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Abstract 

 
 

 

Metal-organic frameworks (MOFs) have established themselves as a versatile 

material platform for a wide variety of applications such as gas adsorption, energy 

conversion and storage, luminescence and chemical sensing. Over the past two 

decades, scientists have designed numerous MOF systems and composites that are 

specifically tailored for different applications, thanks to their extraordinarily large 

internal surface area and high tuneability. However, the integration of MOFs into 

real-world sensors and devices still represents a challenge. The majority of MOFs 

reported to date is in fact synthesised in the form of polydisperse powders, 

characterised by some intrinsic limitations. The aim of this thesis is to gain 

understanding of the mechanical behaviour of robust monolithic sol-gel MOFs, 

identified as a promising candidate for the transition of this class of materials from 

the academia to industrial deployment. The advantages and potential applications 

of MOF monoliths are described in Chapter 1. An overview of nanoindentation, the 

most used technique for the mechanical characterisation of MOFs, is provided in 

Chapter 2, along with a literature review of the field of MOF mechanics. Chapter 3 

summarises the synthesis protocols and the material characterisation techniques 

utilised throughout the thesis. In Chapters 4, 5 and 6, different aspects of the 

mechanical response of the prototypical MOF monoliths were systematically 

studied by means of nanoindentation, spectroscopy, and finite element simulations. 

In particular, plasticity, fracture toughness and stress-strain relationships 

underpinning the mechanical performance of MOF monoliths are investigated, and 

their connections to the nanostructure and the framework architecture are 

established. Finally, the reported findings are critically summarised in Chapter 7, 

along with a personal perspective on the future development of the field.
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1 Introduction 

 
 

 
 

1.1 Motivation 

Nanoporous materials are particularly attractive for a wide range of applications, 

such as miniaturized and portable devices. Their unique nanoscale structure, which 

confers several beneficial attributes (i.e., porosity, conductivity), can easily be 

adjusted at the fabrication stage. This exceptional tuneabilty extends their use to 

several applications, making this research field very promising (1). 

Nanoporous materials have been used in several commercial applications as well 

(2), such as medical diagnostics, drug delivery and anti-cancer treatment (3), food 

analysis, chemical decontamination and catalysis (4) and gas storage (5). Examples 

of nanoporous materials are activated carbons, zeolites, alumina, mesoporous 

silicas, and metal-organic frameworks.  

Metal-organic frameworks (MOFs) are hybrid nanoporous compounds, 

consisting of metal nodes and organic ligands that self-assemble to form lattice 

structures (6). This results in an extraordinary large internal surface area, which 

makes these materials of interest for carbon sequestration (7), water purification (8, 

9), catalysis (10), and gas storage (e.g., hydrogen and carbon dioxide) (11, 12). 

However, many MOFs are currently synthesised as powders, which limits the range 

of engineering applications. 
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The focus of this DPhil thesis is on the fabrication and mechanical 

characterisation of mechanically robust MOF monoliths (Figure 1.1), which 

represent a promising solution for the future industrialisation of MOFs. 

Figure 1.1 Graphical representation of MOF crystals and MOF monoliths. Lattice 
structures at the sub-nanometric scale are formed upon self-assembly of metal 
nodes and organic linkers. Monoliths are formed as a result of nanoparticles 
aggregation. Adapted with permission from (13). 
 

1.1.1 Overview of MOFs and applications 

Extensive research into the design and synthesis of MOFs over the last 25 years 

(14) has resulted in a large class of crystalline and amorphous (i.e., MOF glasses, 

obtained by melt quenching the crystalline framework (15)) materials with high 

stability, tuneable metrics, organic functionality, and porosity (6, 16). Particularly, 

the porosity observed in MOFs can be either “intrinsic” (within the framework), 
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when resulting from the shape of the molecular building blocks themselves, in the 

form of pores and channels, or “extrinsic” (between the frameworks), as a 

consequence of the packing of the molecules (17). 

The availability of such a large number of versatile structures has led to a 

very wide literature in terms of possible applications (18-20), as summarised in 

Figure 1.2. Some examples include solvents (21) and VOCs sensing (22-24), drug 

delivery (25, 26), CO2 capture (27-29), gas separation (30, 31), micromotors (32), 

semiconductors and low-k materials (33), luminescent materials (34, 35), and 

catalysis (36). 

Another important capability of MOFs, coming from their exceptional 

internal surface area, is the so called “guest@host” concept: the MOF can act as a 

host to confine guest molecular species inside its voids (37). This unveils a new 

class of functional composite materials, suitable for applications in many fields like 

optics, electronics, and drug delivery to name a few (38).  
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Figure 1.2. Overview of potential MOFs applications, adapted with permission 
from (18). 
 

1.1.2 Advantages of MOF monoliths 

The majority of MOFs are synthesised as polydisperse microcrystalline powders. 

These may present intrinsic limitations such as poor handling properties, mass 

transfer limitations, and mechanical instability, which could reduce the range of 

applications. 
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In order to broaden the use of MOFs, the realisation of structurally robust 

and continuous morphologies, known as monoliths, is needed (17). There are many 

advantages of monoliths over powders, such as: 

 Easier handling associated with higher structural rigidity. 

 Low mass transfer resistance (for example, in adsorption columns, the 

packing of MOF “loose” powder can lead to a significant pressure drop over 

time, caused by the gradual compaction of the powder with pressure, 

resulting in higher mass resistance within the column) (39). 

 Higher volumetric adsorption capacities and higher surface areas (large 

quantities of void space between individual crystallites in powders reduces 

the packing density and compromises the volumetric adsorption capacities). 

 Hierarchical porosity (40). 

Monoliths present also many advantages over MOF-polymer composites (41), 

which represents the easier solution for improving the mechanical stability of these 

materials: 

 High effective volumetric loadings. In MOF-polymer composites effective 

loadings are limited due to reduced colloidal stabilities during the 

fabrication process. This means that aggregates and sediments of MOF 

powders will form as the loading increases. 

 Full accessibility of nanopores. The polymer can block the internal porosity. 

This is not the case in pure MOF monoliths. 

In the literature, several methods for the fabrication of MOF monolithic 

architectures have been explored. We can divide them into two classes: 
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 formation of composites using binders (i.e., extra materials added to hold 

particles together) and scaffolds 

 formation of “pure monoliths” 

Composite monoliths have been fabricated by employing both inorganic (silica) 

(42) and organic (porous carbon) (29) scaffolds. Küsgens et al. (43) manufactured 

monoliths using an industrially available extrusion technique, by initially mixing 

the MOF powders with a binder and a plasticiser. 

Some attempts of 3D printed MOF monoliths are also available in the 

literature. For example, Thakkar et al. (44) fabricated MOF-74 (Ni) and UTSA-16 

(Co) 3D-printed monoliths (with a concentration of MOF higher than 80 wt.%, 

using PVA as a plasticiser, i.e., a substance added to make the material softer and 

more flexible, in order to improve its workability) exhibiting CO2 capture capacities 

comparable to those of the respective powders. Chaudhari et al. (45) 3D-printed a 

photoluminescent composite material, by combining a novel dual-guest@MOF 

system, obtained by confining fluorescein and rhodamine B in the cages of ZIF-8, 

with an acrylic-based photopolymer resin. 

Within the “pure monoliths” class, we can list techniques such as 

mechanical densification (40, 46, 47) and morphological replacement of a shaped 

sacrificial metal oxide mesoscopic template (48). Mechanical densification is a very 

easy process: the powders are filled into a die, which is then pressed by a punch, in 

order to obtain a tablet. The resulting monoliths usually show an improved gas 

adsorption capacity when compared to powdered counterparts (46, 47). The 

morphological replacement of a shaped sacrificial metal oxide mesoscopic 
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template, also known as pseudomorph mineral replacement, consists in the 

dissolution of the metastable metal oxide product at the solid/liquid interface, and 

its prompt recrystallisation as a more thermodynamically stable crystalline phase at 

the same site in the presence of organic ligands. As an example, Moitra et al. (48) 

converted a hierarchically porous Cu(OH)2-based monolith to Cu3(btc)2 [btc = 

benzene-1,3,5-tricarboxylate] (HKUST-1) monolith by coordination replication in 

the presence of H3btc as a ligand with complete preservation of the macroporous 

structure. 

Another approach to the formation of pure MOF monoliths is via the sol-

gel state: by removing the solvent from a MOF gel, a monolithic state is achieved 

(17, 49). Several works concerning the synthesis of sol-gel MOF monoliths have 

been published in the recent years, for a wide range of MOFs, such as HKUST-1 

(50, 51), ZIFs (13, 52, 53), UiO-66 (54) and MIL-68 (51). The structures of the 

most common MOFs reported to form monoliths are illustrated in Figure 1.3. 

 
Figure 1.3 Schematic of the framework architectures of a) ZIF-8, b) ZIF-71, c) 
HKUST-1, d) UiO-66, e) MOF-808, f) MIL-68. 
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Compared to mechanical densification, this method allows for a better control. 

Moreover, it is possible to obtain different pore sizes within the same material, 

leading to increased capabilities of gas uptake (50, 52, 54, 55). However, the 

structures of both MOF gels and derived monoliths and the processes at the basis 

of their synthesis are still not very clear. 

The sol-gel process consists in the production of a network (gel) from 

molecular precursor via the formation of colloidal particles (sol). The nanoparticles 

in the colloid aggregates via weak non-covalent interactions (mainly van der Waals 

forces), forming a viscous material: the gel. The formation of gel rather than 

precipitates is favoured by small size of the nanoparticles size (less than 100 nm). 

