4. Cytotoxicity tests 

661W cell line, derived from mouse retinoblastoma and considered a 

photoreceptor cell line, was employed in the cytotoxicity tests. To assess MOFs 

toxicity in retinal cells, 611W cells were incubated with MOFs and MOFs 

components at different concentrations for 24h or 48h. A death control was also 

included in each study to be sure that cells die with a noxious stimulus (0.4 mM 

sodium nitroprusside, SNP; 228710, Sigma-Aldrich, St Louis, MO, USA).     

First, for cell viability assays at 24h or 48h after adding the MOFs, cells were 

plated in 96-well plates at a density of 10000 or 4000 cells per well respectively. 

They were incubated in Dulbecco’s modified Eagle’s medium (DMEM High Glucose; 

L0106, Biowest, Nuaillé, France) supplemented with 10% fetal bovine serum (FBS; 

SV30160, GE Healthcare, Pasching, Austria), 1% penicillin/streptomycin (P9781, 

Sigma-Aldrich) and 1% L-Glutamine (25030-081, Gibco, Paisley, UK), and 

maintained during the whole experiment at 310 K in a humidified atmosphere with 

5% CO2. 24 h after seeding, medium was replaced and 0.4 mM SNP or MOF 
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concentrations of 0, 10, 20, 30, 40 and 50 µg/ml in supplemented DMEM were 

added. Each condition was done at eight replicates per plate. MOFs and their 

respective components were maintained in the medium and cell viability was 

assessed at 24 and 48 hours using the XTT cell viability assay (X4626, Sigma-

Aldrich). Briefly, this kit consists of a colorimetric assay dependent of a redox 

reaction that measures mitochondrial activity and thus is an estimate of cell quantity. 

100 µl of XTT was added to each well, incubated at 310 K and 5% CO2 for 2 hours 

and absorbance measured at 492 nm in a Beckman Coulter AD340 plate reader 

(Beckman Coulter Inc., Nyon, Switzerland). Absorbance was transformed into 

viability percentage considering the value of the 0 µg/ml concentration (positive 

control) as 100% cell viability. All these procedures were done in sterile conditions, 

using sterile materials and solutions, and MOFs were heat-sterilized at 423 K for 3 

hours prior to use.   

6.3. Results 

6.3.1. MOFs characterization 

Four different MOFs have been selected for this study, i.e. HKUST-1, MIL-

100 (Fe), UiO-66 and UiO-67. The main goal is to evaluate systems with a different 

porous structure (from purely microporous to micro/mesoporous systems) and 

different surface chemistry to evaluate the role of these parameters in the loading 

and delivery performance. Furthermore, these MOFs have been selected based in 

the a priori low toxicity of the metal species incorporated: zirconium chloride lethal 

dose LD50  ∼3500 mg/kg (for UiO-66 and UiO-67), and iron nitrate lethal dose LD50 

∼3250 mg/kg (for MIL-100(Fe)), except HKUST-1 with a potential toxicity due to the 

cupper nitrate used (LD50 ∼940 mg/kg).23 The selection of HKUST-1 is based on the 

excellent performance that has been reported in the literature for this material for a 

wide range of applications, e.g. methane and hydrogen storage,24–26 hydrocarbon 

separation,27 etc. Briefly, HKUST-1 is assembled from Cu2(H2O)2 dimer units and 

tridentate trimesate groups to form 3D channels with alternating cavities of diameter 

∼1.4 nm and ∼1.1 nm connected through pore windows of ∼1.0 nm.28 There are also 

smaller diameter cavities of ∼0.5 nm between the larger cavities. MIL-100 (Fe) 
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consist on trimers of metal octahedra and trimesic acid as a linker.16 This material 

possesses cages in the mesoporous range (diameter ∼2.5 and ∼2.9 nm), accessible 

through pore windows of 0.48 x 0.58 nm, for the small cage, and 0.86 nm, for the 

larger one. Finally, UiO-66 and UiO-67 are constituted by clusters of 

Zr6O4(OH)4(CO2)12 connected through benzene-dicarboxylate and biphenyl-

dicarboxilate linkers, respectively. The longer linker in the last case gives rise to 

larger tetrahedral and octahedral microporous cages, i.e. 0.75 nm and 1.2 nm, for 

UiO-66, and 1.2 nm and 1.6 nm, for UiO-67. Figure 6.1 shows a schematic drawing 

of the evaluated MOFs. 

 

Figure 6.1. Schematic drawing of the MOFs evaluated: (a) HKUST-1, (b) MIL-100 
(Fe), (c) UiO-66 and (d) UiO-67. 

The textural characteristics of the synthesized materials have been evaluated 

using nitrogen adsorption at cryogenic temperatures. These measurements are 

mandatory to certify the validity of the synthesis method applied and to confirm the 

quality of the synthesized nanocrystals. Figure 6.2 shows the N2 
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adsorption/desorption isotherms at 77 K for the four samples evaluated. The 

nitrogen adsorption capacity for samples HKUST-1, MIL-100 (Fe) and UiO-66 is 

rather similar, i.e. around 350-400 cm3/g, although with some differences in the 

shape of the isotherm (knee at low relative pressures). While it is narrower for 

HKUST-1 and UiO-66 as corresponds to purely microporous materials, the knee is 

wider and associated with a significant slope in the mid-pressure region in the 

specific case of the micro/mesoporous MIL-100 (Fe). Compared to UiO-66, longer 

linkers in UiO-67 give rise to a two-fold increase in the adsorption capacity up to 800 

cm3/g. The presence of larger cages (∼1.6 nm) in the case of UiO-67 can be clearly 

appreciated by a sudden jump in the nitrogen adsorption isotherm at p/p0 ∼ 0.2 (right 

after the filling of the narrow cages).  
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Figure 6.2. N2 adsorption (full symbols)/desorption (empty symbols) isotherms at 
77K for the different MOFs evaluated. 

The textural characteristics obtained after application of the BET and the 

Dubinin-Radushkevich (DR) equations are collected in Table 6.1. The reported 

values are in close agreement with the literature, thus validating the synthesis 

procedure. 
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Table 6.1. Textural properties of the synthesized MOFs. 

Sample  SBET 
(m2/g) 

 V0 
(cm3/g) 

 Vt 
(cm3/g) 

HKUST-1  1690  0.65  0.72 
MIL-100 (Fe)  1360  0.42  0.79 

UiO-66  1465  0.53  0.69 
UiO-67  2620  1.02  1.24 

 

In addition to the textural properties, the crystallinity of the synthesized MOFs 

has been evaluated using X-ray diffraction. Figure 6.3 shows the XRD pattern for 

each of the four MOFs evaluated in the 2θ range 2-50º. These patterns perfectly 

match those described in the literature for these materials, thus confirming the 

quality of the synthesized metal-organic frameworks. 
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Figure 6.3. X-ray diffraction pattern of the different MOFs evaluated. 

The size and shape of the synthesized nanocrystals have been evaluated 

using FESEM. The morphology of the synthesized nanocarriers, preferentially the 
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crystal size, is of paramount importance in ophthalmological applications to 

minimize potential disruption in the visual field upon injection and/or undesired 

sedimentation in the ocular cavity. Figure 6.4 shows representative images for the 

MOFs evaluated. As it can be observed, MIL-100 (Fe), UiO-66 and UiO-67 are 

constituted by nanometer size crystals (average crystal size 140 ± 30 nm, 80 ± 10 

nm and 120 ± 20 nm, respectively). Only HKUST-1 exhibits larger crystals in the 

micrometer size range (average crystal size 3 ± 1 µm).  

 

Figure 6.4. FESEM images of the MOFs evaluated: (a) HKUST-1, (b) MIL-100 
(Fe), (c) UiO-66 and (d) UiO-67. 

Last but not least, the vibrational modes of the synthesized MOFs have been 

evaluated using FTIR (Figure 6.5). FTIR spectra constitute a fingerprint to further 

certify the quality of the synthesized MOFs, including the surface functional 

characteristics. The four samples evaluated exhibit similar vibrational bands in the 

1300-1700 cm1 range attributed to the structural carboxylate groups in the linkers.29 

More specifically, the peaks around 1368 cm-1 and 1448 cm-1 corresponds to 

symmetric stretching vibrations of the carboxylate group (O-C-O groups), whereas 

the asymmetric vibrations in the carboxylate appears close to 1550-1650 cm-1.30 
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Vibration peaks corresponding to the aromatic ring (C=C) are shown at ca. 1500 

cm-1, whereas bands attributed to the metal cluster and the linkers appear at lower 

wavenumbers (1000-500 cm-1).31 UiO-66 and UiO-67 exhibit longitudinal and 

transverse modes of Zr-O vibrations between 660 and 540 cm-1 and the OH and CH 

bending modes at 770-740 cm-1. MIL-100(Fe) exhibits sharp peaks at 760 cm-1 and 

709 cm-1 due to the linker bending modes and Fe-O cluster vibrations, while HKUST-

1 shows a band at 727 cm-1 attributed to the Cu-O mode.30,32 Last but not least, the 

absence of significant peaks at 1710-1720 cm-1 attributed to the C=O stretching 

vibration of residual trimesic acid suggest the proper purification of the synthesized 

MOFs. 
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Figure 6.5. FTIR spectra of the MOFs evaluated: HKUST-1, MIL-100 (Fe), UiO-66 
and UiO-67. 

6.3.2. Brimonidine adsorption isotherms 

Once the crystallographic structure and morphology of the different MOFs 

has been validated and the textural properties confirmed, these materials have been 

evaluated in the adsorption of brimonidine tartrate. Liquid phase adsorption 
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isotherms have been quantified at 298 K and at ranging concentrations using ultra-

pure water as charging media. As it can be appreciated in Figure 6.6 the amount of 

drug loaded increases with the concentration of brimonidine in the aqueous solution, 

except for HKUST-1 and UiO-66 materials where saturation is already reached at 

concentrations above 800 mg/L. Apparently, MOFs with narrow micropores become 

quickly saturated, the final loading capacity being around 0.16 g/g. The scenario 

changes completely for MOFs with larger micropores/small mesopores such as 

UiO67 and MIL-100 (Fe). In this specific case, the loading capacity increases with 

concentration with a loading capacity at 1400 mg/L as high as 0.31 g/g (31 wt.%), 

for MIL-100 (Fe), and 0.44 g/g (44 wt.%), for UiO-67. Previous studies described in 

literature for ibuprofen adsorption in MIL-100 (Cr) reported adsorption values around 

0.35 g/g, in close agreement with our data.16 Extrapolation of the adsorption data 

reported in Figure 6.6 using the Langmuir equation (dotted line) gives loading 

values at saturation as high as 0.49 g/g, for MIL-100 (Fe), and 0.63 g/g, for UiO-67. 

To our knowledge, these are among the best values described in the literature for 

the adsorption of drugs using metal-organic frameworks. 

 

Figure 6.6. Liquid-phase adsorption isotherms for brimonidine tartrate at 298 K. 

Fitting to Langmuir equation is included (dotted line). 

Adsorption results clearly show that UiO-67, with the larger BET surface area 

and pore volume (above 1 cc/g), is the best performing material over the whole 

concentration range evaluated with a loading capacity superior to the majority of 
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MOFs reported in the literature so far for similar drugs. Despite the significant 

surface area in HKUST-1, this material becomes saturated immediately with a poor 

performance at high concentrations. Last but not least, although MIL-100 (Fe) and 

UiO-66 exhibit similar textural properties (in terms of BET surface area and 

micropore volume), the presence of mesopores in the former MOF play a crucial 

role with a loading capacity more than double that of UiO-66. Consequently, these 

results clearly anticipate that microporous MOFs with a pore size below 0.8 nm are 

not appropriate for brimonidine adsorption due to the limited accessibility of the drug 

to the interior cavities. This can also be the reason for the lower loading in MIL-100 

(Fe) compared to UiO-67 due to the limited accessibility of the small cages in the 

former (pore windows of 0.48 x 0.58 nm). In addition to the loading capacity, 

adsorption kinetics are also relevant. As it can be observed in Figure 6.7, for an 

initial concentration of 500 ppm, saturation is reached within 4-5 h, except for UiO-

66 with narrow but accessible cavities with adsorption kinetics slightly above 5h. 

These results are very promising since only a few hours are required to load the 

materials before injection into the eye. 
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Figure 6.7. Brimonidine loading kinetics a 298 K in the different MOFs evaluated 
(initial brimonidine concentration in the aqueous solution 500 ppm) . 

6.3.3.  MOFs stability test 

One of the most relevant issues in medical therapies, not frequently 

addressed in the literature, concerns the stability of the host structures in the loading 
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and discharging media, i.e. in aqueous solutions or physiological media (PBS). It is 

well-known in the literature that several MOFs exhibit structural deterioration upon 

exposure to a humid environment.33,34 The instability has been traditionally 

attributed to the nuclearity, coordination number of the metal, functionality of linker 

and framework dimensionality. In our case, we have evaluated the structural stability 

of the different MOFs at different time intervals from 1 day until 30 days using an 

aqueous solution as a charging media (see Figure 6.8). At this point it is important 

to highlight that similar results have been observed in the presence of a 

physiological solution of PBS as discharging media. As it can be appreciated, the 

structural stability highly depends on the nature of the metal-organic network. While 

HKUST-1 and UiO-67 exhibit a rapid deterioration in the first 24 hours, samples UiO-

66 and MIL-100 (Fe) remain stable even after 30 days. The irreversible instability of 

HKUST-1 is in close agreement with previous findings in the literature in liquid and 

gas phase.35,36 
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Figure 6.8. XRD pattern for the different MOFs evaluated after suspension in 
aqueous media at 298 K for different time periods (up to 30 days). 