In order to get nanoparticles of the desired dimension, the crystallisation 

(self-assembly) process of MOFs must be understood. It basically consists of two 

stages: nucleation and crystal growth. As the solutions containing metal and linker 

are combined, nucleation sites are formed, and subsequently crystal growth occurs. 

These two processes are in competition with each other: the more the nucleation 

sites the less the crystal growth. This means that a fast nucleation rate (with respect 

to crystal growth) will result in finer nanocrystals (56, 57). 

To promote the formation of a MOF gel, several parameters involved in the 

synthesis process need to be tweaked. For example, the type of metal source, 

concentration of reactants, choice of solvent and deprotonation of ligands were 

found to play an important role. Bueken et al. (58) observed that for some Zr-based 

MOFs an increased reactant concentration favours the formation of the gel. 
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However, by using a different metal source, it is possible in some cases to promote 

the formation of metal-organic clusters with a reduced reactant concentration. 

Deprotonation of the linker prior to addition of metal solution has been shown to 

result in a gel product in several MOFs, such as HKUST-1 (51, 59-61), ZIF-8 and 

ZIF-71 (13), MIL-68 (51, 62),  and guest@ZIF-8 (34). The deprotonation boosts 

the formation of clusters and hence increases the number of nucleation sites (63). 

The solvent choice is also a key parameter, since an appropriate solvent can 

facilitate the assembly of metal clusters (60). 

The formation of gels in MOFs depends on many parameters and, thus far, 

we have only a limited knowledge on a case-by-case basis. The drying of the MOF 

gel has unquestionably a prominent role on the formation of mechanically stable 

and robust monoliths. During solvent drying, there exist a mechanical stress at the 

gas-liquid interface in the pores, due to surface tension. This phenomenon is often 

the cause of cracking or collapse of the gel body. A slow solvent removal (typically 

at room temperature) and small size of the particles can better accommodate this 

stress, favouring the formation of denser monoliths. However, this is not always 

possible, especially in big monoliths, where large shrinkages occur, leading to 

cracking. Several procedures to avoid this issue have been explored for 

conventional sol-gels (i.e., silica), for example drying with supercritical fluids, that 

circumvents the gas/liquid interface, or freeze drying (64). Supercritical CO2 drying 

has been leveraged to produce MOF aerogels (58, 65, 66), characterised by 

extremely high porosity and low density. Freeze drying, that would result in denser 



1 Introduction 

10 
 

aerogels (i.e., cryogels), has been employed to form MOF-hydrogels composites 

(67, 68), but not for “pure” MOF gels. 

 

1.2 Research aims 

The field of MOF monoliths is still in its early stages, with only a few examples 

recorded to date. Apart from very basic measurements of Young's modulus and 

hardness using nanoindentation, their mechanical behaviour has not been 

substantially investigated. The goal of this thesis was to gain a better understanding 

of the plasticity and the fracture behaviour of these materials. To assess the 

nanoctrucural properties of the materials and correlate them to their mechanical 

response, a variety of experimental approaches and simulations, in addition to 

nanoindentation, were employed. 
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1.3 Structure of the thesis 

This integrated thesis is composed of seven chapters. The main results of the 

chapters and their interconnection are summarised in Figure 1.4. 

 
Figure 1.4 Mind map summarising the results and the interconnection of the 
chapters presented in this thesis.  
 

The present Introduction (Chapter 1) sets out the motivation of the project, followed 

by a brief overview about MOF materials and their applications, with a special focus 

on the state of the art of MOF monoliths fabrication and processing.  

Chapter 2 is a detailed literature review of the mechanical properties of 

MOFs. It begins with a brief overview of nanoindentation, the most employed 

technique for the mechanical characterisation of these materials. The second part of 

the chapter summarises the mechanical properties of different MOF single crystals, 
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monoliths, and glasses, measured by nanoindentation and other techniques. 

Young’s modulus and hardness are the most reported properties, directly measured 

by instrumented indentation. Few attempts have been made to estimate the fracture 

toughness by combining nanoindentation and imaging techniques (i.e., optical 

microscopy, AFM, SEM). 

 Chapter 3 summarises all the techniques used to synthesise the materials 

and prepare the samples. Subsequently, the methods and instruments used to 

characterise the materials are described. 

The following three chapters (Chapter 4, 5 and 6) consists of a stand-alone 

paper each. The papers were attached at the end of the respective chapters, preceded 

by a brief introduction and a summary of their content. Additional insights based 

on the Supplementary Information of each paper and the relevant literature were 

also provided.  

Chapter 4 describes the mechanical behaviour of two prototypical ZIF 

monoliths, namely ZIF-8 and ZIF-71. A combination of nanoindentation, atomic 

force microscopy (AFM), tip force microscopy (TFM), nanoscale Fourier transform 

infrared spectroscopy (nanoFTIR) and finite element method (FEM) simulations 

was employed to identify the mechanical deformation mechanisms in monolithic 

ZIF materials: grain boundary sliding is dominating at low stresses, then breakage 

of chemical bonds and a partial failure of the framework occur, eventually leading 

to a densification of porous framework at the contact zone. Finally, the fracture 

toughness was measured using a cube corner indenter. 
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Chapter 5 explores the cracking behaviour of four different monoliths 

(ZIF-8, HKUST-1, MIL-68 and MOF-808) under nano- and micro-indentation and 

nanoscratching. A correlation was established with their nanostructure and 

framework architecture. MIL-68 and MOF-808, exhibited a remarkable resistance 

to radial cracking and the occurrence of shear faults as the principal failure 

mechanism. The cracks follow the low-energy grain boundaries separating the 

aggregated nanocrystals forming the monolith: this allows to confine the damage 

within the contact area and avoid, to some extent, catastrophic failure. 

In Chapter 6, the yielding of MOF monoliths was further investigated. In 

particular, ZIF-8 and MIL-68, which, according to the results of Chapter 5, are 

characterised by different failure mechanisms, were studied and compared. Flat 

punch indentation and micropillar compression were employed to estimate the 

stress-strain relationships. Spectroscopy techniques (particularly confocal Raman 

microscopy) were used to carry out an analysis of the residual strains at the 

framework level after plastic flow. 

The concluding chapter provides an overview of the results of the thesis, 

together with some perspectives and ideas on future developments in the field.  
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2 Mechanical Properties of 

Metal-Organic Frameworks 

 

 

The inherent porosity of MOFs and their exceptional degree of structural and 

functional tuneability, results in many interesting and sometimes unexpected 

phenomena upon physical and chemical stimuli. An understanding of mechanical 

properties plays an essential role in the post-synthetic processing of MOFs, which 

is crucial in the efficacious transition of these materials from academic research to 

practical applications. However, in contrast with the large amount of work devoted 

to the chemical synthesis of novel framework structures and characterisation of 

their functional properties, the field of MOF mechanics is still at an early stage (69-

72). At present, there is very limited use of MOF materials in the commercial sector. 

 

2.1 Overview of nanoindentation 

The mechanical characterisation of MOFs has mostly relied on nanoindentation 

measurements, which allow for the possibility of testing very small samples, such 

as single crystals (73-76) thin films (77) or small monoliths (50, 52, 54). 
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Nanoindentation tests have been widely used to measure the elastic and 

fracture behaviour of solids and to examine the adhesion between coatings and 

substrates. In a traditional nanoindentation test, a hard tip whose mechanical 

properties are known (frequently made of a very hard material, i.e., diamond) is 

pressed into a sample whose properties are unknown. By analysing the indentation 

load-depth data as exemplified in Figure 2.1 it is possible to derive important 

properties of the sample, such as hardness (defined as the maximum load divided 

by the residual contact area) and the Young’s modulus (which is a function of the 

contact stiffness, i.e., the slope of the indentation load-depth curve upon unloading). 

Figure 2.1 Schematic representation of load-depth (P−h) data for a nanoindentation 
experiment. The quantities shown are Pmax, the peak indentation load; hmax, the 
indenter depth at peak load; hf, the final depth of the contact impression after 
unloading and S, the initial unloading stiffness. 
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2.1.1 Indenter shapes 

Nanoindentation tests can be performed with several indenter shapes. Hardness 

tests are usually made with spherical (Brinell), conical (Rockwell) and pyramidal 

(Vickers) indenters. The Berkovich indenter is used for small-scale indentations. 

The most common indenter types are the following: 

 Vickers: a four-sided pyramid; 

 Berkovich: a three-sided pyramid. This configuration allows the edges to 

meet more easily at a single point, rather than the inevitable line that occurs 

in the four-sided Vickers. This makes it the most suitable indenter for 

small-scale measurements. The tip radius is of the order of 50-100 nm; 

 Knoop: a four-sided pyramidal indenter with two different face angles. 

Measurements of the unequal length of the diagonals of the residual 

impressions is useful for studying mechanical anisotropy; 

 Cube corner: a three-sided pyramid with mutually perpendicular faces. The 

sharpness of the cube corner produces much higher stresses and strains in 

the area of the contact. This results in the formation of well-defined cracks 

around the indent in brittle materials, which can be used to measure fracture 

toughness at small scales; 

 Conical: its main advantage is axial symmetry. Using specific values of 

semi-angle is possible to obtain contact areas equivalent to pyramidal 

indenters; 

 Spherical: it provides a smooth transition from elastic to plastic contact. 

Particularly suitable for probing soft materials; 
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 Flat punch: can be used to determine viscoelastic properties. 

 

2.1.2 Indentation load-depth data 

The main goal of a nanoindentation test is to measure the Young’s modulus and 

hardness of the specimen, by analysing the experimental load-depth data. A typical 

nanoindentation load-depth curve consists of two segments: elastic-plastic loading 

and elastic unloading (Figure 2.1). If no plastic deformation occurs, the two 

segments will overlap. The elastic modulus can be estimated by considering the 

unloading response, which is supposed to be fully elastic. Let us consider the simple 

case of a flat cylindrical punch, whose elastic load-depth relation is the following: 

� = 2��∗ℎ (2.1) 

where a is the contact radius and E* is the contact modulus. By taking the derivative 

one can arrive at an expression of the slope of the unloading segment, which 

corresponds to the stiffness (S): 

� =
��

�ℎ
= 2��∗ = 2�∗�

�

�
 (2.2) 

where A is the contact area. The same relation is valid for all axisymmetric 

indenters. In fact, as Doerner and Nix (78) observed, the initial part of the unloading 

curve is very well approximated by a straight line, since the contact area remains 

fairly constant. By measuring the initial unloading stiffness the modulus can thus 

be derived. Sneddon (79) studied the indentation problems of a homogeneous 

material by using Hankel’s transforms. His results show that the load-depth 
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relationships for many simple punch geometries can conveniently be written as a 

generic power law: 

� = �ℎ� (2.3) 

where k and n are constants. Values of the exponent n for some common punch 

geometries are n = 1 for flat cylinders, n = 2 for cones, n = 1.5 for spheres in the 

limit of small displacements, and n = 1.5 for paraboloids of revolution. 

There are several factors affecting the nanondentation test data, such as 

thermal drift, instrument compliance, piling-up and sinking-in (i.e., deviations of 

actual contact area from the ideal one, as described in detail in Section 2.1.3.2) and 

surface roughness (80). Thermal drift may be due to creep of the sample or thermal 

contraction or expansion of the tip: both phenomena result in errors in the 

indentation depth readings. Instrument compliance can affect the contact stiffness; 

therefore, it needs to be measured and accounted for. These factors are usually 

automatically corrected for within most of the modern nanoindentation systems, 

without the need of further post-processing the raw data. Surface roughness is also 

a crucial issue, since it affects the contact area: this effect can be attenuated by 

increasing the indentation depth, resulting in a larger contact area. 

 

2.1.3 Oliver and Pharr method 

Instrumented Indentation Testing (IIT) (81) is a technique based on the method 

proposed by Oliver and Pharr (82), and can be considered a development of the 

classical hardness tests (Brinell, Vickers, etc.). The latter require only one measure 

of deformation (residual contact area) at one applied force, whereas during an IIT 
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test, force and indentation depth (i.e. P−h curves) are measured continuously as 

long as the indenter is in contact with the sample. 

By analysing the load-depth curves recorded during the test, one can easily 

measure the contact modulus and hardness using the following relationships: 

�∗ =
√�

2

�

√�
 (2.4) 

� =
����
�

 (2.5) 

The projected contact area A is used in both equations 2.4 and 2.5. It is computed 

as a function of contact depth hc (called “area function”): 

� = �(ℎ�) (2.6) 

This function is determined by a process of calibration, consisting of the indentation 

of an isotropic material (such as fused silica) whose properties are known. In this 

way, by using equation 2.4 we can derive the area function by measuring the contact 

stiffness S. The contact depth hc is given by: 

ℎ� = ℎ − �
����
�

 (2.7) 

where � is a constant depending on the indenter geometry (derived from Sneddon’s 

elastic solution). For example, for a Berkovich indenter ε = 0.72. 

In the appendix of their paper, Oliver and Pharr described an extension of their 

method, based on dynamic measurements, known as Continuous Stiffness 

Measurements (CSM) (83). This technique superimposes a small oscillation on the 

quasi-static force, using a frequency-specific amplifier to measure the response of 

the indenter. The benefits of CSM include: 
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 ability to measure mechanical properties as a continuous function of 

distance into the surface; 

 ability to measure storage and loss modulus of polymers as a function of 

frequency; 

 improved in situ surface detection; 

 alternate imaging modes when the indentation system is used as a 

profilometer. 

 

2.1.3.1 Corrections  

In equation 2.4, crucial for nanoindentation analysis, a multiplicative correction 

factor is generally needed. In the literature, one can find different interpretations of 

such a correction factor: Hay et al. (84) refer to it as γ, which takes into account the 

elastic radial inward displacements; King (85) introduced the factor to correct for 

the fact that the indenter shape is not a perfect cone (β = 1.034 for a Berkovich 

indenter). These two effects can actually simultaneously coexist and thus, as 

proposed by Troyon et al. (86), this correction factor is α = βγ . Therefore, equation 

2.4 can be rewritten as: 

�∗ = �
√�

2

�

√�
 (2.8) 

 

The correction factor has been demonstrated to depend on the tip rounding 

and also on the deformation of the indenter during indentation. It seems to increase 

with the tip radius and also with the elastic modulus of the measured materials. 
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2.1.3.2 Pile-up and sink-in  

It is very important to stress that equations 2.2, 2.4, 2.7 were derived from a purely 

elastic solution, and how well they work for elastic/plastic indentation is not entirely 

clear. These equations turn out to be inadequate when pile-up or sink-in of material 

around the indenter is observed (Figure 2.2). When the indentation is purely elastic, 

the material always sinks in, while, if plasticity occurs, the material may either 

sink-in or pile-up. Since this has important effects on the contact area, it is not 

entirely surprising that the Oliver–Pharr method has been found to work well for 

hard ceramics, in which sink-in predominates, but significant errors can be 

encountered when the method is applied to soft metals that exhibit extensive pileup. 

The degree of pile-up and sink-in depends upon the Young’s modulus to yield 

strength ratio (
�

��
) of the sample and the strain hardening exponent n:  

 for materials with no strain hardening, a large 
�

��
 generally translates into 

piling-up, while, when 
�

��
 is low, sink-in is more likely to occur. 

 for materials with an appreciable work-hardening sink-in is demonstrated to 

be predominant. 

The finite element study of conical indentation of elastic-plastic materials 

carried out by Bolshakov et al. (87) have shown that the parameter 
��

����
 (where hmax 

is the maximum indentation depth and hf is the residual depth after unloading, as 

illustrated in Figure 2.1), which can be measured experimentally and correlates with 

the material parameters E, n, σY, and h, which control indentation deformation, can 

be used as an indication of when pile-up is an important factor. Pile-up is significant 
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only when 
��

����
> 0.7 and the material does not appreciably work harden. In such 

a case, disregarding the pileup can result in an error in the contact area of up to 

60%. When 
��

����
< 0.7, or in all materials that moderately work harden, pileup is 

not significant, and the Oliver–Pharr’s data analysis method is supposed to give 

reliable results. 

Figure 2.2 Effect of piling-up and sinking-in on the contact area. (a) Cross-
sectional view; (b) plan view. 
 

2.1.4 Detection of non-linear events 

Nanoindentation is performed on a wide range of materials, from soft polymers to 

hard coatings. The shape of the load-depth curve, in addition to elastic modulus and 

hardness, can often give important insights about non-linear events such as 

plasticity, phase transition, cracking, creep, and delamination of films (Figure 2.3) 

(80). For example, a sudden depth excursion upon loading, known as “pop-in” 
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(Figure 2.3e), corresponds to the elastic–plastic transition, i.e., yielding and the 

onset of plasticity. If the sample is susceptible to stress-induced phase transition, a 

sudden depth jump at constant load occurs, this time upon unloading. This kind of 

event, called ”pop-out” (Figure 2.3d) occurs due to sudden changes in the volume 

of the material, associated with stress-induced phase transformation. 

 

Figure 2.3: Schematic of some commonly observed phenomena in nanoindentation 
curves for different materials. (a) Fully elastic solid, (b) brittle solid, (c) ductile 
solid, (d) crystalline solid exhibiting stress-induced phase transition, causing a 
”pop-out” on the curve, (e) brittle solid with cracking during loading, resulting in a 
”pop-in” on the loading curve, and (f) polymer exhibiting creep, resulting in a 
negative slope of unloading test segment. Adapted with permission from (80). 
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2.1.5 Onset of plastic yield 

Let us consider the simple case of the Hertzian contact between a sphere of radius 

R and the surface of a half-space (88): 

� =
4

3
�∗�

�
�ℎ

�
� (2.9) 

Dividing the load by the contact area (� = ��� = ��ℎ) we obtain the expression 

of the mean contact pressure: 

�� =
4

3�

�∗

�
�
�

ℎ
�
� (2.10) 

which is basically the hardness in the case of a Hertzian contact (fully elastic). In 

order to define a condition for the onset of yielding, let us consider the Tresca 

criterion, which states that yielding ensues when the maximum shear stress 

approaches a critical shear stress � =
��

�
: 

���� =
1

2
(�� − ��) ≥ � (2.11) 

Where σ1 and σ3 represents the maximum and minimum principal stresses 

respectively. As demonstrated by Johnson (89), for the Hertzian contact: 

���� = 0.47�� at � = 0.57� (2.12) 

(computed for ν = 0.3) which means that yielding ensues initially below the surface 

and the plastic zone is surrounded by elastic material. Now we can write the Tresca 

criterion as follows: 

���� ≈
��
2
≥
��
2

 (2.13) 

By substituting equation 2.10 in equation 2.13 we get: 
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4

3�

�∗

�
�
�

ℎ
�
� ≥ �� (2.14) 

 

which represents the condition to be satisfied in order to initiate plastic flow. When 

full plasticity is achieved, experiments shows that the mean pressure �� is directly 

proportional to the yield strength ��. Given that the hardness H measured by 

nanoindentation is nothing but the mean pressure itself, we can write (90): 

� = ��� (2.15) 

The constant C is called the “constraint factor” and it depends upon material, 

indenter shape and other experimental parameters. For metals and other materials 

with a large value of the ratio 
�

��
 , C ≈ 3, while for low values of  

�

��
  (e.g., glasses), 

C ≈ 1.5. 