HKUST-1 suffers degradation due to the strong interaction between the open 

Cu(II) sites (the coordinatively unsaturated sites from the copper paddlewheel) and 
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water molecules. This irreversible instability can explain the low loading capacity for 

HKUST-1 (see Figure 6.6), despite the presence of a significant BET surface area 

in the as-synthesized material. However, the presence of limited accessibility for 

brimonidine to the inner micropores must also be considered to explain the 

adsorption results. Contrary to HKUST-1, the results for UiO-67 are more surprising 

since this material exhibits the best adsorption performance, despite the drastic 

instability observed in the first few hours. To confirm the potential role of brimonidine 

within the structure as a stabilizer, we have performed XRD analysis of the loaded 

material under aqueous solution right after complete saturation, i.e. after 24h. 

Figure 6.9 compares the original XRD pattern and the ones after 24h in the 

presence and absence of the drug. As expected, although the XRD pattern of the 

loaded MOF already anticipates an important crystallographic deterioration 

(amorphization), this damage is lower than the one observed in the absence of the 

drug, i.e. the presence of the brimonidine within the structure seems to be crucial to 

preserve a certain crystallinity in UiO-67, thus explaining the excellent adsorption 

results achieved.  
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Figure 6.9. XRD pattern for UiO-67 evaluated after suspension in aqueous media 
at 298 K in the presence and absence of brimonidine. 
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6.3.4. Brimonidine release kinetics 

Upon loading, the second open question concerns the delivery kinetics. 

Previous studies described in the literature for MOFs have shown that 3-5 days 

release is a common number for this kind of drugs.16–18 The main question at this 

point is the role that instability can exhibit in the release kinetics. Release kinetics 

were not evaluated for HKUST-1 due to the strong structural deterioration even in 

the presence of the drug. Figure 6.10 shows the amount of brimonidine released in 

PBS (discharging media) versus time for the loaded UiO-66, UiO-67 and MIL-100 

(Fe) materials (loading performed using a 500 ppm brimonidine aqueous solution). 

As it can be observed, all materials exhibit two regimes related to the location of the 

drug in the structure. An initial release for 3 days associated with brimonidine weakly 

bonded within the MOF structure (ca. 70-80% delivery for MIL-100 (Fe) and UiO-

66) and a subsequent slow release of brimonidine, although quite limited up to 75-

85% during next 6-8 days. The absence of complete release in these two MOFs 

clearly denotes the presence of brimonidine strongly interacting with the structural 

framework. Interestingly, the scenario changes completely in the specific case of 

UiO-67. The structural instability in aqueous and PBS media gives rise to an initial 

release within 4 days of around 43% and a subsequent and progressive release 

with time up to a 56% after 12 days. An extrapolation of these values suggests 

potentially more than 30 days of continuous release with the associated benefits for 

a chronic ocular disorder such as glaucoma. The beneficial role of the partial 

amorphization of MOFs in the release kinetics was recently described by Orellana-

Tavra et al. for calcein released in mechanically deteriorated UiO-66.37 More than 

30 days controlled release could be obtained versus 2 days in the crystalline 

counterpart. 

As described in the introduction, the final goal of this study is the design of 

metal-organic frameworks with a high potential to be applied in glaucoma treatment 

after injection in the intra-ocular cavity. From this perspective, the progressive 

deterioration of the MOF within the eye while releasing the drug can be anticipated 

as an optimum performance to promote the complete clearance of the ocular cavity 

(absence of disruptions in the visual field) upon completion of the job. To this end, 

there is a major issue that must be fulfilled, i.e. the MOFs and their respective 
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components (metal nodes and organic linkers) must exhibit a low toxicity towards 

ocular tissues.  

 

Figure 6.10. Brimonidine tartrate release kinetics at 298 K in physiological media 
PBS (loading concentration 500 ppm). 

As described in the introduction, the final goal of this study is the design of 

metal-organic frameworks with a high potential to be applied in glaucoma treatment 

after injection in the intra-ocular cavity. From this perspective, the progressive 

deterioration of the MOF within the eye while releasing the drug can be anticipated 

as an optimum performance to promote the complete clearance of the ocular cavity 

(absence of disruptions in the visual field) upon completion of the job. To this end, 

there is a major issue that must be fulfilled, i.e. the MOFs and their respective 

components (metal nodes and organic linkers) must exhibit a low toxicity towards 

ocular tissues.  

6.3.5. MOFs in vitro toxicity test 

In vitro models based in cell cultures, instead of in vivo models, are the first 

choice to test toxicity of new compounds or nanoparticles, because of their low cost, 

time efficiency, their trustworthy results, and because they involve no ethical 

issues.38  
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The 661W cell line (kindly provided by Dr. Muayyad Al-Ubaidi; University of 

Oklahoma) is derived from retinoblastoma, a mouse retinal tumour.39 This cell line 

expresses several markers of photoreceptor cells,40 that made them one of the most 

widely used cell line to screen safety and efficacy in a great number of drugs for 

ocular treatments.41–44 In fact, Januschowski et al. suggest that cell lines derived 

from retinal cells such 661W or ARPE19 cells are the most accurate to evaluate 

retinal toxicity.45 Thus, cytotoxicity of MOFs and their components was assessed in 

661W cells (Figure 6.11). As it can be appreciated in Figure 4, except in the specific 

case of HKUST-1, the cell viability evaluated after 48h exposure is, in all cases, very 

close to 100 %. These results anticipate that MIL-100 (Fe), UiO-66 and UiO-67 

materials do not affect retinal photoreceptor cells viability. Only sample HKUST-1 is 

toxic for retinal photoreceptor cells (cell viability below 50 %), most probably due to 

the presence of copper and the important structural deterioration associated.  

 

Figure 6.11. Cytotoxicity tests for the different MOFs evaluated using a retinal 

photoreceptor cell line (661 W) at 48h. 

To confirm this point, the cytotoxicity assays have been extended to the 

different components of the MOF, i.e. metallic precursors and organic linkers (see 

Figures 6.12-6.15). These experiments confirm that, with the exception of HKUST-
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1, cell viability is not affected by any of the MOF components. In addition, the effect 

of MIL-100 (Fe), UiO-66 and UiO-67 on cells is rather similar with different time 

incubations, i.e. the viability is maintained at 24h and 48h. This observation 

suggests that a prolonged interaction between MOFs and cells after intra-ocular 

injection will not be harmful for cell viability or proliferation. On the contrary, HKUST-

1 present time-dependent effects, as a prolonged contact with cells drops cell 

viability at 48h, when compared to 24h (Figures S8). An evaluation of the HKUST-1 

components clearly shows that the metal precursor (copper nitrate) is the one 

responsible for the high toxicity of the MOF. 

 

Figure 6.12. Cytotoxicity tests for the HKUST-1 using 661W retinal cells at 24h 
and 48h. The evaluation of the metallic precursors used (copper nitrate) and the 

organic linker (trimesic acid) is also included. 

In summary, metal-organic frameworks can be anticipated as potential 

nanocarriers for drug delivery in ocular therapeutics. The proper selection of the 

metallic node and the organic linker allows to improve the loading capacity to values 

above 50 wt.%, in the specific case of UiO-67 and MIL-100 (Fe). Furthermore, the 

associated amorphization observed for UiO-67 in aqueous media becomes an 

advantage to extend the delivery kinetics up to 12 days or above. Taking into 

account that a patient with glaucoma requires 2-3 drops of brimonidine per day (2 

mg/mL solution- ALPHAGAN), this corresponds to 0.3 mg per day or 4.5 mg every 
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15 days. Assuming a loading capacity for UiO-67 of 630 mg/g, patients will require 

the injection of 7 mg of loaded MOF every 15 days, i.e. 10 µl of MOF (considering 

the crystallographic density of 0.708 g/cm3). Interestingly, these numbers are a priori 

within the theoretical threshold that human eye can hold. However, as the 

bioavailability of the drops is quite low (< 10%), these numbers could be even 

reduced for an intra-ocular administration (considering 100% bioavailability) up to 1 

order of magnitude, thus validating the potential of the proposed approach. 

 

Figure 6.13. Cytotoxicity tests for the MIL-100 (Fe) using 661W retinal cells at 24h 
and 48h. The evaluation of the metallic precursors used (iron nitrate) and the 

organic linker (trimesic acid) is also included. 

Furthermore, in vitro cytotoxicity results confirm the validity of our approach 

for drug delivery in intraocular treatments without inducing damage in photoreceptor 

retinal cells. These results are encouraging in terms of drug dosage and long-term 

delivery. However further experiments in vivo would be useful to assess the possible 

reaction of retinal tissue to MOFs, such as microglial activation or gliosis, due to an 

eventual accumulation of MOF metal nodes during long-term treatments. 
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Figure 6.14. Cytotoxicity tests for the UiO-66 using 661W retinal cells at 24h and 
48h. The evaluation of the metallic precursors used (zirconium chloride) and the 

organic linker (terephthalic acid) is also included. 

 

Figure 6.15. Cytotoxicity tests for the UiO-67 using 661W retinal cells at 24h and 
48h. The evaluation of the metallic precursors used (zirconium chloride) and the 

organic linker (4,4’-biphenyldicarboxylic acid) is also included. 
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6.4. Conclusions 

Metal-organic frameworks (MOFs) can be anticipated as promising 

nanodevices for drug delivery in ocular therapeutics. Experimental results have 

shown that samples combining wide micropores and/or small mesopores are able 

to achieve a high loading capacity, above 50 wt.% (MIL-100(Fe) and UiO-67), for an 

alpha-adrenergic receptor agonist such as brimonidine. Furthermore, delivery 

kinetics have shown that the associated amorphization in the case of UiO-67 upon 

ultrapure water or PBS exposure, as suggested by XRD measurements, can be very 

helpful to extends the delivery kinetic up to 12 days or above. Last but not least, 

cytotoxicity assays using retinal photoreceptor cells show a high biocompatibility for 

the MOFs evaluated, except HKUST-1, thus paving the way towards the application 

of MOFs in intra-ocular therapeutics.   
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Chapter 7 presents the synthesis of novel MOF-based polymer 

nanocomposite films using Zr-based UiO-67 as a metal-organic 

framework (MOF) and polyurethane (PU) as a polymeric matrix. 

Synchrotron X-ray powder diffraction (SXRPD) analysis confirms the 

improved stability of the UiO-67 embedded nanocrystals and scanning 

electron microscopy images confirm their homogeneous distribution 

(average crystal size ~ 100-200 nm) within the 50 µm thick film. 

Accessibility to the inner porous structure of the embedded MOFs has 

been completely suppressed for N2 at cryogenic temperatures. 

However, ethylene adsorption measurements at 25ºC confirm that at 

least 45% of the MOF crystals are fully accessible for gas phase 

adsorption of non-polar molecules. UiO-67@PU nanocomposite 

exhibits a prolonged release of brimonidine (up to 14 days were 

quantified). Finally, the combined use of SXRPD, thermogravimetric 

analysis (TGA) and FTIR analysis confirmed the presence of the drug 

in the nanocomposite film, the stability of the MOF framework and the 

drug upon loading, and the presence of brimonidine in an amorphous 

phase once adsorbed.  

 

MOF-based Composites as 
Drug Delivery Platforms 
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7.1. Introduction 

Glaucoma is a pathological eye disorder associated with an increase in the 

intraocular pressure (IOP) and one of the leading causes of irreversible blindness 

worldwide.1 Approximately, 70 million middle-aged people and elderly are affected 

by its common form, open angle glaucoma whereof 10% ends in bilateral blindness.2 

Among the different drugs to treat glaucoma, brimonidine tartrate is one of the most 

widely applied. Brimonidine is an alpha-adrenergic agonist able to reduce the ocular 

pressure through the constriction in the blood vessels, ending in the decrease of the 

aqueous humour production.3  

Conventional drug delivery systems such as eye droplets represent 90% of 

the marketed ophthalmic formulations.4,5 However, severe constrains are 

associated with this topical approach such as tear turnover, fast nasolacrimal 

drainage and reflex blinking, thus ending in a non-optimal dosage.6 Roughly, only 

5% of the drug applied topically reaches the deeper ocular tissues, thus forcing 

pharmaceutical producers to increase the drug concentration, with the associated 

increase in the toxicity and, indirectly, the risk of side effects.7 Another limitation of 

these topical administration routes is the low compliance of patients, mainly elderly, 

to strictly follow the administration protocol (administration of a number of droplets 

several times per day). 

The development of more efficient ocular drug delivery systems with well-

designed and prolonged release kinetics remains a challenge in materials science 

and ophthalmology. Nanocarriers such as polyacrylic acid nanoparticles,8 chitosan 

nanoparticles,9 nano-vesicles,10 and layered double hydroxides (LDH)11 have been 

reported as promising alternatives for topical brimonidine dosage. However, the 

main limitation of some of these materials for potential application falls in the 

physical (low gravimetric capacity for the drug) and textural properties.  

Novel drug administration platforms to treat ocular disorders prepared from 

polymeric materials (solid or semi-solid inserts) have gained a large popularity in the 

last few years. 12–14 The potential advantage of these polymeric devices is the 

accurate dosing, increased ocular residence time, reduction of systemic side effects 
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or better patient compliance, just to mention some.15 Due to the potential of these 

devices in ocular drug delivery, several companies have patented and 

commercialized them. For instance, one of the first marketed ocular insert has been 

commercialized by Alza (Vacville, CA) as Ocusert® which are used to dose anti-

glaucoma drug pilocarpine for a maximum of 5-7 days.16,17 Although these are 

excellent numbers, the absence of a well-defined regular 3D network within these 

polymeric matrices limits their total drug uptake and hinders a controlled release.  

Based on these premises, the design of novel functional ocular polymeric 

devices through the incorporation of perfectly designed high capacity nanofillers 

would be a key steppingstone to increase the versatility and impact of these inserts 

in nanomedicine. A potential approach not widely explored in the literature could be 

the incorporation of nanocarriers with an improved drug adsorption uptake and 

controlled release, provided that the incorporated guest structures does not alter the 

mechanical properties of the insert, while the porous structure of the nanofiller 

remains fully accessible in the mixed formulation. 18–20 Among the potential 

candidates, high-surface area porous materials such as metal-organic frameworks 

(MOFs) provide an avenue to achieve these requirements.21  

MOFs are crystalline materials formed by the union of metal centres and 

organic linkers. The self-assembly of metal clusters (or nodes) and organic ligands 

allows the design of a large number of 1D to 3D networks characterized by high 

surface area, a large pore volume and tuneable host-guest interactions.22 Over the 

last few years, these materials have shown promise as a potential platform for drug 

delivery in powder form.23,24 Recent studies from Gandara-Loe et al. have shown 

that MOFs can store a large amount of brimonidine tartrate (up to 600 mg of drug 

per gram of MOF), and with an extended release time of up to 12 days, in the specific 

case of UiO-67. Furthermore, in vitro cytotoxicity assays have demonstrated the low 

toxicity of UiO-67 for retinal photoreceptor cells.25 The excellent performance of UiO-

67 is motivated by the presence of large tetrahedral and octahedral cages in the 

micro/mesoporous range.26 Taking into account these excellent properties, the 

successful incorporation of these 3D porous networks in continuous polymeric 

matrix will offer a new perspective in nanomedicine with more suitable 

nanocomposite materials (instead of working with powders), with novel 
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functionalities (e.g., drug delivery properties), to be used either as micro-inserts (e.g. 

punctal plug in lacrimal or sub-tenon cavities) or as a component in contact lens. 
27,28 

Polymer-MOF nanocomposite materials have already been reported in the 

literature as potential candidates for gas adsorption/separation processes such as, 

CO2/N2 or CO2/CH4 separation or ethylene adsorption.29,30 There are recent studies 

on the use of HKUST-1/polyurethane nanocomposite membranes for drug 

encapsulation and controlled release.31 However, the understanding of molecular 

accessibility in liquid phase adsorption processes is still a challenge due to the 

different nature of the polymeric network and the MOF nanofiller. To the best of our 

knowledge, polymer-MOFs nanocomposite films have not yet been tested as a drug 

delivery carrier for ocular therapeutics.  

Based on these premises, the main goal of this work is to report an optimal 

synthesis of functional MOF-based polyurethane thin films, and to evaluate the 

performance of these UiO-67@PU nanocomposites for brimonidine 

adsorption/release in liquid phase. The successful development of these functional 

materials (MOF@polymer) will open the gate towards the application of these 

devices in a number of ocular disorders that require a controlled and prolonged 

release of drugs, from glaucoma treatment to post-surgical treatments by anti-

inflammatory drugs. 

7.2. Experimental section 

7.2.1. UiO-67 and films synthesis 

7.2.1.1. UiO-67 synthesis 

UiO-67 was synthetized based on the procedure reported in the literature by 

Katz et al.32 Briefly, 0.268 g of ZrCl4 were dissolved in a mixture of 20 mL of N,N-

dimethylformamide (DMF) and 2 mL of concentrated HCl. In a second vessel 0.360 

g of 4,4’-biphenyldicarboxylic acid (BDPC) were dissolved in 40 mL of DMF. The 

two solutions were mixed and maintained under sonication for 30 min. The final 
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solution was transferred to a 200 mL glass jar, closed tightly and kept at 80ºC 

overnight. The resulting white solid was filtered and washed first with DMF (2x30 

mL) and then with ethanol (2x30 mL). The sample was activated first under low 

vacuum conditions (13×10-3 Pa) up to 90ºC and, afterwards, at 150ºC for 3 h under 

ultra-high vacuum conditions. 

7.2.1.2. UiO-67@PU synthesis 

The UiO-67@PU nanocomposite films were fabricated by following the 

procedures described below. Polyurethane (PU) solution was prepared by 

dissolving poly [4,4’-methylenebis (phenyl isocyanate)-alt-1,4-

butanediol/di(propylene glycol)/polyurethane] pellets (purchased from Sigma 

Aldrich and used without further alterations) in tetrahydrofuran (THF) for 24-48 hours 

until complete dissolution of the polymer pellets. 30 wt.% UiO-67@PU 

nanocomposites and pristine PU films were produced by the dispersion of a 

specified amount of previously synthesized MOF particles (of a required wt.%) in a 

small amount of THF (930 mg of MOF per 1 mL of THF) before their incorporation 

into the PU-THF solution. The dispersion was performed by a combination of 

sonication (5 min) and magnetic stirring (20 min, 80 rpm). This strategy, followed by 

Cohen et al. 33, has proven to be a versatile approach for the preparation of 

homogeneous polymer-MOF nanocomposites. The thin films were subsequently 

cast onto a glass substrate via the doctor blade technique using a casting speed of 

10 mm/s to achieve membranes of ~50 μm in thickness.30,34 

7.2.2. Materials characterization. 

7.2.2.1. Synchrotron X-ray powder diffraction (SXRPD) analysis 

Synchrotron X-ray powder diffraction data (SXRPD) were collected on the 

powder diffraction end station of the MSPD beamline at synchrotron ALBA in Spain, 

using a MYTHEN detector and a wavelength of 0.4227 Å. The experiments were 

performed in an ad hoc capillary reaction cell (fused silica capillary, inner diameter 

0.7 mm, outer diameter 0.85 mm). SXRPD measurements were performed at 25ºC 

to the as-synthesized UiO-67, PU and the UiO-67@PU films, and also to the UiO-
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67@PU films after brimonidine adsorption. The reference spectra for brimonidine 

tartrate powder was also determined.  

7.2.2.2. Thermogravimetric analysis (TGA)  

Thermogravimetric analysis data of UiO-67, PU film and UiO-67@PU film 

were obtained using TG-DTA METTLER TOLEDO equipment model 

TG/SDTA851e/SF/1100. The samples were measured using an alumina sample 

holder and temperature range of 25ºC-600ºC with a heating rate of 5 ºC/min under 

N2 flow. 

7.2.2.3. Scanning electron microscopy (SEM) evaluation 

Cross-section micrographs were recorded using a Hitachi scanning electron 

microscope model S3000N. This microscope is equipped with Bruker brand X-ray 

detector (model Xflash 3001) for EDS microanalysis and mapping. Samples were 

kept under cryogenic conditions (liquid N2) before the analysis in order to obtain a 

high-quality cross section and avoid surface alterations during the sectioning 

process. 

7.2.2.4. Nitrogen and ethylene adsorption/desorption isotherms 

Textural properties and gas phase accessibility of the different samples were 

evaluated by gas physisorption, i.e. nitrogen adsorption at -196ºC and ethylene 

adsorption at 25ºC. Nitrogen gas adsorption measurements were performed in a 

homemade fully automated manometric equipment designed and constructed by 

the Advanced Materials Group (LMA), now commercialized as N2GSorb-6 (Gas to 

Materials Technologies, www.g2mtech.com). Nitrogen adsorption data were used 

to calculate a) the total pore volume (Vt) at relative pressure of 0.95, b) the BET 

surface area (SBET) and c) the micropore volume (VN2), after application of the 

Dubinin-Radushkevich (DR) equation. Ethylene adsorption experiments were 

performed in a home-built fully automated manometric equipment, now 

commercialized by Quantachrome Corp. as VSTAR. Before the experiments, 

samples were degassed at 100ºC for 8 h under high vacuum conditions (10-5 torr). 

 

http://www.g2mtech.com/
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7.2.2.5. Loading and release experiments 

Brimonidine tartrate quantification was done based on the High Performance 

Liquid Chromatography method developed by Karamanos et al.35 A stock solution 

of 1500 ppm of brimonidine tartrate was prepared by dissolving 1.5 g in 1000 mL of 

ultrapure water. Calibration curve was constructed by measuring concentrations 

from 2 to 15 ppm using chromatographic conditions, analytical column Supelcosil 

LC-18, 5 µm, 250 x 4.6 mm i.d. stainless steel (Supelco, Bellfonte, PA, USA) 

equipped with RP-18 precolumn, 20 x 4.6 mm i.d. (Supelco). The mobile phase was 

a mixture 9:1 (v/v) of 10 mM triethylamine pH 3.2 buffer and acetonitrile. The 

separation was performed at room temperature, at a flow rate of 1.0 mL/min, 

injection volume of 20 µL, and the detection of the brimonidine at 248 nm. 

7.2.2.5.1. Brimonidine loading experiments 

Brimonidine adsorption isotherms were performed at 25ºC using a group of 

aqueous solution (pH = 7) prepared from the stock solution with an initial 

concentration of 250 ppm, 500 ppm, 750 ppm, 1000 ppm and 1500 ppm of 

brimonidine tartrate. The nanocomposite films were degassed at 100ºC overnight 

before the experiment. Approximately, 100 mg of film were placed in contact with 

50 mL of solution at each of the concentrations described above and left under 

stirring until equilibrium was reached. Aliquots were taken at different time intervals 

in order to evaluate the adsorption kinetics of the films. 

The quantification of brimonidine was determined using High Performance 

Liquid Chromatography (HPLC) by diluting each aliquot 1:100 and using the method 

described above.  

7.2.2.5.2. Brimonidine release experiments 

100 mg of UiO-67@PU film, previously degassed, was loaded with 

brimonidine by contacting it with 50 mL of a 1500 ppm brimonidine tartrate aqueous 

solution. The system was left at 25ºC under stirring for 24 h to ensure full equilibrium. 

After this time the film was separated from the solution and an aliquot was taken to 

determine the maximum loading amount. The brimonidine-loaded film was washed 



MOF-based composites as drug delivery platforms  

210 
 

several times with ultrapure water and dried under vacuum at 60ºC for 6 h. The dried 

brimonidine loaded film was immersed in 50 mL of physiological solution (PBS) and 

aliquots were taken at different times up to 14 days. The aliquots were diluted 1:100 

and brimonidine quantification was performed using the HPLC method described 

above. 

7.3. Results 

7.3.1. Characterization of the synthesized films and accessibility of the 
embedded MOFs 

The crystallinity of the synthesized materials has been evaluated through 

synchrotron X-ray powder diffraction measurements (SXRPD). Figure 7.1 shows 

the comparative SXRPD patterns for the as-synthesized UiO-67 crystals, obtained 

by solvothermal method, and the UiO-67@PU film. The SXRPD pattern of the UiO-

67 sample perfectly fits with the simulated pattern and with those previously 

described in the literature, thus confirming the quality and reproducibility of the 

synthetized MOF.32 Concerning the UiO-67@PU nanocomposite material, the 

SXRPD pattern confirms the presence of a semi-crystalline system, with the 

combination of crystallinity due to UiO-67 nanoparticles and the amorphous 

background from the PU matrix.  

 

Figure 7.1. Synchrotron XRPD experimental patterns of UiO-67 and UiO-67@PU 
film accompanied by simulated pattern of UiO-67.  
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The PU matrix is characterized by a broad peak between 2𝜃𝜃 = 6º – 11º (see 

Figure 7.2), whereas the main diffraction peaks of the MOF can be clearly 

appreciated at 2𝜃𝜃 = 2.3º-2.6º. These results confirm the preservation of the 3D 

network in the UiO-67 nanocrystals upon incorporation in the polymeric matrix, and 

their excellent crystallinity.  
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Figure 7.2. Synchrotron X-ray powder diffraction pattern of pure polyurethane 
film. 

As it is observed in Figure 7.3, the morphology of UiO-67@PU film is a semi-

transparent and flexible composite material with high versatility for the production of 

different ocular devices.  

 

Figure 7.3. Photographs of the different samples prepared by doctor blading, (a) 
UiO67@PU and (b) PU films. 
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As it is shown in Figure 7.4, the nanocomposite film is formed by MOF 

nanocrystals (average crystal size 100-200 nm) embedded into the polyurethane 

matrix, giving a film of approximately 50 µm thick. Figure 7.4c shows the relatively 

uniform distribution of the UiO-67 nanocrystals within the PU matrix, an observation 

that was further confirmed by specific Zr-mapping experiments (Figure 7.4d). 