 

2.1.6 Indentation of elastically anisotropic materials 

The Oliver and Pharr method is based on the hypothesis that the sample is elastically 

isotropic. This assumption allows to easily derive the contact modulus, by 

modelling the first part of the unloading curve as a contact problem for a flat punch 

(equation 2.1).  

It goes without saying that, in some cases, this could represent a quite strong 

approximation, for example when dealing with single crystals. Several theoretical 

models have been developed to obtain the contact modulus of an anisotropic 

sample. Vlassak and Nix (91, 92) obtained simple expressions for the indentation 

modulus for a flat punch and for cases of indentation by a parabola of revolution 
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with material symmetries that produce circular contact area. Later, the same 

approach has been extended by Swadener and Pharr (93) to spherical and conical 

indenters. The model proposed by Vlassak et al. (94) can be considered the most 

general, valid for materials with any degree of anisotropy and for indenters of an 

arbitrary shape. This model provides an exact solution for the contact modulus, as 

a function of the elastic constants of the anisotropic materials. 

 

2.2 Nanoindentation of MOFs 

2.2.1 Young’s modulus and hardness 

The majority of the mechanical characterisation of MOFs to date is based on 

nanoindentation experiments, particularly of Young's modulus and hardness. To put 

these findings into perspective and contrast the mechanical performances of MOFs 

with those of more traditional engineering materials like metals, ceramics, and 

polymers, material properties charts, also known as Ashby plots, are particularly 

helpful. In terms of Young’s modulus and hardness (Figure 2.4), MOFs place 

themselves at the intersection between polymers, which are purely organic, and 

ceramics that are purely inorganic. 



2 Mechanical Properties of Metal-Organic Frameworks 

27 
 

Figure 2.4 Young’s modulus vs hardness (E-H) material properties chart of MOFs 
and other common classes of materials, adapted with permission from (72). 
Representative MOFs include ZIFs (single crystals (74), monoliths (13, 52) and 
glasses (95, 96)), HKUST-1 (single crystals (97) and monoliths (50)), UiO-66 
monoliths (54), lithium-boron analogue of ZIF [LiB(Im)4], melt-quenched MOF 
glasses (95), and MOF-5 (98).  
 

One of the first studies reporting the mechanical properties of a MOF 

material were carried out by Bahr et al. (98). They characterised the MOF-5 crystal, 

a zinc-based framework, and determined a Young’s modulus of 7.9 GPa for the 

(100)-oriented face. However, this value was about three times lower than the one 

predicted by density functional theory (DFT) calculations. This discrepancy 

between computations and experiments, is considered to be a consequence of 
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physical degradation of the crystal, resulting from the poor water stability of 

MOF-5. One of the classes of MOFs most suitable for nanoindentation is 

represented by zeolitic imidazolate frameworks (ZIFs), nanoporous materials 

comprised of tetrahedrally-coordinated single-ion nodes (i.e., Zn2+ or Co2+) and 

imidazole (ImH) derived organic linkers (28). This is due to their ease of synthesis, 

stability under ambient conditions and commercial availability. Tan et al. (74) 

performed nanoindentation measurements on different types of ZIFs (Figure 2.5). 

They were able to correlate the mechanical responses with the different ZIF 

structures (given by the different combinations of organic and inorganic building 

blocks): for example, crystals with a higher porosity (Figure 2.5c), like ZIF-8, 

ZIF-20 and ZIF-68, can sustain lower loads and show a smaller elastic recovery, 

compared to the structure characterised by smaller pore sizes. In the same work, 

they further illustrate the effect of ligands on ZIFs stiffness. In fact, if frameworks 

of the same topology are considered, the ones incorporating bulky imidazole 

ligands will exhibit a greater stiffness. The aromatic linkers tend to fill up the pores, 

inducing steric hindrance and additional short-range dispersion interactions 

resulting in the stiffening of the structure. As an example, the elastic properties of 

ZIF-7, ZIF-8 and ZIF-9 were considered. They all show the same structural 

topology, but ZIF-7 and ZIF-9 exhibit a Young’s modulus which is twice higher 

than that of ZIF-8. In fact, ZIF-7 and ZIF-9’s linker, 2-benzimidazole (bImH), is 

bulkier compared to 2-methylimidazolate (mIm) of ZIF-8 (Figure 2.5d-e). 

Furthermore, it is worth noticing that ZIF-7 and ZIF-9 exhibit a very similar elastic 

behaviour despite having different metals (Zn and Co respectively). This means that 
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the metal sites serve only as compliant nodes for connecting linkages (confirmed to 

be the case in (75)).  

 
Figure 2.5 a) Load-depth curves from Berkovich nanoindentation of several ZIF 
single crystals. b) Young’s modulus-depth curves resulting from CSM 
measurements. c) Porosity of some representative ZIF structures, calculated as 
solvent accessible volume (SAV). d) Schematic of the sodalite cage structure of 
ZIF-7, ZIF-8 and ZIF-9 (left), where the node are Zn(II) or Co(II) and the linkers 
are substituted imidazolates. e) Zn-mIm-Zn and Zn-bIm-Zn linkages of ZIF-8 and 
ZIF-7, respectively. Adapted with permission form (74), Copyright 2010 National 
Academy of Sciences. 
 

The effect of linkers on the elastic properties was explored also by Bennett 

et al. (99), who observed that the Young’s modulus of ZIF-zni is three times greater 
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than that of its Boron Imidazolate Framework (BIF) analogue (alternate Zn cations 

are replaced by Li+ and B+ respectively), LiB(Im)4. Given that the two frameworks 

are isostructural, the difference in stiffness is explained by the fact that the 

Zn-Im-Zn bonds of ZIF-zni are considerably stiffer than the Li-Im-Li linkages of 

LiB(Im)4. In a following study, Tan and co-workers (75) calculated the single 

crystal elastic constants of the cubic ZIF-8, estimating its degree of anisotropy. 

These constants were measured by Brillouin scattering and confirmed by 

nanoindentation tests and theoretical ab initio calculations. Tian et al. (52) 

synthesised mechanically and chemically robust ZIF-8 monoliths and measured 

their mechanical properties by nanoindentation, finding a slightly higher elastic 

modulus, with respect to their single crystal counterpart. 

Nanoindentation is also very convenient tool for measuring hardness of 

single crystals, monoliths, or thin layers. The hardness of a material is strongly 

dependent on test parameters such as tip shape, applied load and indentation depth. 

However, by comparing the hardness values of different materials, it is possible to 

get insights about the inelastic behaviour. Amongst all the measured MOFs, MOF-5 

is surely the softest, with hardness (measured via nanoindentation) of about 40 MPa 

(98), which is comparable to some soft polymers. Such a low hardness could be a 

result of the low shear modulus, which makes the framework very weak against the 

shear deformation induced by the indenter tip. At the same time, the low hardness 

could be a result of framework degradation, given the poor water stability of 

MOF-5. Hardness of ZIFs has also been widely studied (74): an inverse correlation 

with porosity/density is evident. The frameworks with a higher accessible void 
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space, such as ZIF-8, ZIF-20, and ZIF-68 exhibit a low hardness (200-500 MPa) if 

compared to denser framework like ZIF-zni (H ≈ 1.1 GPa). It is noteworthy that the 

BIF analogue of ZIF-zni, LiB(Im)4 is 10 times softer (H ≈ 100 MPa). This, similarly 

to what is observed for stiffness, can be attributed to the higher flexibility of LiN4 

tetrahedra. 

As described in section 2.1.1, the plastic behaviour of a material can be 

observed via spherical indentation. Plasticity in hybrid frameworks is often very 

limited, due to strong directional bonding (74). However, in polycrystalline 

structures, like monoliths, plastic deformations may arise, resulting from 

mechanisms such as grain boundary sliding (GBS). In one of the few works in 

literature exploring plastic deformation of hybrid framework material (73), the 

elastic-plastic transition of two copper phosphonoacetate polymorphs was studied. 

The yield strength was observed to vary with the crystal orientation, resulting also 

in different amount of pile-up in the residual indents associated with cracking. 

Nanoindentation has also been used to investigate the mechanical properties 

of MOF polycrystalline thin films and surface coatings. Bundschuh et al. (77) 

prepared a (100)-oriented epitaxial film made of HKUST-1 crystals with a thickness 

of around 1 μm, grown on a gold-coated silicon substrate. The surface roughness of 

the epitaxial film was determined to be 10-15 nm, which made it suitable for 

nanoindentation without additional surface processing. It was observed that the 

indentation modulus increased significantly as a function of indentation depth, 

suggesting a substantial substrate influence. In order to reduce the substrate 

contribution, an average of the CSM measurements within 10% of the surface 
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penetration depth was considered, resulting in an indentation modulus of 

11.4 ± 2 GPa.  The Young's modulus of the coating was then found to be 

E = 9.3 GPa, assuming elastic isotropy and using a theoretical Poisson's ratio of 

ν = 0.433. This result is in contrast with theoretical DFT calculations (100), which 

predicted it to be three times smaller. Such a discrepancy could be explained by the 

contributions of grain boundaries in epitaxial films and the hard substrate effect. It 

is interesting to note that the Young's modulus of the epitaxial film has a magnitude 

that is similar to that of a monolithic HKUST-1 (9.3 ± 0.3 GPa (50)), composed of 

a random aggregation of nanocrystals. 

Regarding monolithic MOFs, only a few nanoindentation studies have been 

reported to date, including HKUST-1, ZIF-8, and UiO-66. Their findings are plotted 

in Figure 2.4. Particularly noteworthy is the HKUST-1 monolith proposed by Tian 

et al. (101), obtained by using a sol-gel synthesis process (Figure 2.6), characterised 

by a record-breaking capacity for methane storage. This outstanding property 

results from the effective packing and densification of the nanosized HKUST-1 

crystals that make up the monolith. Its Young's modulus, measured by Berkovich 

nanoindentation, was found to be 9.3 ± 0.3 GPa (Figure 2.6c), which resembles the 

stiffness value predicted by theoretical DFT (E = 8.1 GPa (100)). The monolith 

hardness (H = 460 MPa) is about 130% greater than the aforementioned HKUST-1 

epitaxial film (H = 200 MPa), as illustrated in Figure 2.6d. The findings imply that 

the high bulk density of the HKUST-1 monolith (Pmonolith = 1.06 g cm-3 vs. 

Pcrystal  = 0.883 g cm-3) not only improves the volumetric adsorption capability but 



2 Mechanical Properties of Metal-Organic Frameworks 

33 
 

also the mechanical resilience, as suggested by the absence of cracking in the 

vicinity of the indent’s corners (Figure 2.6f). 

Figure 2.6 a) Schematic of the sol–gel process, leveraged to synthesise a dense 
monolith under mild drying conditions, whereas powders are obtained when the wet 
gel is dried at higher temperature or vacuum. b) Optical image of the monolithic 
HKUST-1. c) Young’s modulus and b) hardness as a function of indentation depth, 
resulting from CSM during nanoindentation of the HKUST-1 monolith. e) Array of 
residual indents on the monolith, mounted in epoxy resin and polished. f) AFM 
height topography of a representative residual indent, no cracks are observed. 
Adapted with permission from (50). 
 

2.2.2 Fracture toughness 

Despite the fact that MOFs often show a brittle nature, to the best of my knowledge, 

before the work described in this thesis (13, 51), there has been only one attempt to 
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measure the indentation fracture toughness of hybrid materials by nanoindentation 

(73). In this work, nanoindentation was used to initiate cracks in CuPA dense 

frameworks, used to estimate the fracture toughness of different crystal facets, 

which was reported in the range of 0.08 - 0.33 MPa m0.5. A more detailed overview 

of nanoindentation-based fracture toughness measurements is given in Chapter 5. 

However, alternative techniques have been explored. To et al. (102) recently 

measured the fracture toughness of a MOF glass (namely ZIF-62) using single-edge 

pre-cracked beam method. They determined a value of approximately 0.1 MPa m0.5. 

The indentation fracture behaviour of ZIF-62 glass was further explored by 

Stepniewska et al. (103), who identified shear bands as the principal cracking 

mechanism. In a recent work of Zeng et al. (104) micropillar splitting technique 

was employed to estimate the fracture toughness of HKUST-1 single crystals on 

the [100]- and [111]-oriented faces. 

In a fracture toughness vs. Young’s modulus Ashby plot (Figure 2.7), hybrid 

framework materials and MOF can be seen to occupy the domain located between 

polymers and ceramics. 
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Figure 2.7 Fracture toughness vs Young’s modulus (Kc-E) material properties chart 
of MOFs and other common classes of materials, adapted with permission from 
(72). Representative MOFs and hybrid framework materials include ZIF monoliths 
(13), HKUST-1 (single crystals (104) and monoliths (51)), melt-quenched ZIF-62 
glass (102) and CuPA dense frameworks (73). 
 

2.3 Other techniques 

Besides nanoindentation, other techniques for measuring mechanical properties of 

MOFs, such as high-pressure crystallography, AFM and Brillouin spectroscopy 

have been explored in recent years. 
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High-pressure crystallography is suitable for single crystals or powder 

specimens. A hydrostatic pressure is applied to the specimen in a diamond anvil 

cell, inducing change in lattice volume. The latter, detected by high-pressure X-ray 

diffraction, allows to determine the bulk modulus (K) by using the 

Birch-Murnaghan equation of state (105). Exploiting this approach, Spencer et al. 

(106) measured the bulk modulus of ZIF-zni (which is the densest of the ZIFs 

family), finding a value of K ≈ 14 GPa. Chapman et al. (107) estimated the bulk 

modulus of the lower-density ZIF-8 to be K ≈ 6.5 GPa. Both the materials undergo 

phase transition at high pressures: ZIF-zni maintains its original tetragonal 

crystalline structure while ZIF-8, given its lower modulus, exhibits a larger 

volumetric change, to which follows structural amorphization. 

Brillouin spectroscopy was used to explore elasticity of ZIF-8 (75). This 

technique, based on Brillouin scattering and subsequent solution of Christoffel’s 

matrix (108) enables a complete measurement of the elastic tensor of the material. 

The main drawback of this method, is that it requires large single crystals as 

specimens, precluding the study of polycrystalline morphologies. To avoid this, 

bimodal amplitude modulated frequency modulated AFM was employed to 

measure the elastic properties of a series of MOF nanoparticles (100-500 nm) (109). 

AFM nanoindentation, which allows smaller force and displacement sensitivities 

with respect to conventional nanoindentation, have been employed to probe the 

local mechanical properties of small MOF crystal and thin films (110, 111). 

Nanoindentation set-ups have been used also in lateral mode to perform 

nanoscratch experiments. This type of experiment enables to characterise the 
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abrasion resistance and the adhesion to different substrates, particularly important 

for thin films (112, 113). 

 

2.4 Computer modelling 

2.4.1 Finite element simulations of nanoindentation tests  

The indentation of elastic materials is well known, and, for whatever indenter shape, 

relatively simple analytical solutions exist. When plasticity is considered, however, 

theoretical approaches are very difficult to derive, given the large number of 

parameters involved in the analysis (114, 115). In this case, finite element analysis 

represents a very valuable tool, allowing to get a good approximation of the stress 

field and contact area (84, 87).  

Finite element modelling is very important in the study of complex samples 

such as thin films (116) or implanted layers (117), enabling the determination of 

mechanical properties for cases where the conventional analytical treatments fail. 

To the best of my knowledge, the only attempt to model a nanoindentation test of a 

MOF sample with the FEM has been made by Zeng et al. (110), who simulated the 

AFM nanoindentation of a stack of CuBDC nanosheets, in order to study the 

interfacial debonding. 

 

2.4.2 Theoretical calculations  

Atomistic modelling represents an important tool in the understanding of MOF 

structures and properties, which often could be challenging to observe 

experimentally (118). A lot of work has been done on the adsorption and diffusion 
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properties while the mechanical properties modelling is still at his infancy (70, 119). 

Most of the existing work is limited to elasticity, but initial efforts on plasticity have 

been recently reported (120). Density functional theory (DFT) calculations were 

employed to build the elastic tensor (Cij) of some MOF single crystals. This 

approach allows to study the elastic anisotropy of such structures (75, 121). Flexible 

frameworks exhibit a very large anisotropy, with a ratio between the most rigid and 

weakest directions that can reach 400:1 (121). A low shear modulus is also observed 

(75, 121), implying a high probability of shear-induced structural failure. DFT 

calculations unveiled some anomalous elastic responses such as auxeticity (100). 

Recently, Banlusan et al. (122) have simulated the shock wave absorption of ZIF-8, 

by means of a molecular dynamics approach. The authors observed a linear 

decrease of the energy absorbed with the reduction of free volume fraction (i.e., 

increase of pore volume occupied by guest molecules). Simulations of defective 

frameworks have allowed to elucidate the effect of structural defects on the 

mechanical properties of MOF crystals. The elastic constants of an ideal framework 

can be compared with those obtained by introducing different types of defects in 

the simulation, as reported by Möslein et al. (123) and Thornton et al. (124) for 

ZIF-8 and UiO-66 frameworks, respectively. 
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3 Materials and Methods 

 
 

 
 

3.1 Sample preparation 

3.1.1 Synthesis of sol-gel MOF monoliths 

The sol-gel monoliths studied in this thesis were synthesised by leveraging the high 

concentration reaction (HCR) approach (63). The organic linker is rapidly 

deprotonated, favouring the formation of metal-organic clusters (nucleation sites). 

This leads to gelation, given the small size of the resulting nanocrystals (17). The 

deprotonation was achieved by employing the base triethylamine (NEt3), with the 

exception of MOF-808 monolith, for which formic acid was used as a modulator. 

All the gels were thoroughly washed before drying, to allow removal of excess 

reactants. 

A schematic representation of the synthesis process (for the case of ZIF-8) is 

provided in Figure 3.1. 