Previous results described in the literature for gas separation using similar 

composites have anticipated that the accessibility (permeation of gases) decreases 

with the thickness of the film.34,36 Based on this assumption and taking into account 

the objectives of this study (liquid phase adsorption processes usually possess 

lower kinetics compared to gas adsorption processes), we assume that a film of 50 

µm can be considered as a good approach. Furthermore, 30 wt.% MOF loading can 

be considered as an upper limit to keep a good balance between thermomechanical 

and toughness properties for a potential future application.34,37  

 

Figure 7.4. SEM micrograph of (a) as-synthesized UiO-67 nanocrystals, (b) cross-
section of a 50 µm thick neat PU film, (c) cross-section of UiO-67@PU 50-µm film 

and (d) Zr EDX mapping (green colour) of a cross-section of UiO-67@PU 
nanocomposite film. 
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Thermogravimetric (TGA) analyses were used to evaluate the thermal 

stability of the nanocomposite film compared to the pure components (PU and UiO-

67). Polyurethane and UiO-67 nanoparticles exhibit characteristic decomposition 

profiles with very sharp and symmetric decompositions peaks, as appreciated in 

Figure 7.5. For instance, the pure PU film exhibits a decomposition profile with a 

well-defined decomposition peak centred at 337ºC and a small shoulder at 430ºC, 

which is typical of polyurethane materials.38  
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Figure 7.5. Thermogravimetric analysis (TGA and DTGA) of PU, UiO-67 and UiO-
67@PU film. 

In the case of UiO-67, the TGA profile shows the release of the solvent at 

135ºC and the main framework decomposition close to 550 ºC.26 Figure 7.5 also 

shows the TGA profile for the UiO-67@PU nanocomposite film. In this case the 

scenario is more complex. As it can be appreciated, the nanocomposite material 

exhibits a broad decomposition profile with a main peak located in between 200 ºC 

and 300 ºC. Interestingly, this peak is not symmetric and clear shoulders can be 

appreciated at around 217ºC and 278ºC, in addition to the main contribution at 

252ºC. Taking into account that 70 wt.% of the composite corresponds to PU, the 
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main contribution at 252ºC must be attributed to the decomposition of the polymeric 

matrix. Compared to the pure polymer (ca. 337ºC), these results indicate a clear 

shift to lower temperatures upon incorporation of the MOF nanofillers, in close 

agreement with previous studies reported in the literature.34 Apparently, the 

incorporation of the MOF nanocrystals limits the cross-linking between PU 

molecular chains, thus reducing their thermal stability.  
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Figure 7.6. Deconvolution of the DTGA profile for UiO-67@PU film.  

For the sake of clarity, a deconvolution of the DTGA profile for the 

nanocomposite system can be seen in Figure 7.6. In addition to the decomposition 

of the polymeric matrix, the aforementioned shoulders must be attributed to solvent 

removal (ca. 217ºC) and to the secondary contribution in the decomposition of the 

PU matrix (ca. 278ºC). Furthermore, the nanocomposite material exhibits an 

additional decomposition peak at 528ºC, unambiguously attributed to the 

degradation of the embedded MOF. This finding constitutes another proof about the 

successful incorporation of the MOF crystals in the polymeric matrix. Table 7.1 

contains a summary of the TGA results for the three samples evaluated.   
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Table 7.1. Thermogravimetric results of the different samples evaluated.  

Sample 1st stage  2nd stage  3rd stage  

 ΔT ΔW  ΔT ΔW ΔT ΔW Tm 
 (ºC) (wt.%)  (ºC) (wt.%)  (ºC) (wt.%) (ºC) 

UiO-67 30-200 25.3  200-440 4.7  440-600 31.5 540 

PU 30-190 0.4  235-500 94.7  500-600 0.7 337 

UiO-67@PU 30-190 2.7  190-370 68.9  455-600 8.4 252 

ΔT: temperature range of the thermal decomposition. 
ΔW: Total weight loss at the main decomposition process 
Tm: The degradation temperature corresponding to the maximum weight loss rate of DTG curve. 

To check the accessibility of the 3D porous network in UiO-67@PU 

nanocomposite films to gas molecules, the nitrogen adsorption/desorption isotherm 

was performed at -196ºC and compared to that of the pure MOF. As it can be 

appreciated in Figure 7.7, UiO-67 presents the typical adsorption-desorption 

isotherm already described elsewhere,32 with a large uptake at low relative 

pressures due to its highly microporous framework, and the associated step at p/p0 

∼ 0.15 attributed to the presence of wider pores (small mesopores). This observation 

is in close agreement with the presence of two kind of cavities in UiO-67, tetrahedral 

and octahedral cages with a diameter of 1.1 and 2.3 nm, respectively. 32 
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Figure 7.7. Nitrogen adsorption (filled symbols)-desorption (open symbols) 
isotherms at -196ºC for UiO-67 and UiO-67@PU film. 
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Interestingly, in the specific case of the UiO-67@PU film the accessibility for 

nitrogen at cryogenic temperatures is completely suppressed over the whole relative 

pressure range evaluated. This observation is in close agreement with previous 

studies described in the literature for ZIF-8 and ZIF-7 loaded polymeric matrices.37 

Apparently, nitrogen with a quadrupolar moment is not able to diffuse through the 

rubbery polymeric network at cryogenic temperatures. Despite the inaccessibility of 

nitrogen to the embedded MOF crystals, this observation does not necessarily 

reflect the real scenario in the composite material. Based on our previous 

experience, adsorption of non-polar molecules (for instance, hydrocarbons) 

constitutes a complementary tool to evaluate the porous structure in these 

MOF@polymer nanocomposites.  
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Figure 7.8. Ethylene adsorption (filled symbol)-desorption (open symbol) 
isotherms at 25ºC in as-synthesized UiO-67, PU and UiO-67@PU films. 

Figure 7.8 shows the ethylene adsorption/desorption isotherms at 25ºC for 

the pure PU, UiO-67 and the nanocomposite. These results show that, contrary to 

N2, ethylene is indeed able to access the inner porous structure in this kind of 

materials. Whereas the pure PU film exhibits an adsorption capacity close to 0 

mmol/g, UiO-67 nanoparticles are able to adsorb up to 1.31 mmol/g at a pressure 
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of 1 bar. For the UiO-67@PU nanocomposite sample, the total adsorption capacity 

for ethylene at 1 bar is ca. 0.18 mmol/g. After a normalization to the total amount of 

MOF (considering that the composite contains ca. 30 wt.%), this value scales up to 

a total uptake of 0.59 mmol/gMOF. Compared to the pure UiO-67, this result 

constitutes a reduction of 55% in the adsorption capacity of the embedded crystals, 

i.e. embedded nanocrystals are indeed accessible to gas molecules, although only 

partially. 

7.3.2. Brimonidine adsorption and release 

Brimonidine adsorption isotherms were performed in aqueous media 

(ultrapure water) and at room temperature in order to quantify the maximum amount 

of drug adsorbed in the porous structure of the synthesized films. As is shown in 

Figure 7.9, while the adsorption in the pure PU film is close to 0 mg/g, the maximum 

brimonidine adsorption capacity in the UiO-67@PU film (at an equilibrium time of 

4h; see Figure 7.10) obtained from the Langmuir model achieves a value of 58.4 

mg of brimonidine per gram of film, i.e. 194.7 mg of brimonidine per gram of UiO-67 

(considering the nominal value of 30 wt.% of UiO-67 in the film). This value differs 

from that reported in the literature for pure UiO-67 nanoparticles (ca. 600 

mgbrimonidine/gMOF).25  
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Figure 7.9. Brimonidine liquid-phase adsorption isotherm in PU and UiO-67@PU 
films at 25ºC (C0 = 1500 ppm). 
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The reduction in the adsorption capacity for the nanocomposite (around 67% 

reduction) is in close agreement with the gas-phase ethylene adsorption 

measurements described above (ethylene was able to access 45% of the porosity 

whereas brimonidine only 32.5% of the MOF porous network). Although these 

numbers must be optimized, this finding constitutes an important development 

elucidating the potential application of these MOF-doped polymeric matrices for 

liquid-phase adsorption/desorption processes. Even though these processes are 

performed in the presence of a solvent (for instance, an aqueous solution), the 

embedded MOFs are able to preserve a similar accessibility to the target molecule 

(e.g. ocular drug), compared to similar measurements in gas phase, i.e. in the 

absence of solvent. These results suggest that UiO-67 cavities are able to host both 

ethylene (molecular size of 4.7 x 9.8 Å) and brimonidine (3.28 x 4.18 x 4.84 Å) in a 

similar extend.39,40 Compared to the neat PU polymer, the incorporation of UiO-67 

nanofillers gives rise to a 60-fold increase in the adsorption capacity for brimonidine 

tartrate.  
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Figure 7.10. Brimonidine adsorption kinetics in the UiO67@PU film at different 
initial concentrations.  

In order to mimic a potential application in human body, brimonidine release 

isotherms were performed in PBS solution at room temperature and neutral pH, 

Figure 7.11. As it can be observed, the UiO-67@PU nanocomposite exhibits a fast 
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release (up to 7 % of the total uptake) in the first minute of the experiment. 

Afterwards, there is a continuous release with time up to a maximum of 10% of the 

total brimonidine retained after 14 days exposure. The large release in the first few 

hours must be attributed to brimonidine weakly interacting with the nanocomposite 

and/or adsorbed in the external layers/pores of the film. Considering the traditional 

topical administration of brimonidine, i.e. a patient must take one droplet of 

brimonidine solution of 2 mg/mL (Alphagan P®, Allergan) every 8h, this means 0.3 

mg of brimonidine per day or 4.2 mg in 14 days.7 Taking into account the total uptake 

of 58.4 mg/g for our composite, a release of 10 % (5.8 mg/g) after 14 days is within 

the needs of a normal patient with glaucoma, thus validating our approach. At this 

point it is important to highlight that we cannot exclude the possibility that some 

brimonidine is already removed/released from the loaded film during the washing 

step performed after the loading and before the release experiment (this washing 

step was designed to remove exclusively the brimonidine retained in the external 

surface of the film).      
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Figure 7.11. Brimonidine tartrate release kinetics at 25ºC in physiological media 
PBS (loading concentration 1500 ppm) 

At this point, the open questions remain the compatibility of the drug with the 

composite, the stability of the MOF structure after the loading process and finally, 
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the potential location of the drug molecule in the composite system. Next sections 

are devoted to answer all these questions.  

7.3.3. Brimonidine-composite compatibility and stability studies 

Structural stability of the MOF framework is an important parameter to be 

considered in liquid-phase adsorption processes. It is widely accepted in the 

literature that MOF materials can exhibit a limited stability in the presence of 

aqueous environments or after the incorporation of the drug.41 In the specific case 

of UiO-67, it is well-known that upon exposure to water or moisture, this system 

exhibits a large instability due to the hydrolysis of the linker-metal bonds, and the 

associated pore collapse.42–44 However, the partial amorphization of the UiO-67 

nanoparticles during the adsorption/release of brimonidine has been very useful to 

extend the released kinetics beyond 12 days, as described before by some of us.25  

 

Figure 7.12. Scheme of possible scenarios for Brimonidine adsorption in 
MOF@polymer composites: (a) adsorption in the peripheric MOF crystals, (b) fully 

inaccessible and (c) fully accessible embedded MOF nanocrystals. 

In addition to the structural stability, another concern is the adsorption 

mechanism. Adsorption of brimonidine into MOF-based polymeric films can be 

explained via three potential scenarios. As summarized in Figure 7.12, brimonidine 

can be adsorbed only in those MOF crystals located in the periphery of the PU film 

(option A), brimonidine can be adsorbed only in the polymeric matrix, i.e. MOF 

nanocrystals are completely blocked (option B) or it can be adsorbed equally in the 
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different crystals homogenously distributed within the PU film (option C). To identify 

which of these options is the most plausible to explain the adsorption mechanism, 

the UiO-67@PU nanocomposite has been thoroughly evaluated before and after 

adsorption of brimonidine using synchrotron X-ray diffraction, thermogravimetry 

(TGA) and FTIR. 
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Figure 7.13. Synchrotron X-ray powder diffraction patterns of UiO-67@PU film 
before and after being exposed to the brimonidine solution. 