3 Materials and Methods 

40 
 

Figure 3.1 Synthesis of ZIF-8 monoliths. a) Schematic representation of the one-
pot synthesis approach employed to construct the crystalline framework. b) Non-
flowing gel obtained right after mixing the metal and linker solutions. c) Monolith 
obtained after 24 h slow drying under the fume cupboard. d) Monolith after 
additional 48 h drying at room temperature. 
 
 
The synthesis routes used for each of the monoliths are listed below: 

 ZIF-8 monoliths (Zn(mIm)2): 0.595 g of zinc nitrate hexahydrate 

(Zn(NO3)2·6H2O) and 0.493 g of 2-methylimidazole (mImH) were 

dissolved in 9 mL of dimethylformamide (DMF) each and stirred for 5 

minutes. Then, 0.837 mL of NEt3 were added to the linker solution. 

Subsequently, the two solutions were combined in a 50 mL vial, where a gel 

was promptly formed. The molar ratio of Zn(NO3)2·6H2O : mIm : DMF : 

NEt3 used was 1 : 3 : 116 : 3. The mixture was sonicated for 5 minutes and 

then washed three times, in 50 mL of DMF, methanol (MeOH) and 

acetonitrile (MeCN), respectively, followed by centrifugation at 8000 rpm. 
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The collected solid was dried slowly at room temperature (RT ~25 °C) for 

3 days under the fume cupboard to yield monoliths. 

 ZIF-71 (Zn(dcIm)2): the same procedure used for ZIF-8 monoliths was 

employed, starting from 0.439 g of zinc acetate dihydrate 

(Zn(CH3CO2)2·2H2O) and 0.822 g of 4,5-dichloroimidazole (dcImH). The 

compound was washed three times in MeOH. 

 HKUST-1 (Cu3BTC2) monoliths: 300 mg of benzene-1,3,5-tricarboxylic 

acid (BTC) were dissolved in 10 mL of ethanol and subsequently 0.519 mL 

of Net3 were added to the solution. 270 mg of copper nitrate were dissolved 

in 10 mL of EtOH and added to the linker solution. The resulting solution 

was stirred for 15 minutes and washed three times in ethanol (EtOH). A gel 

was collected and dried at RT for 2 days, yielding millimeter-sized “glassy” 

monoliths.  

 MIL-68(In) monoliths: 9 mL DMF solution of 797 mg 

1,4-benzenedicarboxylic acid (BDC) plus NEt3 (9.6 mmol) were dissolved 

together. After that, 9 mL DMF solution of 1444 mg indium nitrate was 

immediately added into the mixture. Then the product was washed 

thoroughly 4 times (2 times with DMF, 2 times with MeOH). The 

nanocrystals of MIL-68(In) were separated from the suspension by 

centrifugation at 8,000 rpm for 10 mins and the excess solvent decanted. 

The obtained material was dried at room temperature for 3 days to yield 

monoliths. 
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 MOF-808 monoliths: 210 mg of benzene-1,3,5-tricarboxylic acid (BTC) 

and 970 mg of zirconyl chloride octahydrate were dissolved in a 

DMF/formic acid (30 mL + 30 mL) mixture, then transferred to a glass 

reagent bottle and heated at 130 °C for two days. The solution was 

centrifuged, and the collected material was washed four times with DMF. 

The resulting compound was then solvent exchanged by soaking in 100 mL 

of acetone for four days, with the solvent being replaced twice per day. The 

acetone-exchanged sample was finally evacuated at room temperature for 

24 h and activated at 150 °C for 24 h to yield the monoliths. 

The chemical reactions involved in the formation of each framework are illustrated 

in Scheme 1.  
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Zn(NO3)2·6H2O 
zinc nitrate 
hexahydrate 

+ 
 

2-methylimidazole 
 

→ 
DMF 

C8H10N4Zn 
(ZIF-8) 

Zn(CH3CO2)2·2H2O 
zinc acetate 
dihydrate 

+ 
 

4,5-dichloroimidazole 
 

→ 
MeOH 

C12H4Cl8N8Zn2  
(ZIF-71) 

Cu(NO3)2 · 3 H2O 
Copper(II) nitrate 

trihydrate 
+ 

 
benzene-1,3,5-

tricarboxylic acid 
(H3BTC) 

 

→ 
EtOH 

C18H6O12Cu3  
(HKUST-1) 

In(NO3)3·5H2O 
Indium nitrate 
pentahydrate 

+ 
 

1,4-benzenedicarboxylic 
acid (H2BDC) 

 

→ 
DMF 

C25.5H12O15.5N0.5In3 
(MIL-68(In)) 

ZrOCl2 · 8H2O 
zirconyl chloride 

octahydrate 
+ 

 
benzene-1,3,5-

tricarboxylic acid 
(H3BTC) 

 

→ 
DMF, 
formic 
acid 

C24H16O32Zr6  
(MOF-808) 

Scheme 1. Schematic of the chemical reactions taking place in the formation of the 
MOFs monoliths. 
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3.1.2 Preparation of drop-casted sample for AFM characterisation 

A small quantity of gel (~ 1 mL) was pipetted out of the vial just before drying and 

diluted with copious amount of solvent (~20 mL), yielding a dispersion of 

nanocrystals. The dispersion was then drop casted on a silicon wafer 

(~ 1 cm × 1 cm), which was carefully wiped to remove dust and other surface 

impurities beforehand. Subsequently, the silicon chip was dried under a fume hood. 

This type of drop-casted samples was used to characterise the morphology and size 

of the single nanocrystals forming the gels under the AFM. 

 

3.1.3 Preparation of nanoindentation sample 

The dried monoliths were cold mounted in epoxy resin (Struers Epofix), using 

cylindrical moulds. The resulting samples are then carefully polished, with 

sandpapers and then diamond suspensions of decreasing grain size (namely 3 μm, 

1 μm, and 0.1 μm) until the surface finishing was relatively smooth and scratch free.  

The thickness of the epoxy cylinders was limited to 5 mm ca., to allow the 

characterisation of the indented samples with AFM, TFM and nanoFTIR. 

Nanoindentation tests required these thin discs to be fixed to aluminium cylindric 

stubs (matching the size of the nanoindenter sample holders) with thermoplastic 

wax. 
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3.2 Materials characterisation 

3.2.1 X-ray diffraction (XRD) 

X-ray diffraction allows to assess the crystallinity and molecular structure of solid 

samples and was used to confirm the crystallinity of the synthesised MOF samples. 

In a nutshell, the crystalline structure diffracts a beam of incident X-rays into many 

specific directions. The angles and intensities of these diffracted beams are 

measured and the spacing between the atomic planes is calculated using Bragg’s 

law.  For further details on XRD characterisation of nanomaterials, the readers may 

consult these references (125, 126). 

Powder samples obtained by manually grinding the monoliths were analysed by 

XRD using a Rigaku MiniFlex diffractometer (Cu Kα source, 1.541 Å). 

 

3.2.2 Attenuated total reflection fourier transform infrared spectroscopy 

(ATR-FTIR) 

ATR-FTIR measurements on bulk materials allows to identify chemical substances 

or functional groups. It was used to verify the chemical fingerprint of the samples 

in the mid-infrared region.  

The measurements were performed using a ThermoFisher Scientific Nicolet iS10 

FTIR spectrometer with a spectral resolution of 4 cm−1.  

 

3.2.3 Atomic force microscopy (AFM) 

The surface topography of the monoliths and the drop-casted nanocrystals and 

aggregates were measured by atomic force microscopy (AFM), implemented in a 
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neaSNOM instrument (neaspec GmbH) under the tapping-mode. A Scout350 

(NuNano) probe was employed, with a nominal tip radius of 5 nm and a resonant 

frequency of 350 kHz. 

 

3.2.4 Tip force microscopy (TFM) 

TFM is an extension of AFM, which enables the characterisation of 

nanomechanical local properties of the sample along with the topography. The TFM 

mode extends the capabilities of AFM, allowing to image properties such as local 

stiffness and adhesion, resulting in high contrast images (127-129).  

Figure 3.2 provides a representation of how TFM works. In Figure 3.2a, the 

dotted line represents the modulation voltage while the straight line is the force 

signal. At the starting point, the tip is well above the sample surface.  Moving closer 

to the surface, the tip snaps into contact due to the attractive force acting between 

the tip and the sample surface. The piezo pushes the tip further towards the sample 

and the repulsive force reaches a maximum. As the piezo pulls back, the repulsive 

force gets smaller, and the force signal changes sign (from repulsive to attractive). 

Finally, the tip loses contact and the probe is free to oscillate. Once the oscillation 

is damped towards the baseline, the cycle starts again. The arrows indicate the 

points where the baseline, adhesion, stiffness, and max force are taken. From the 

signal in Figure 3.2a it is possible to extrapolate force-displacement curves 

(Figure 3.2b), from which material properties such as stiffness, adhesion and energy 

dissipation can be calculated pixel by pixel, obtaining maps like the ones shown in 

Figure 3.2c. 
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These types of maps were determined for ZIF-8 and ZIF-71 monoliths (13), 

using the s-SNOM instrument (Neaspec GmbH), operating under the contact mode. 

An Arrow-NCR probe (NanoWorld) was used, with a nominal tip radius of <10 nm 

and a resonance frequency of 285 kHz. 

 

 

Figure 3.2 Typical a) force-time and b) force-displacement curves describing how 
the TFM mode operates, adapted with permission from (129). c) Examples of 
mechanical properties maps of a residual indent on a ZIF-71 monolith. The scale 
bar is 500 nm. Adapted with permission from (13).    
 