Synchrotron X-ray diffraction measurements were performed in order to 

elucidate the structural parameters of the UiO-67 embedded crystals before and 

after the loading of brimonidine. As it can be observed in Figure 7.13 both patterns 

are rather similar even after exposure to the brimonidine aqueous solution for 

several days. These results are contrary to the performance of the pure MOF 

(Figure 7.14), where a significant structural deterioration was identified after 1 day 

in contact with water and confirms the improved structural stability of UiO-67 upon 

encapsulation in the PU matrix. 25 
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Figure 7.14. X-ray powder diffraction pattern of as-synthesized UiO-67 and 
after soaking in water for 1 day.1 

Although the cavities in UiO-67 (octahedral of 2.3 nm and tetrahedral of 1.15 

nm) are large enough to accommodate the brimonidine molecule, the open question 

at this point is how to ascertain if brimonidine is able to take advantage of these 

cavities.32  
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Figure 7.15. Synchrotron X-ray powder diffraction pattern of brimonidine 
tartrate. 
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Synchrotron X-ray diffraction measurements of the pure brimonidine tartrate 

(Figure 7.15) show a rich XRD pattern with a large number of peaks in the range 2 

and 18º, confirming the high crystallinity of this molecule. The absence of these 

peaks in the SXRPD pattern of the brimonidine-loaded UiO-67@PU nanocomposite 

(Figure 7.13) could be a priori an evidence of the absence of brimonidine both in 

the polymeric network and in the embedded MOF nanocrystals. However, this 

observation would be in contradiction with brimonidine adsorption measurements 

reported in Figure 7.9. This inconsistency must be explained due to the 

amorphization of the drug upon adsorption, thus explaining the absence of peaks in 

the SXRPD pattern. This hypothesis would be in agreement with the encapsulation 

of the drug in the MOF cavities, with the associated limitation for these molecules to 

arrange in a periodic fashion. These conclusions are also supported by previous 

studies dealing with the adsorption/release of brimonidine through ocular devices 

suggesting the transformation of crystalline brimonidine into an amorphous phase 

once it is adsorbed into the material.45–47 

Table 7.2. Summary of structural parameters and adsorption performance of UiO-
67, and UiO-67@PU film before and after loading with brimonidine. 

 UiO-67 UiO-67@PU UiO-67@PU-
BRI 

Cell parameter a  (Å) 26.8447(9) 26.8306(6) 26.8252(6) 
SBET (m2/g) 2614 0 ---- 

Ethylene adsorption (mmol/g) 1.31 0.18 ---- 
Brimonidine adsorption (mg/g) 60025 58.4 ---- 

Brimonidine release (%) 50% (12 days) 10% (14 days) ---- 

The unit cell parameters deduced for the embedded UiO-67 crystals after 

Rietveld refinement are summarized in Table 7.2. Pure UiO-67 crystals have a cubic 

unit cell with lattice parameters a = b = c = 26.8447(9) Å. As it can be observed, the 

lattice parameters remain rather similar after incorporation of the UiO-67 crystals in 

the polymeric matrix, in close agreement with the high quality of the crystals 

described in Figure 7.1. Interestingly, lattice parameters do not change after 

exposure of the UiO-67@PU nanocomposite to an aqueous solution of brimonidine. 

Although these results confirm the large stability of UiO-67 nanocrystals in an 

aqueous environment upon incorporation in the PU matrix, these are not conclusive 
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about the location of brimonidine upon adsorption. Unfortunately, Rietveld 

refinement analysis of the embedded crystals does not allow to answer this question 

due to the limited quality of the SXRPD pattern.  
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Figure 7.16. TGA-DTGA profiles for brimonidine tartrate. 

To further ascertain the adsorption mechanism, TGA analysis was performed 

in the UiO-67@PU film after the loading of brimonidine. For clarity, the TGA of pure 

brimonidine tartrate has been included in Figure 7.16. Brimonidine tartrate exhibits 

a single decomposition peak at around 210 ºC. A closer look to the TGA profile for 

the brimonidine-loaded UiO-67@PU nanocomposite (Figure 7.17) shows that the 

TGA peaks corresponding to the decomposition of the PU matrix and the UiO-67 

crystals are shifted to higher temperatures upon adsorption. In addition, the 

thermogram shows an additional tinny peak at 210ºC, not present in the un-loaded 

UiO-67@PU material, that can be attributed to brimonidine within the composite film 

(blue peak deconvoluted in Figure 7.18). Although the shifts observed in Figure 
7.17 for the decomposition of PU and UiO-67 upon brimonidine adsorption could be 

an indication of the presence of brimonidine in both domains, the real location of the 

drug remains an open question.  
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Figure 7.17. TGA-DTGA profiles for UiO-67@PU film before and after loading with 
brimonidine. 

Last but not least, it is important to highlight that the quantification of the tinny 

peak at 210ºC corresponds to ~ 23 mg Brimonidine/gcomposite film. Although this is a rough 

estimation, we cannot exclude that around 40% of the brimonidine loaded at 1500 

ppm (Figure 7.9) could be lost during the washing step applied before the TGA 

analysis. A similar hypothesis could be used to explain the low release achieved in 

Figure 7.11.  
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Figure 7.18. Deconvolution of the DTGA profile in brimonidine loaded UiO-
67@PU films. 
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Finally, the presence of the drug has been evaluated using FTIR of the UiO-

67@PU film before and after loading with brimonidine, Figure 7.19. The FTIR 

spectra for the individual components have also been included for clarity. As it can 

be observed, before loading, the FTIR spectra of the UiO-67@PU film shows the 

characteristic peaks of PU and UiO-67. PU has a characteristic peak at 3329 cm-1 

attributed to the stretching of the NH bond (Figure 7.19b). In addition there are two 

contributions at 1724 cm-1 and 1696 cm-1 due to the poly(caprolactone) ester bond, 

and the -CH stretching vibration at 2944 cm-1, among others.48,49 The characteristic 

peaks of UiO-67 can be observed at 1594 cm-1, 1528 cm-1 and 1411 cm-1 due to the 

stretching vibrations of the carboxylate group of the ligands and, the peaks at 815 

cm-1, 766 cm-1 and 652 cm-1 due to the Zr-O stretching vibrations.50,51 

4000 3500 3000 2500 2000 1500 1000 500

 

 UiO-67@PU 
 UiO-67@PU-BRI
 Brimonidine tartrate

 

 

Tr
an

sm
itt

an
ce

 (%
) (a)

 

 

Tr
an

sm
itt

an
ce

 (%
)

Wavenumber (cm-1)

 UiO-67@PU
 PU
 UiO-67

(b)

 

Figure 7.19. FTIR spectra of (a) UiO67@PU film before (bottom) and after (upper) 
loading with brimonidine, and (b) UiO-67 (bottom), PU (middle) and UiO67@PU 

film (upper). 
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As already reported in the literature, brimonidine tartrate also presents 

characteristic vibrations in the IR range. These characteristic vibrations include 

peaks at 3212 and 3268 cm-1 owing to N-H stretching vibration from the secondary 

amine groups (RR’-NH). Peaks around 1650 cm-1 are attributed to C=O stretching 

and -CN stretching appears at 1284 cm-1.52–54  

The most remarkable feature of the FTIR spectra of UiO-67@PU after loading 

brimonidine is, in addition to the bands described above due to PU and UiO-67, the 

presence of a wide contribution around 3575-3074 cm-1. This broad contribution 

could be associated to the overlapping of signals from adsorbed H2O (O-H 

stretching at 3404 cm-1), and to the stretching -NH vibrations characteristics of urea 

and urethane bonds (3333 cm-1) in PU.48,49 However, taking into account that the 

brimonidine-loaded sample has been vacuum dried at 60ºC before the FTIR 

spectra, and the absence of this wide contribution in the drug-free nanocomposite 

film, the presence of this broad contribution must be unambiguously attributed to the 

presence of brimonidine chemically interacting with the composite via hydrogen 

bonding with surface oxygen and nitrogen groups. This finding is supported by the 

presence of a new peak at 1650 cm-1 (solid line in Figure 7.19a) in the loaded film 

due to the C=O groups of the brimonidine tartrate. These assignments are in perfect 

agreement with previous studies in NH2-MIL-88(Fe) loaded with brimonidine.53 In 

summary, FTIR spectra clearly confirm the presence of the drug in the UiO-67@PU 

film, although the real location, either in the polymeric matrix or in the UiO-67 

network cannot be easily identified.   

7.4. Conclusions 

We have successfully developed a novel UiO-67-based polyurethane film 

with an excellent adsorption/release performance for an ocular drug such as 

brimonidine tartrate. Synchrotron X-ray powder diffraction measurements confirms 

the high quality of the MOF nanocrystals when embedded in a hydrophobic polymer 

such as PU and their improved stability in an aqueous environment, compared to 

the pure MOF. Although the inner porous structure is not accessible to nitrogen with 

a quadrupole moment, this is not the case for the adsorption of non-polar molecules 

(e.g., hydrocarbons) at room temperature. Although the partial accessibility of the 
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embedded MOFs limits the brimonidine adsorption performance, the UiO-67@PU 

composite gives rise to a 60-fold improvement compared to the neat PU film. 

Synchrotron XRPD, TGA and FTIR measurements of the composite before and after 

loading brimonidine confirm the presence of the drug within the UiO-67@PU film, 

although the real role of the polymer matrix and the UiO-67 nanocrystals cannot be 

conclusively confirmed. The total brimonidine uptake of the composite is as high as 

58.4 mgBRI per gram of composite or 194.7 mgBRI per gram of MOF. These results 

in liquid-phase are highly promising and open the door to the design of novel 

polymeric inserts with functional properties and improved performance (for instance 

with drug delivery properties), to be applied in a number of ophthalmological 

disorders, either as a component of contact lens, in the composition of lacrimal 

stoppers (e.g., punctal plugs) or in sub-tenon inserts.          
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In this Doctoral Thesis, the large versatility of MOFs for gas and liquid phase 

adsorption processes has been studied using zeolitic imidazolate frameworks (ZIFs) 

and zirconium-based MOFs. A synergy between high sensitivity experimental 

equipment and molecular simulations has been achieved. The combined use of 

these approaches (experimental & modelling) has been very useful to understand 

structural changes in MOFs frameworks upon an external stimulus and the 

adsorption performance for several molecules under different conditions. These 

studies have been useful to highlight the versatility of MOFs in a number of potential 

applications, from gas to liquid phase adsorption processes. 

Along the PhD thesis different specific conclusions of the main achievements 

have been described in each chapter. They can be summarized as follow. 

1. Chapter 3: In summary, combination of synchrotron X-ray diffraction 

and inelastic neutron scattering measurements under operando 

conditions clearly show that ZIF-4 exhibits a breathing phenomenon 

upon nitrogen adsorption at ~30 kPa, associated with an 8-9% volume 

expansion in the unit cell. The transition from a narrow-pore (np) to an 

expanded-pore (ep) phase explains the complex behaviour of the 

nitrogen adsorption isotherm at cryogenic temperatures. The 

existence of an expanded ZIF-4 has been predicted by molecular 

simulations. First, the expanded ZIF-4 structure was predicted by MD 

simulations at higher temperatures, which increases entropic 

contributions to the free energy and stabilizes the expanded structure. 

Second, the expanded ZIF-4 structure with N2 molecules was 

confirmed by MD and GCMC simulations at 77 K. Although CO2 with 

a lower kinetic diameter and at a much higher adsorption temperature 

is able to access in the inner cavities in ZIF-4, this molecule is not able 

to promote the np to ep transition at ambient temperature. However, 

INS measurements show that at cryogenic temperatures (5 K) CO2 is 

indeed able to promote certain structural changes.     

2. Chapter 4: ZIF-62 was synthesized by solvothermal method and 

textural, and morphological characteristics were evaluated through 
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different physicochemical techniques. Large tetrahedral crystals with 

an average size of 5-20 µm and strong solvent-surface interactions in 

the structure evacuation process were successfully synthesized. 

Nitrogen and oxygen adsorption-desorption isotherms showed a 

similar performance at 298 K and 195 K but not at 77 K. At 77 K ZIF-

62 is not able to adsorb nitrogen while oxygen can be easily adsorbed 

with at total uptake close to 8 mmol/g. Monte Carlo simulations for a 

rigid structure of ZIF-62 predict a framework with a large cavity of ca. 

4.3 Å and a small cavity of ca. 1 Å. Simulated nitrogen and oxygen 

adsorption isotherms were able to predict the adsorption performance 

at 195 K and 298 K. However, at 77 K theoretical calculations predict 

a large adsorption capacity for nitrogen and oxygen with a similar 

uptake for both molecules (close to 5-6 mmol/g). The discrepancy 

between theoretical predictions and experimental evidences may 

suggest diffusional limitations for nitrogen at 77 K. SXRD experiment 

showed a structural transformation when the framework was loaded 

with oxygen or nitrogen at 90 K suggesting a certain structural 

flexibility. The Rietveld refinement performed in the SPXRD patterns 

at 90 K suggested a mixture of an expanded phase (phase I) and a 

contracted phase (phase II), these two phases prevailing up to 150 K. 

After this point the contracted phase disappears, and the cell 

parameter were close to those described for the blank structure. Even 

though experimental and simulated results could seem contradictory, 

synchrotron and particle size experiments are essential to understand 

the difference between these results. Even that nitrogen is not 

adsorbed as simulation experiments predicted, particle size and 

kinetic barriers experiments confirm the accessibility of nitrogen to the 

structure. However, the number of molecules accessing to the 

frameworks depends in external parameters such as, as kinetic 

barriers caused by particle size or equilibrium time. Expanding the 

potential applications of ZIF-62 for different industrial interest 

molecules, isotherms of small molecules such as, methane or carbon 

dioxide where were performed at 298 K.  
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C1-C4 paraffins and olefins adsorption isotherms in ZIF-62 at 298 K 

showed an inverse preferential adsorption behaviour which has been 

observed in other ZIF structures. Finally, ZIF-62 appeared to be an 

excellent material for separation of hexane isomers, showing a highly 

preference for linear alkane and non-adsorptive preference for bi-

branched isomers. 

3. Chapter 5: This chapter describes an alternative approach to the 

adsorption of NO in MOFs. Previous studies were based on the 

incorporation of open metal sites or the functionalization of the material 

with basic moieties. This study anticipates a third approach based on 

flexible MOFs. The presence of structural changes upon adsorption in 

ZIFs and the transition from low-to-high density phases and vice versa 

constitutes a promising alternative to store and deliver NO in a 

controlled way. By taking advantage of these phenomena, ZIF-4 can 

store up to 1.6 mmol/g NO and deliver it under humid conditions for 

more than 6h. Unfortunately, these excellent properties vanish after a 

thermal treatment at higher temperature (523 K) due to the partial 

amorphization and re-crystallization of ZIF-4 into the dense zni 

structure. In the specific case of ZIF-7, although the amount adsorbed 

is lower due to the inability of NO to breathe the structure, the 

presence of a dense-phase allows to control the delivery kinetics for 

more than 18h with a total amount released of more than 70 µmol/g at 

318 K. These excellent results together with the excellent structural 

stability of ZIFs, even under physiological solution, opens the gate 

towards the application of ZIFs in biomedical processes (e.g., NO 

storage and delivery).         

4. Metal-organic frameworks (MOFs) can be anticipated as promising 

nanodevices for drug delivery in ocular therapeutics in chapter 6. 

Experimental results have shown that samples combining wide 

micropores and/or small mesopores are able to achieve a high loading 

capacity, above 50 wt.% (MIL-100(Fe) and UiO-67), for an alpha-

adrenergic receptor agonist such as brimonidine. Furthermore, 
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delivery kinetics have shown that the associated amorphization in the 

case of UiO-67 upon ultrapure water or PBS exposure, as suggested 

by XRD measurements, can be very helpful to extend the delivery 

kinetic up to 12 days or above. Last but not least, cytotoxicity assays 

using retinal photoreceptor cells show high biocompatibility for the 

MOFs evaluated, except HKUST-1, thus paving the way towards the 

application of MOFs in intra-ocular therapeutics.   

5. In chapter 7, we have successfully developed a novel UiO-67-based 

polyurethane film with an excellent adsorption/release performance for 

an ocular drug such as brimonidine tartrate. Synchrotron X-ray powder 

diffraction measurements confirm the high quality of the MOF 

nanocrystals when embedded in a hydrophobic polymer such as PU 

and their improved stability in an aqueous environment, compared to 

the pure MOF. Although the inner porous structure is not accessible 

to nitrogen with a quadrupole moment, this is not the case for the 

adsorption of non-polar molecules (e.g., hydrocarbons) at room 

temperature. Although the partial accessibility of the embedded MOFs 

limits the brimonidine adsorption performance, the UiO-67@PU 

composite gives rise to a 60-fold improvement compared to the neat 

PU film. Synchrotron XRPD, TGA and FTIR measurements of the 

composite before and after loading brimonidine confirm the presence 

of the drug within the UiO-67@PU film, although the real role of the 

polymer matrix and the UiO-67 nanocrystals cannot be conclusively 

confirmed. The total brimonidine uptake of the composite is as high as 

58.4 mgBRI per gram of composite or 194.7 mgBRI per gram of MOF. 

These results in liquid-phase are highly promising and open the door 

to the design of novel polymeric inserts with functional properties and 

improved performance (for instance with drug delivery properties), to 

be applied in a number of ophthalmological disorders, either as a 

component of contact lens, in the composition of lacrimal stoppers 

(e.g., punctal plugs) or in sub-tenon inserts.  
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• Introducción general 

o Adsorción y materiales porosos. 

La adsorción es un fenómeno superficial en el cual moléculas o átomos en 

fase líquida o gas se acumulan en la superficie de un material.1 La adsorción física 

o fisisorción está generalmente controlada por tres mecanismos, estérico, cinético 

y de equilibrio. El primero hace referencia a los materiales con propiedades de 

tamizado molecular, es decir, solo las moléculas que tienen el tamaño apropiado 

podrán difundir en los poros. La separación cinética se lleva a cabo debido a las 

propiedades difusivas del adsorbato. Por último, la adsorción por equilibrio es 

aquella en la que ocurren la mayoría de los procesos y que considera las 

interacciones específicas debido a la química superficial del adsorbente y el 

adsorbato.2 

 Un gran número de procesos industriales hacen uso de la adsorción como 

herramienta para la separación de moléculas de alto interés industrial utilizando 

materiales adsorbentes como, carbón activado, zeolitas, arcillas, alúmina activada, 

etc.1 Debido a la abundancia de materias primas para su producción, el carbón 

activado es uno de los adsorbentes más empleados en aplicaciones tales como, 

tratamiento de agua, separación de hidrocarburos, adsorción-liberación de 

fármacos, etc.3–6 

El desarrollo de materiales porosos cristalinos ha significado un avance 

importante en el campo de la adsorción, debido a sus características y versatilidad 

ofrecen una mejora en el control y nivel de porosidad que se ve reflejada 

considerablemente en la optimización de procesos de adsorción. Uno de los 

primeros materiales cristalinos porosos descritos en la literatura fueron las zeolitas. 

Las zeolitas son aluminosilicatos cristalinos con estructura tridimensional que se 

conforman por redes de óxido de silicio, donde en ciertos puntos de la red, cargas 

negativas residuales se generan debido al reemplazo del Si4+ por Al3+ las cuales 

son compensadas con cationes.7 El incremento exponencial en el consumo anual 

de zeolitas en la industria ha motivado la investigación en el desarrollo y 
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diversificación de materiales porosos cristalinos, como sílice mesoporosa, redes 

covalente-orgánicas (COFs) y redes metal-orgánicas (MOFs). 

o Síntesis de redes metal-orgánicas 

Las redes metal-orgánicas (MOFs) han emergido como una nueva clase de 

materiales porosos con gran potencial de aplicación gracias a su increíble 

versatilidad.8  Los MOFs se forman debido a la unión de ligandos orgánicos y 

átomos o núcleos metálicos (Figura 1). 

El descubrimiento y desarrollo de las redes metal-orgánicas ha sido 

consecuencia de una comprensión e investigación continua en el ensamblaje de 

polímeros de coordinación a principios de los años noventa. Robson et al., 

describieron por primera vez una red tridimensional con estructura tipo diamante e 

hicieron uno de los primeros estudios sobre la influencia del metal y los ligandos en 

la geometría de los polímeros de coordinación.9 El término “MOF” fue introducido 

por primera vez por Yaghi et al. en un artículo donde se informa de una estructura 

tridimensional tipo diamante formada por ligandos de  4,4'-bipiridina (4,4'-bpy) y 

cobre (II) como centro metálico.10 Solo un par de años después, los mismos autores 

describieron el primer polímero de coordinación con porosidad permanente 

utilizando ligandos basados en carboxilato (ácido tereftálico) y Zn2+ como centro 

metálico. En comparación con el sistema descrito anteriormente, esté polímero de 

coordinación tiene la gran diferencia de ser una red neutral con solo moléculas de 

solventes que llenan los poros. La eliminación del solvente proporciona una red con 

accesibilidad y porosidad permanente a otras moléculas.11 

Los ligandos ampliamente utilizados en la síntesis de MOFs son aquellos 

que contienen grupos funcionales carboxilato. La gran abundancia de ligandos 

disponibles en el mercado permite una combinación ligando-metal casi infinita 

ofreciendo materiales con versatilidad en cuanto tamaño y forma de poro, y tamaño 

de cristal.12 Los MOFs se caracterizan por tener una alta porosidad, estabilidad 

térmica y estabilidad estructural, lo que los hace altamente interesante para 

aplicaciones de almacenamiento/separación de gases, catálisis, liberación de 

fármacos, etc. 
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Figura 1. Esquema de formación de MOFs. 

Las redes metal orgánicas formadas por ligandos imidazol (Zeolitic 

imidazolate frameworks, ZIFs) son un subgrupo de MOFs que se forman por la 

unión de Zn o Co con ligandos sustituidos o no sustituidos de imidazol, resultando 

en estructuras cristalinas 3D similares a las presentadas en las zeolitas.13 Dentro 

de la mayoría de los MOFs, los ZIFs ofrecen una sobresaliente capacidad de 

adsorción, estabilidad térmica y química.13,14 

La optimización de la metodología de síntesis en MOFs es una etapa 

fundamental en la búsqueda de propiedades específicas relacionadas con el 

tamaño de cristal, área superficial, forma de cristal, etc. Debido a esto, diferentes 

metodologías se han desarrollado, las cuales se pueden condensar en dos grandes 

grupos; las metodologías convencionales, que se llevan a cabo utilizando fuentes 

de calentamiento eléctrico o las no convencionales que son aquellas que utilizan 

fuentes alternas de calentamiento para promover la reacción como, la radiación de 

microondas, sonoquímica, electroquímica, mecanoquímica, etc.15 

La síntesis solvotermal es una de las más empleadas para la obtención de 

MOFs debido a las ventajas que ofrece al escalar la reacción. Esta metodología 

hace referencia a la reacción que se lleva a cabo en autoclaves cerrados a 

temperatura cercana al punto de ebullición del solvente la cual promueve una 

presión autógena.16 Los parámetros que tienen un efecto importante en las 

características del producto final son, el radio metal/ligando, tipo de solvente, 

temperatura de síntesis, etc.17 MOFs, como el HKUST-1, ZIF-8, UiO-66 y UiO-67 

han sido ampliamente sintetizados utilizando esta metodología. 14,18–20 
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o Flexibilidad en redes metal-orgánicas 

La flexibilidad estructural es una de las características de mayor interés en 

los polímeros de coordinación y la cual consiste en un cambio estructural de la red 

generalmente ocasionada por un estímulo externo como, temperatura, presión o 

moléculas depositadas en los poros.21,22   

Las primeras evidencias de flexibilidad en las redes metal-orgánicas se han 

asociado con un cambio drástico en la capacidad de absorción a una cierta presión 

de la curva de adsorción-desorción.21 Basados en esta propiedad, los MOF se han 

agrupado como rígidos y flexibles (cristales porosos blandos).22  Aunque la 

flexibilidad de los MOF se asocia comúnmente como resultado a un estímulo 

externo en la red, es importante mencionar que la flexibilidad puede ser intrínseca 

por la composición de la red. 

Los factores intrínsecos de la red metal-orgánica que favorecen la flexibilidad 

en los MOF están relacionados con la composición estructural que incluye, el radio 

ion/clúster metálico y el ligando orgánico. Los grupos metálicos conocidos como 

unidades de construcción secundarias (SBU) o bloques de construcción 

moleculares (MBB) en los MOF son los responsables del movimiento de la red.23,24 

Los estímulos externos o desencadenador de la flexibilidad tienen un gran 

impacto en el cambio estructural de la red. Uno de los primeros estímulos descritos 

en los MOF flexibles fue el observado al eliminar el solvente de la red, que provoca 

un fenómeno de expansión/contracción o de respiración y que permite el 

intercambio de distintas moléculas huéspedes en la red.25,26 

Esta característica en MOFs ha sido ampliamente estudiada por distintas 

técnicas experimentales y de simulación molecular logrando una sinergia única 

para el entendimiento del fenómeno y la optimización de aplicaciones. 

o Aplicaciones de redes metal-orgánicas 

Los MOF han brindado oportunidades únicas para una gran cantidad de 

aplicaciones. Debido a sus excelentes propiedades fisicoquímicas, como la alta 

porosidad, la versatilidad y estabilidad estructural, se han aplicado en distintas 
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áreas como, la administración de fármacos, catálisis, tecnología de sensores, 

almacenamiento y separación de gases, aplicaciones de sorción de agua, 

materiales luminiscentes, etc.27 

La separación y el almacenamiento de gases se han convertido en un área 

de investigación de gran importancia para los polímeros de coordinación como 

consecuencia del aumento de los problemas globales derivados de las actividades 

industriales, que emiten anualmente grandes cantidades de gases altamente 

contaminantes. Algunos ejemplos son, captura de CO2, el almacenamiento de H2 

para combustible, la purificación de gas, etc.   