 

3.2.5 Nanoscale fourier transform infrared spectroscopy (nanoFTIR) 

Nearfield Fourier transform infrared nanospectroscopy (nanoFTIR) allows 

simultaneous imaging and FTIR spectroscopy with nanoscale spatial resolution 

(130). 
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NanoFTIR measurements were performed using the s-SNOM instrument 

(neaspec GmbH), where a platinum-coated AFM probe (Arrow-NCPt, tip radius 

< 25 nm, 285 kHz) under the tapping mode is illuminated by a broadband 

mid-infrared (IR) femtosecond laser (Toptica). Local nanoFTIR spectra of specific 

regions were measured under a spot size of ca. 20 nm. Each point spectrum was 

acquired as an average of 12 individual interferograms taken on the same spot, with 

1024 pixels and an integration time of 14 ms per pixel, normalised by a reference 

spectrum taken on a silicon wafer. 

 

3.2.6 Confocal Raman microscopy 

Raman spectroscopy is a non-destructive chemical analysis technique which 

provides detailed information about chemical structure, phase, crystallinity and 

molecular interactions. It is based upon the interaction of light with the chemical 

bonds within a material and relies upon inelastic scattering of photons, termed 

Raman scattering.  

Confocal Raman microscopy combines the spectral information from 

Raman spectroscopy with the spatial filtering of a confocal optical microscope for 

high-resolution chemical imaging of samples, with a spatial resolution of the order 

of 0.5-1 µm.  

The Raman chemical maps shown in Chapter 6 were obtained using a 

Bruker Senterra confocal Raman microscope, located at Beamline B22 MIRIAM at 

the Diamond Light Source (Oxfordshire, UK). The measurements conditions were 

the following: objective 50×, laser 532 nm with grating 1200, resolution 3-5 cm-1, 
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laser power 12 mW, integration time 5000 ms, scan area 40 μm × 40 μm, (21 × 21 

points). 

 

3.2.7 Scanning electron microscopy (SEM) 

The SEM images presented in this thesis were acquired with a Tescan Lyra 3 

(Tescan, Czech Republic) field-emission scanning electron microscope, operating 

under a voltage of 10 keV. The nanoparticles samples analysed in Chapter 5 were 

prepared by drop-casting on a silicon wafer, following the same procedure 

employed for AFM samples (Section 3.1.2). Sputter-coating with conductive 

materials (i.e., gold or palladium) was not required, due to the conductivity of the 

silicon wafer used as a substrate. 

 

3.2.8 Instrumented nanoindentation 

All the nanoindentation tests reported in this thesis were carried out using a KLA 

iMicro nanoindenter. The machine is equipped with two interchangeable force 

actuators of maximum capacity of 50 mN and 1 N, used according to the test needs. 

Several tip geometries were employed, namely Berkovich, cube corner, spherical 

and flat punch. In particular, the Berkovich tip was used to measure Young’s 

modulus and hardness (82), while the sharper cube corner tip was employed to 

induce radial cracks and measure fracture toughness. 

Young’s modulus and hardness values were obtained by averaging the data 

points obtained by continuous stiffness measurements (CSM, described in detail in 

Chapter 2) over a certain interval of surface penetration depth. 
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The maximum load was typically held for 1 s before unloading to quantify 

creep. Upon unloading, the load was held again at 10% of the maximum load for 3 

min, in order to quantify thermal drift and correct the recorded value of load and 

depth accordingly. An example of test outputs is shown in Figure 3.3. 

 
 

 
Figure 3.3 Results of a nanoindentation test on a ZIF-8 monolith. a) Load-depth 
curves. CSM data as a function of surface penetration depth for b) Young’s 
modulus, and c) hardness. 
 
 

3.2.9 Instrumented nanoscratch 

Nanoscratch test is a well-established technique to characterise the wear resistance 

of materials such as thin films and coatings (131). In this thesis, such a test was 

used to get further insights on the fracture behaviour of MOF monoliths. The tests 
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were carried out on an iMicro nanoindenter (KLA-Tencor) equipped with a 

Berkovich tip. The maximum ramp load was set to 50 mN, the scratch length to 

100 μm, and the scratch velocity to 10 μm s-1 for all the tests. 

Each experiment consists of three test segments (Figure 3.4a): 

1. a small normal load is applied allowing for the tip to work as a profilometer 

on the pre-scratch surface;  

2. the same process is repeated during the actual scratch phase, with the 

prescribed ramp load; 

3. the post-scratch profile and a cross-section profile (at half the length of the 

scratch) are recorded to measure the residual deformation of the surface 

after elastic recovery.  

The scratches were performed using a Berkovich tip. This allows to define two 

different test modes, according to the end orientation of the tip which is cutting the 

material: ploughing (sharp end) or pushing (flat end). Other “angles of attack”, 

intermediate between plough and push, can also be used as illustrated in 

Figure 3.4b. 
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Figure 3.4 a) Key dimensions associated with the scratch1. b) Schematic illustration 
of the scratch test configuration. 
 

3.2.10 Vickers microhardness 

Vickers microindentation was performed using a Duramin-40 hardness tester 

(Struers), equipped with a Vickers tip. This test, compared to nanoindentation, is 

capable of higher loads, and was employed with the purpose of inducing radial 

cracks in the samples that did not exhibit this type of cracks under cube corner 

 
1 Adapted from Nanomechanics, Inc.® iMicro Indentation System operating instructions 
(OBID-1276-1) 
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nanoindentation (see Chapter 5). The maximum load (measured in gf) was held for 

10 s before unloading. 

 

3.3 Finite element method (FEM) simulations 

Finite element method (FEM) simulations of the nanoindentation test were carried 

out alongside the experiments. The finite element software ABAQUS/Standard was 

employed. 

The Berkovich, cube corner and spherical indenters were modelled as 3D 

and 2D parts (2D asymmetric cones with semi-apical angles of 70.3° and 42.3° for 

Berkovich and cube corner, respectively, and a circumference for the spherical 

indenter) and as rigid bodies. This latter approximation is justified by the fact that 

the real indenter, made of diamond, has a Young’s modulus about 1000 times larger 

than the tested sample. This simplification allows to reduce the computational time. 

The 2D axisymmetric model was meshed with 12692 CAX4 type quadrilateral 

elements adapting the approach proposed in the Abapy package in Python (132). 

The mesh was refined in the proximity of the contact area, to maximise the 

reliability of the stress distribution under the indenter tip. A coarser mesh was used 

further away from the contact zone, to decrease number of elements in the model 

and thus reduce the computational time. The 3D model was modelled with 54688 

linear hexahedral elements of type C3D8. However, as explained in Chapter 4, the 

difference between the 2D and 3D model, in terms of load-depth curve was 

demonstrated to be negligible. 
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The physics of the problem required some boundary conditions to be 

imposed to the 2D model. The nodes along the axis of revolution are free to move 

only along such an axis, whereas for the nodes at the bottom of the sample, all the 

degrees of freedom are set to zero (“encastre”). 

The indenter-sample interaction was modelled with a “surface-to-surface” 

contact discretisation. The contact constraint is imposed by defining the “master” 

(indenter) and “slave” (sample) surfaces. The slave surface cannot penetrate the 

master surface, and the direction of contact is perpendicular to the master surface. 

The slave surface is usually the softer of the two and needs to be meshed with finer 

elements.  

The nanoindentation test was simulated by using two subsequent load steps, 

one for the loading part and the other for the unloading part. During the loading 

step, the indenter tip moves down along the axis of symmetry until the maximum 

depth is reached. The return of the tip to its original position takes place during the 

unloading step. 

The elastic behaviour of the sample was modelled using the Young’s modulus 

obtained from nanoindentation and the Poisson’s ratio suggested in the literature. 

The plasticity of the sample was simulated by the elastic-perfectly plastic and 

Drucker-Prager models. The motivations are explained in detail in Chapter 4.
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4 Mechanical Behaviour of Monolithic 

Zeolitic Imidazolate Frameworks 

(ZIFs) 

 
 
 
 

4.1 Background and motivations 

Zeolitic imidazolate frameworks (ZIFs) represent a particular class of MOFs, 

composed of tetrahedrally coordinated transition metal ions (e.g., Fe, Co, Cu, Zn) 

coordinated to imidazolate linkers. ZIFs are topologically isomorphic to zeolites, as 

the metal-imidazolate-metal angle resembles the 145° Si-O-Si angle of zeolites. 

Since Huang et al. (133) first synthesised metal-organic sodalite cages constructed 

by tetrahedral building blocks (i.e., ZIF-7, ZIF-8 and ZIF-9), over one hundred ZIF 

topologies have been reported (28). Features like permanent porosity, flexibility, 

thermal and chemical stability have made them interesting candidates for a variety 

of applications such as gas separation and storage. 

In this chapter, monolithic ZIF-8 (Zn(mIm)2) and ZIF-71 (Zn(dcIm)2) were 

shortlisted for a detailed study, given the simplicity of the synthesis, stability under 

ambient conditions and their mechanical stability when compared to other ZIFs.  
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The mechanical properties of several ZIFs single crystals have been extensively 

characterised by nanoindentation (74). Few works also report nanoindentation of 

ZIF-8 monoliths (52, 53). However, to the best of my knowledge, detailed studies 

going beyond simple measurements of Young’s modulus and hardness have not 

been reported before Paper I. This work seeks to shed light on the deformation 

mechanism behind plastic deformation in ZIF-8 and ZIF-71 sol-gel monoliths by 

combining local imaging techniques (AFM and TFM), nanoindentation, finite 

element simulations and nearfield spectroscopy (nanoFTIR). 