La gran área superficial combinado con la estabilidad química en MOFs son 

algunos de los principales atractivos en la búsqueda de aplicaciones en estos 

materiales.  En las últimas décadas, los MOFs se han considerado materiales 

adsorbentes ideales para la separación de CO2 y otras moléculas polares en estado 

gas. Uno de los primeros estudios sugería que las redes metal-orgánicas con 

presencia de sitios metálicos insaturados son ideales para estas aplicaciones, ya 

que funcionan como sitios ácidos de Lewis.28 

Algunos otros ejemplos de separaciones en fase gas ampliamente descritas 

utilizando MOFs incluyen, la separación de N2/O2, almacenamiento de H2 y CH4, 

separación de hidrocarburos C1-C4, etc.29–32 Por ejemplo, en el caso de la 

separación de N2/O2  se ha utilizado el principio de tamizado molecular en varios 

MOF. Recientemente, se informó una alta eficiencia de selectividad en MOF PCN-

13 el cual contiene canales cuadrados de 3.5 Å x 3.5 Å y un volumen de poro de 

0.3 cm3/g, permitiendo que las moléculas de oxígeno con un diámetro cinético de 

3.45 Å pasen a través del material y excluyendo N2 (diámetro cinético de 3.64 Å).33 

En la separación de hidrocarburos lineales con MOFs, los ZIF han resultado 

ser candidatos potenciales. Por ejemplo, Gascon et al. describieron el “breathing” 

en ZIF-7 como herramienta para la separación de etileno/etano.34 De igual manera, 

las membranas basadas en ZIF-7 y ZIF-8 son algunos de los materiales más 

populares para la separación de hidrocarburos aromáticos y cíclicos como los 

isómeros de xileno, benceno o ciclohexano.35–37 
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En el área de la biomedicina los MOFs han sido ampliamente estudiados, 

encontrando resultados sobresalientes de estos materiales en la adsorción y 

liberación controlada de ciertos fármacos, como antiinflamatorios, contra el cáncer, 

pero también agentes biológicos importantes para ciertos procesos celulares, como 

el óxido nitroso 38–40. El óxido nitroso es una molécula fundamental en ciertas 

actividades celulares de los seres humanos, por lo que agentes para dosificar 

pequeñas cantidades en el cuerpo han sido recientemente investigadas.41,42 

o MOFs en aplicaciones biomédicas y toxicidad 

La toxicidad de los MOFs es un tema que toma gran importancia para 

aplicaciones biológicas, ya que estos materiales están formados por ligandos 

orgánicos y metales que, la mayoría de las veces presentan alto nivel de toxicidad 

en bajas concentraciones en los seres humanos.43,44  

En la aplicación de MOFs como nuevos sistemas de administración de 

fármacos, la estabilidad y la biocompatibilidad son aspectos de gran importancia a 

tomar en consideración al momento de formular sistemas de liberación controlada. 

Como se informó recientemente, en un sistema de liberación controlada de 

fármacos se desea una cierta inestabilidad del MOF para ayudar al propio 

organismo en el proceso de degradación de la matriz después de la liberación y, en 

consecuencia, para evitar la acumulación endógena del material en el cuerpo.45 La 

eficiencia de la liberación del fármaco se ve afectada por la degradación de la matriz 

que promueve la difusión del fármaco desde la matriz al cuerpo.46 Sin embargo, 

también se requiere de cierto nivel de estabilidad en la estructura para garantizar la 

encapsulación adecuada y el almacenamiento de la molécula hasta que se libera 

en el cuerpo, por ejemplo, para el portador de fármacos contra el cáncer, se espera 

que la matriz conserve su estructura hasta el momento en que llegue al tejido 

tumoral. 

Sin embargo, investigaciones han demostrado que la selección adecuado 

del ligando y del metal son parte fundamental para minimizar la toxicidad de estos 

materiales en las aplicaciones en biomedicina. MOFs con núcleos metálicos de 

hierro, calcio, circonio y, ligandos simples con grupos funcionales carboxilato han 
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demostrado ser excelente materiales para la liberación controlada de ciertos 

fármacos con bajo impacto toxicológico en los organismos estudiados.43 

o Materiales híbridos MOF-Polímero 

La comercialización de MOF para muchas aplicaciones se ha visto limitada 

debido a la morfología cristalina o microcristalina de estos materiales. Durante los 

últimos años se ha hecho un gran esfuerzo para incorporar y crear una sinergia 

entre polímeros orgánicos y nanopartículas de MOF. Se han utilizado diferentes 

enfoques para desarrollar metodologías de síntesis de materiales híbridos MOF-

polímero. Estos se pueden resumir en dos, los enfoques de “arriba hacia abajo” que 

se realizan cuando los MOF se sintetizan inicialmente y luego se incorporan a la 

matriz polimérica, por el contrario, a lo que se hace en los enfoques de “abajo hacia 

arriba”, donde el material híbrido se sintetiza a medida que se forma el MOF.47 

Las membranas de matriz mixta (MMMs) consisten en la incorporación de 

materiales rígidos dispersos en una matriz polimérica flexible.48,49 El objetivo de 

este método es crear un material híbrido que combine la flexibilidad del polímero 

mientras las propiedades de la fase dispersa permanecen activas.48,50 Se han 

realizado esfuerzos para sintetizar MMMs basados en MOF para aplicaciones en 

separación de gases o líquidos. Debido a que con frecuencia en las membranas 

formadas exclusivamente de polímero, la selectividad y la permeabilidad están 

inversamente correlacionadas, es importante seleccionar el polímero apropiado 

para cada MOF a fin de maximizar la permeabilidad y selectividad de la molécula 

deseada a separar.51,52 

• Objetivos generales del trabajo 

Teniendo en cuenta el panorama anteriormente expuesto sobre las redes 

metal-orgánicas y sus potenciales aplicaciones, este proyecto de Tesis Doctoral 

tiene como objetivo el estudio estructural de estos materiales en procesos de 

adsorción en fase líquida y fase gas. 
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Los objetivos planteados en este proyecto pueden condensarse en dos 

grandes bloques; el primero relacionado con el estudio estructural y de 

flexibilidad de distintos “Zeolitic imidazolate framewroks” ZIFs utilizando distintas 

técnicas de caracterización de alta resolución y, además, simulación molecular; 

así como el efecto en la adsorción de distintas moléculas en fase gas. El 

segundo bloque hace referencia al estudio de MOFs en aplicaciones 

biomédicas, en específico en el estudio de adsorción y liberación en fase líquida 

de fármacos para el tratamiento del glaucoma. 

Por tanto, los objetivos establecidos en cada capítulo de este proyecto de 

Tesis Doctoral se condensan en los siguientes cinco puntos: 

1. La flexibilidad ha sido una característica de gran interés en 

MOFs y especialmente en las redes metal-orgánicas formadas 

por ligandos imidazol (ZIFs). El capítulo 3 tienen como objetivo 

el estudio a profundidad de la flexibilidad en el más simple de 

los ZIFs, el ZIF-4. Se plantea el uso de distintas técnicas de 

caracterización para lograr una sinergia que permita una 

descripción más clara del proceso de “breathing” en este ZIF 

tan especial. Se propone el estudio in-situ de la flexibilidad por 

medio de difracción de rayos X con luz sincrotrón el cual 

permitirá la elucidación de los parámetros de red y los cambios 

estructurales debido al “breathing”. Por último, simulación 

molecular se propone como herramienta para la descripción 

del cambio de fase en la estructura como resultado de 

adsorción de nitrógeno a 77 K. 

2. El ZIF-62 es uno de los 105 ZIFs descrito en la literatura y el 

cual ha abierto paso a nueva área dentro del mundo de los 

MOFs, los cristales líquidos. El capítulo 4 plantea el estudio 

estructural y las potenciales aplicaciones de un ZIF 

conformado por dos ligandos distintos. El ZIF-62 está 

conformado por núcleos metálicos de Zn2+ alternados entre 

ligandos imidazol y benzimidazol. Este capítulo presenta la 
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posible flexibilidad en este novedoso ZIF, así como la 

elucidación de los cambios estructurales por medio de 

simulación molecular. 

3. Aunque el óxido nitroso por mucho tiempo fue considerado 

solo un compuesto altamente contaminante proveniente de la 

combustión en los automóviles, hace algunas décadas se 

describió como una molécula fundamental en distintos 

procesos biológicos, por lo que la adsorción de óxido nitroso 

para aplicaciones biomédicas ha resultado de gran interés en 

los últimos años. En el capítulo 5 plantea el estudio de ZIFs 

flexibles (ZIF-4 y ZIF-7) en la adsorción y liberación de NO. 

Este capítulo contempla el efecto de distintos parámetros en la 

cantidad total de adsorción y liberación. Por último, se realiza 

un estudio del efecto de esta molécula en la flexibilidad de 

estos materiales.  

4. El estudio de distintos MOFs en adsorción y liberación de 

brimonidina como alternativa a las formas de dosis 

convencionales. El capítulo 6 plantea la síntesis de cuatro 

MOFs con centros metálicos de Fe, Zr, y Cu, la elucidación de 

las propiedades texturales y de morfología y además el estudio 

del efecto del de las propiedades texturales en la capacidad de 

adsorción y liberación. Posteriormente el estudio de estabilidad 

estructural en medio acuoso de los cuatro materiales. Por 

último, se plantean estudios de toxicidad sobre líneas celulares 

oculares por medio de pruebas de viabilidad celular tanto en 

los materiales porosos como en los componentes orgánicos e 

inorgánicos. 

5. Con el objetivo de expandir las aplicaciones de estos 

nanomateriales, el capítulo 7 versa del estudio estructural de 

materiales híbridos poliuretano (PU) - MOFs y sus aplicaciones 

en biomedicina. Se plantea la síntesis de películas de PU y 
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nanopartículas de UiO-66 y; mediante distintas técnicas de 

caracterización se estudia la estabilidad de estos materiales 

compuestos, la accesibilidad de moléculas al composite, 

seguido del estudio de adsorción y liberación de brimonidina 

en fase acuosa y, por último, el estudio detallado de la 

localización del fármaco en el material híbrido. 

• Resultados y conclusiones más relevantes 

o Capítulo 3. Entendiendo el fenómeno de respiración en 
ZIF-4 

La flexibilidad debido a la adsorción de gases en ZIFs se describe en el 

capítulo 3. La estructura de las redes metal-orgánicas formadas por ligandos 

imidazol están constituidas de forma general por centros metálicos de Zn 

coordinados tetraédricamente a través de enlaces de coordinación a ligandos con 

grupos imidazol. La más básica de estas estructuras, es decir, la constituida por un 

conector imidazol no sustituido, corresponde a ZIF-4. Este ZIF pertenece al grupo 

ortorrómbico con topología de red cristalina de “cag” y tamaño de ventana de poro 

de 0.21 nm de diámetro. Estudios recientes han demostrado que, a pesar del 

tamaño de cavidad tan pequeña predicha teóricamente, el ZIF-4 es capaz de 

adsorber N2 e incluso hidrocarburos pequeños.  

Con esto en mente, en este capítulo se sintetizó por metodología solvotermal 

ZIF-4, por la cual se aseguró la calidad de los cristales obtenidos y la ausencia de 

impurezas. En resumen, la combinación de difracción de rayos X de sincrotrón y 

las medidas de dispersión inelástica de neutrones muestran claramente que ZIF-4 

exhibe un fenómeno de “breathing” tras la adsorción de nitrógeno a ~ 30 kPa, esto 

asociado con una expansión del volumen del 8-9% en la celda unitaria. La transición 

de una fase de poro estrecho (np) a una de poro expandido (ep) explica el 

comportamiento complejo de la isoterma de adsorción de nitrógeno a temperaturas 

criogénicas. La existencia de una fase de ZIF-4 expandido ha sido predicha por 

simulaciones moleculares. Primero, la estructura expandida fue predicha por 
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simulaciones MD a temperaturas más altas, lo que aumenta las contribuciones 

entrópicas a la energía libre y estabiliza la estructura expandida. En segundo lugar, 

la estructura expandida de ZIF-4 con la incorporación de moléculas de N2 fue 

confirmada por simulaciones MD y GCMC a 77 K. Aunque el CO2 que presenta un 

diámetro cinético más pequeño y una temperatura de adsorción mucho más alta es 

capaz de acceder a las cavidades internas en ZIF-4 pero no de promover la 

transición de fase de np a ep a temperatura ambiente. Sin embargo, las mediciones 

del INS muestran que solo a temperaturas criogénicas (5 K) CO2 puede promover 

ciertos cambios estructurales. 

o Capítulo 4. Entendiendo la adsorción de gases en ZIF 
con ligando mixto. 

El capítulo 4, describe las características estructurales de un ZIF con 

ligandos mixtos. Recientemente, se han descrito los ZIFs formados por la 

combinación de dos o más ligandos como materiales potenciales para un gran 

número de aplicaciones debido a su propiedad de tamizado molecular como 

resultado de ligandos de diferentes tamaños. El ZIF-62 es una red metal-orgánica 

de ligando mixto con composición nominal Zn (Im)1.75(bIm)0.25 en el que Zn2+ se 

coordina con ligandos imidazolato (Im) (C3H3N2-) y bencimidazolato (bIm) 

(C7H6N2-) en orientación alterna a lo largo de líneas tetraédrica. 

Aunque las investigaciones relacionadas con ZIF-62 se han centrado en las 

propiedades resultantes de la de fusión de este material, ha permitido el desarrollo 

de un campo nuevo en los MOF llamados “liquid glass materials”, existe evidencia 

limitada de su accesibilidad porosa y propiedades de adsorción. 

En base a esto, en el capítulo 4 se describe por primera vez los fenómenos 

de adsorción de diferentes moléculas en ZIF-62 y sus modificaciones estructurales 

como resultado de estímulos externos. Además, mediante la simulación molecular, 

dilucidamos la accesibilidad porosa a las cavidades de este ZIF. 

ZIF-62 se sintetizó por metodología solvotermal y se evaluaron las 

características texturales y morfológicas a través de diferentes técnicas 

fisicoquímicas. El material sintetizado presentaba cristales tetraédricos con un 



  Resumen en español 

251 
 

tamaño promedio de 5-20 µm. Las isotermas de adsorción-desorción de nitrógeno 

y oxígeno muestran un comportamiento similar a 298 K y 195 K, pero no a 77 K, 

donde ZIF-62 se observa un comportamiento no adsorbente de nitrógeno mientras 

que la cantidad máxima de oxígeno adsorbido es cercana a 8 mmol/g. Las 

simulaciones por GCMC para una estructura rígida de ZIF-62 muestran una red 

tridimensional con dos tipos de cavidades, una grande de 4.3 Å y otra pequeña de 

1 Å. Los resultados obtenidos para la simulación de las isotermas de adsorción-

desorción de nitrógeno y oxigeno presentan un buen ajuste con los resultados 

experimentales de las isotermas a 195 K y 298 K, esto confirmando la fiabilidad del 

modelo desarrollado para este sistema. La isoterma de adsorción-desorción de 

nitrógeno y oxígeno a 77 K obtenidas por la simulación presentan un 

comportamiento similar, sugiriendo una capacidad máxima de adsorción de ambos 

gases aproximada a 8 mmol/g. El experimento de difracción de rayos X de 

sincrotrón (SPXRD) elucida los cambios de fase en el ZIF-62 cuando la estructura 

se carga con oxígeno o nitrógeno a 90 K, lo que sugiere cierta flexibilidad 

estructural. El refinamiento de Rietveld realizado en los difractogramas de rayos X 

de sincrotrón a 90 K sugiere una mezcla de una fase expandida (fase I) y una fase 

contraída (fase II), esta mezcla se observó hasta 150 K, después de este punto la 

fase contraída desaparece y el parámetro de celda se aproximan a los valores 

observados para la estructura a temperatura ambiente. Ampliando las potenciales 

aplicaciones de ZIF-62 para diferentes moléculas de interés industrial, las isotermas 

de moléculas pequeñas como el metano o el dióxido de carbono se realizaron a 

298 K. 

Las isotermas de adsorción- desorción de parafinas y olefinas de C1-C4 en 

ZIF-62 a 298 K muestran un comportamiento de adsorción preferencial inverso, 

fenómeno que se ha observado en otras estructuras de ZIF anteriormente. 

Finalmente, se demostró que el ZIF-62 es un material excelente para la separación 

de isómeros de hexano, mostrando una alta preferencia por alcanos lineales sobre 

los ramificados 
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o Capítulo 5. Adsorción de óxido nitroso en redes metal-
orgánicas flexibles. 

El óxido nitroso (NO) es una molécula altamente reactiva con muchas 

funciones fisiológicas (por ejemplo, en el sistema cardiovascular) y el desarrollo de 

materiales nanoporosos capaces de almacenar y suministrar NO constituye un 

enfoque prometedor, por ejemplo, para evitar la formación de trombosis al 

incorporarlo en dispositivos médicos (por ejemplo, “stents” o catéteres) en el cuerpo 

humano. Sin embargo, debido a las bajas interacciones intermoleculares, la presión 

de vapor de saturación de NO es alta, es decir, 64,83 bar, con la complejidad 

asociada de almacenar una cantidad considerable de NO a presión atmosférica es 

alta.  

El capítulo 5 resume el estudio realizado en la adsorción y liberación de óxido 

nitroso, molécula en estado gas que desempeña una función de gran importancia 

en aplicaciones biomédicas. A pesar de la ausencia de sitios metálicos abiertos 

(OMS) y una química de superficie adecuada (por ejemplo, grupos básicos de 

amina) en los ZIFs, estos materiales exhiben un excelente rendimiento en términos 

de absorción total, irreversibilidad y la cinética de liberación. Estos excelentes 

resultados se deben atribuir a la presencia de cambios estructurales adecuados (p. 

Ej., “breathing” o efectos de apertura de la red) tras la adsorción que 

limitan/controlan la liberación de NO en condiciones específicas. Por ejemplo, ZIF-

4 es capaz de adsorber hasta 1.6 mmol/g, mientras que su contraparte de 

bencilimidazolato (ZIF-7) está limitado a 0.5 mmol / g. Sin embargo, a pesar de la 

menor capacidad de adsorción exhibida por ZIF-7, la presencia de un poro estrecho 

(np), estructura altamente densa (fase II) permite controlar la liberación de NO en 

condiciones húmedas durante más de 15 h a temperatura fisiológica (310 K). La 

temperatura a la que se realiza la evacuación del solvente de la red es un parámetro 

determinante en la capacidad total de adsorción de NO en este tipo de materiales, 

por ejemplo, en el ZIF-4 estas excelentes propiedades desaparecen después de un 

tratamiento térmico a una temperatura más alta (523 K) debido a la amorfización 

parcial y recristalización de ZIF-4 en una fase amorfa. En el caso específico de ZIF-

7, aunque la cantidad adsorbida es menor debido a la incapacidad del NO para 

promover un cambio estructural, la presencia de una fase densa permite controlar 
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la cinética de entrega durante más de 18 h con una cantidad total liberada de más 

de 70 µmol/g a 318 K.  

Teniendo en cuenta la gran estabilidad estructural de los ZIF, incluso en 

medios fisiológicos, estos materiales pueden anticiparse como candidatos 

prometedores para aplicaciones de suministro de fármacos bioquímicos (por 

ejemplo, liberación de NO), evitando procesos de lixiviación de metales no 

deseados en solución fisiológica y los efectos tóxicos asociados. 

o Capítulo 6. MOFs como nuevos sistemas de liberación 
de fármacos para tratamientos oculares 

La búsqueda de plataformas de administración de fármacos de forma 

eficiente y controlada para tratamiento de enfermedades oculares ha crecido 

recientemente debido a la preocupación constante de efectos secundarios 

causados por la adsorción no óptima de fármacos. Esto ha llevado a explorar 

sistemas que ofrezcan una mayor biodisponibilidad del fármaco en el interior del 

ojo y minimicen los problemas asociados a las aplicaciones tópicas.  Teniendo en 

cuenta el volumen limitado de la cavidad ocular (< 3-4 cm3) y la cantidad limitada 

de líquido (el ojo humano puede contener solo 7-10 µl de líquido), cualquier 

plataforma de administración intraocular para tratamiento  ocular debe cumplir aún 

más requisitos estrictos en comparación con los tratamientos tópicos como, i) la 

capacidad de carga debe ser extremadamente grande (en base gravimétrica (% en 

peso) y volumétrica (% en peso/v)) para mitigar cualquier interferencia en el campo 

visual después de la dosificación, ii) cinética de liberación debe ser lenta (dentro de 

días o semanas) para permitir una terapia a largo plazo, iii) alta biocompatibilidad 

del material con las células de la retina y, por último pero no menos importante, iv) 

degradabilidad estructural del material una vez que el material ha completado el 

trabajo. 

El capítulo 6 describe el estudio estructural y toxicológico de los MOFs, MIL-

100 (Fe), HKUST-1 (Cu), UiO-66 (Zr) y UiO-67 (Zr) en la adsorción y liberación de 

brimonidina (fármaco utilizado para la reducción de presión intraocular causada por 

el glaucoma). Se realizó la caracterización estructural de los 4 MOFs elucidando el 

área superficial, la morfología y la estabilidad estructural en medio acuoso. En estos 
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resultados se observa que el MIL-100 (Fe) prolongaba su estabilidad estructural en 

medio acuoso hasta más de un mes, mientras que los otros 3 materiales sufrían un 

colapso estructural a los pocos días. Las isotermas de adsorción en fase líquida de 

brimonidina se desarrollaron a temperatura ambiente, en las cuales se observa una 

cinética de adsorción relativamente rápido, alcanzando el equilibrio después de 4 

horas de contacto en la disolución líquida. El UiO-67 (Zr) presenta la mayor 

capacidad de adsorción alcanzando un total de ~600 mg de brimonidina por gramo 

de MOF. Las cinéticas de liberación de brimonidina se realizaron en solución 

biológica (PBS) a temperatura ambiente, se observa que la liberación en los cuatro 

materiales se desarrolla en 2 etapas, la primera en la cual se libera la mayor 

cantidad de fármaco y una segunda que se prolonga hasta 12 días y en la que se 

ralentiza la liberación del fármaco. Aunque el UiO-67 (Zr) había presentado la 

mayor cantidad de brimonidina adsorbida, el porcentaje de liberación es el más bajo 

(en términos totales) comparado con los otros 3 nanomateriales, pero se ve 

prolongada hasta 12 días posiblemente debido al proceso de amortización 

estructural observado con anterioridad en el estudio de estabilidad estructural en 

medio acuoso. Por último, estudios toxicológicos en líneas celulares oculares de 

retina 661W demuestran la dependencia en el nivel de toxicidad del material con el 

metal de la red. Los MOFs con centros metálicos de hierro y zirconio presentan una 

mayor viabilidad celular hasta después de 48 h de exposición, mientras que el 

HKUST-1 al tener poca estabilidad en medio acuoso y favorecer un lixiviado de los 

iones metálicos de Cu propician un mayor porcentaje de muerte celular después de 

48 h de exposición.  

Este estudio demuestra que los MOFs anteriormente descrito significan una 

alternativa relevante en la adsorción y liberación controlada de brimonidina para 

tratamientos oculares. De igual manera se demuestra que el porcentaje de 

adsorción y liberación depende de gran medida de las características superficiales 

del material y del nivel de estabilidad estructural en medio acuoso, por lo que cierto 

porcentaje de colapso estructural favorece la ralentización de la liberación del 

fármaco. Por último, estudios in vitro demuestran que estos MOFs MIL-100 (Fe), 

UiO-66 (Zr) y UiO-67 (Zr) presentan un bajo nivel de toxicidad tanto como red metal-
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orgánica como sus componentes por separado, potenciando estos materiales como 

candidatos en formulaciones intraoculares para el tratamiento de glaucoma. 

o Capítulo 7. Películas hibridas MOF-poliuretano como 
potenciales sistemas de liberación de fármacos en 
dispositivos oculares 

Las nuevas plataformas de administración de medicamentos para tratar 

enfermedades oculares preparados a partir de materiales poliméricos (insertos 

sólidos o semisólidos) han ganado gran popularidad en los últimos años. Las 

potenciales ventajas de estos dispositivos poliméricos están relacionadas con, la 

dosificación precisa, el aumento del tiempo de residencia ocular, la reducción de 

los efectos secundarios sistémicos o el mejor cumplimiento del paciente, por 

mencionar algunos. Debido a las ventajas que ofrecen estos materiales frente a las 

formas de dosificación convencional de fármacos varias compañías los han 

patentado y comercializado en los últimos años. Por ejemplo, uno de los primeros 

insertos oculares comercializados ha sido por Alza (Vacville, CA) como Ocusert®, 

que se usa para dosificar el fármaco pilocarpina (fármaco anti-glaucoma) durante 

un máximo de 5-7 días.53,54 Aunque estos son números excelentes, la ausencia de 

una red porosa tridimensional dispersa dentro de estas matrices poliméricas limita 

la absorción total del fármaco y dificulta una liberación controlada. 

El capítulo 7 versa del estudio estructural de materiales compuestos 

preparados con nanopartículas de UiO-67 (Zr) y poliuretano como matriz polimérica 

para aplicaciones en biomedicina. Se caracterizaron por DRX, SEM e isotermas de 

N2 a 77 K y, por último, se realizaron isotermas de adsorción de brimonidina y 

cinéticas de liberación del fármaco. El análisis de difracción de rayos X de sincrotrón 

(SXRPD) confirma la mejora en la estabilidad de las nanopartículas de UiO-67 

dispersas en la matriz y las imágenes de microscopía electrónica de barrido 

confirman la distribución homogénea (tamaño de cristal promedio ~ 100-200 nm) 

dentro de la película de 50 µm de espesor. Tal como se observa en la isoterma de 

adsorción-desorción a 77 K, la accesibilidad a los poros del MOF embebido se 

suprime por completo para N2 a temperaturas criogénicas. Sin embargo, las 

mediciones de adsorción de etileno a 298 K confirman que al menos el 45% de los 

cristales de MOF son totalmente accesibles para la adsorción en fase gaseosa de 
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moléculas no polares. Aunque este bloqueo parcial limita el rendimiento de 

adsorción de los MOF embebidos para fármacos oculares (tartrato de brimonidina) 

en comparación con el MOF puro, se observa una mejora de casi 60 veces en la 

capacidad de adsorción para la matriz de PU después de la incorporación de las 

nanopartículas de UiO-67. El nanocompuesto UiO-67 @ PU exhibe una liberación 

prolongada de brimonidina (se cuantificaron hasta 14 días). Finalmente, el uso 

combinado de SXRPD, el análisis termogravimétrico (TGA) y el análisis FTIR 

confirman la presencia del fármaco en la película de nanocompuestos, la 

estabilidad del MOF y el fármaco tras la carga y, por último, la presencia de 

brimonidina en una fase amorfa una vez adsorbida. Estos resultados abren la 

puerta hacia la aplicación de estas películas de nanocompuestos poliméricos para 

la administración de fármacos en terapias ópticas, ya sea como componente de 

lentes de contacto, en la composición de tapones lagrimales o en insertos oculares. 
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