 
 

4.2 Summary of Paper I 

 

4.2.1 Synthesis of sol-gel ZIFs monoliths 

The two ZIF monoliths were synthesised following the synthesis route reported in 

Chapter 3. 

The reproducibility of MOF sol-gel monoliths can be challenging, since 

even slight changes of the procedure can result in significant differences in terms 

of morphology and properties of the final product. As outlined in Chapter 1, the 

choice of solvent, its concentration, and the drying conditions play an important 

role. On top of these, quite surprisingly, the washing steps were found to be crucial 

for the formation of a robust, relatively uncracked monolith. This suggests that the 

washing process contributes significantly to the formation of the grain boundaries 

connecting the nanocrystals. During washing, the unreacted starting materials 

(particularly the linker, which is in excess to the stoichiometric ratio) are supposed 
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to be washed away, in order to vacate the pore sites. Such a process is not always 

entirely effective, meaning that a certain amount of reactants is retained and is likely 

to participate in the formation of grain boundaries. The parameters used to 

synthesise some representative batches are reported in Table 4.1. The resulting 

monoliths (Figure 4.1), although appear quite similar to each other, behaved in a 

different way during the polishing step, required to prepare suitable nanoindentation 

samples. ZIF-8 batch 3 and ZIF-71 batch 2, in fact, crumbled in contact with water. 

The samples investigated in Paper I correspond to ZIF-8 batch 1 and ZIF-71 

batch 1. 

 

Material Batch 
Metal : linker 

ratio 
Washing solvents 

Drying 
time 

(days) 

ZIF-8 
1 1 : 3 DMF, Methanol, Acetonitrile 3 
2 1 : 3 DMF, Methanol, Acetone 3 
3 1 : 4 DMF, Methanol, Acetone 3 

ZIF-71 
1 1 : 3 Methanol (x3) 3 
2 1 : 3 Methanol (x3) 1 

 
Table 4.1 Synthesis parameters of ZIF-8 and ZIF-71 monoliths. 
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Figure 4.1 Optical micrographs of a) ZIF-8 and b) ZIF-71 monoliths, 
corresponding to the batches listed in Table 1. Scalebar 500 μm. 
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4.2.2 Nanoindentation experiments and finite-element method (FEM) 

simulations 

The samples were probed with three different indenter shapes: Berkovich, cube 

corner and spherical. Young’s modulus and hardness were measured with 

Berkovich indentation and found to be consistent with the values reported for single 

crystals (74) and monoliths (52).  

The load-depth curves resulting from the tests were systematically 

compared to their finite element simulated counterparts. The simulations were 

performed using a 2D axisymmetric model, since the difference with the 3D model, 

in terms of load-depth curve was demonstrated to be negligible (Figure 3.2). The 

yield stress (σY) used as input parameters for the material properties was 

reverse-engineered by iterating the simulation with different values of σY (i.e., 

different constraint factor C). The best fit was then selected as the actual σY, as 

illustrated in Figure 4.3. 

Two different material models were used for the FEM simulations: the 

elastic-perfectly plastic model and the Drucker-Prager model. The latter model is 

used for cohesive-frictional materials, whose yield stress increases with the 

hydrostatic pressure. The elastic-perfectly plastic model provides a good 

approximation of the Berkovich and spherical nanoindentation for both ZIF-8 and 

ZIF-71. However, this is not true in the case of cube corner nanoindentation. The 

greater sharpness of the cube corner (relatively to Berkovich) induces a 

densification effect, that makes the material stronger as the hydrostatic pressure 

increases. This effect is well modelled by the pressure-dependent Drucker-Prager 
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yield criterion. Other nanogranular materials, such as bones, have been reported to 

exhibit a similar behaviour (134). 

Figure 4.2 Comparison between 2D and 3D FEM indentation model (Berkovich 
indenter). a) 3D mesh of the sample, a zoomed in view of the contact region is 
highlighted in the red box. Note that only one sixth of the indenter and the sample 
were modelled, due to the symmetry of the Berkovich indenter. b) 2D mesh of the 
sample, a zoomed in view of the contact region is highlighted in the red box. c) 
Indentation load-depth curves obtained by using the 2D and 3D models. 

Figure 4.3 Finite element simulations of Berkovich indentation test of ZIF-8 
monolith. The simulation was repeated with different values of the yield strength 
σY (correspondingly different constraint factors). The best fit with the experiments 
was achieved with σY = 200 MPa (C = 2.1). 
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4.2.3 Nanostructure characterisation and proposed deformation 

mechanism 

The deformation mechanism proposed for ZIF-8 and ZIF-71 monoliths is grain 

boundary sliding (GBS), at the initial stage, followed by densification due to shear-

induced structural amorphization at the framework level. GBS is justified by the 

nanograined structure of the monoliths, with each nanograin being a small 

(~ 100 nm in size) single crystal, revealed by TFM (Figure 4 in Paper I).  

The subsequent densification, triggered by shear-induced collapse of the 

framework nanopores, was demonstrated by nanoFTIR spectroscopy (Figure 5 in 

Paper I). A sequence of IR spectra taken across a cube corner residual indent (where 

shear stress is the highest, according to Figure 3 in Paper I) with a resolution of 

20 nm, shows that the intensity of the phonon band at 1311 cm-1, attributable to 

defects of the ZIF-8 framework, increases as we approach the centre of the indent. 

In particular, the 1311 cm-1 band is related to the missing linker defect, as observed 

by Möslein et al. (123). This study combined nanoFTIR and DFT calculations to 

assign characteristic vibrational bands to different types of defects, occurring during 

the crystallisation process. Some of their results are summarised in Figure 4.4, 

showing that framework defects such as missing zinc and missing linker can give 

rise to new vibrational peaks in the IR fingerprint of ZIF-8 nanocrystals. 
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Figure 4.4 Defects identification in ZIF-8 nanocrystals. (a) Schematic 
representations of key vibrational modes. (b) AFM images of ZIF-8 crystals 
obtained after 5 and 60 min, indicating crystals selected for local probing. (c) 
Corresponding local nanoFTIR spectra. (d) Schematic representations of the 
simulated defects. (e) Corresponding simulated FTIR spectra compared with a 
perfect ZIF-8 crystal. Adapted with permission from (123). 
 
 

4.2.4 Fracture toughness 

In the last section of Paper I, the fracture toughness of the two monoliths was 

estimated by employing cube corner nanoindentation, combined with an empirical 

crack length method, namely Laugier’s formula (equation 6 in Paper I) (135): 
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 (4.1) 

where is k is an empirical constant of the indenter shape (k = 0.057 for cube corner 

(136)), a is the distance between the centre and the tip of the indent, l is the crack 

length starting from the corner of the indent, E is the Young's modulus, H is the 
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hardness, P is the maximum load, and c = a + l. This method relies on 

nanoindentation, which can probe within the μm-scale. At a larger length scale (i.e., 

mm-scale), the toughness will inevitably drop, due to the higher concentration of 

defects and porosity, inherent to the sol-gel processing. 

Laugier’s formula is not the only equation available in the literature for the 

measurement of fracture toughness via indentation. The choice depends on the 

crack system that emanates from the indentation corners (Figure 4.5). Laugier’s 

expression is used when a “Palmqvist” crack configuration is assumed. If, instead, 

a “half-penny” crack is assumed, the following formula, proposed by Anstis et al. 

(137), would be more suitable:   

��� = � �
�
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�

�
� �

�
�
�

 (4.2) 

Where α depends on the crack length/indenter size (c/a) ratio: 

� = 0.0211 �
�

�
�
�.����

. (4.3) 

Since the crack system developing under the indenter in ZIF monoliths is 

unknown a priori, both the formulae could, in principle, be utilised. However, in 

this study the Laugier’s formula was employed, since it was demonstrated to best 

describe crack propagating from  a three-sided pyramidal indenter (138), like the 

cube corner. 

The results (Table 2 in Paper I) show that ZIF-71 (0.145 MPa m1/2) is 

tougher than ZIF-8 (0.074 MPa m1/2). The values of fracture toughness are in the 

order of magnitude of 0.1 MPa m1/2, resembling the ones reported for dense 

frameworks (73) and ZIF-62 glass (102).  
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Figure 4.5 Schematic cross-section view of Palmqvist and half-penny crack 
systems induced by indentation with a cube corner tip. 
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4.3 Paper I: Mechanical properties and nanostructure of 

monolithic zeolitic imidazolate frameworks: a 

nanoindentation, nanospectroscopy, and finite 

element study 

 
Online version: https://doi.org/10.1016/j.mtnano.2021.100166 

https://doi.org/10.1016/j.mtnano.2021.100166
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5 Indentation Fracture Toughness of 

MOF Monoliths   

 
 

 

5.1 Background and motivations 

Materials processing and manufacturing may often introduce flaws, defects, or 

porosity in a finished mechanical component. Such defects represent unwanted 

features that degrade the mechanical performances. Fracture mechanics consists of 

the analysis of flaws, allowing to differentiate the “safe” ones (i.e., cracks which do 

not grow, concept of “damage tolerance”) from those that catastrophically 

propagate leading to the fast fracture of the component. 

Most practical engineering problems can be easily solved by using linear 

elastic fracture mechanics (LEFM), that models the propagation of cracks in 

linearly elastic isotropic materials. This theory was firstly developed by the English 

engineer A. A. Griffith during World War I.  He used a thermodynamic approach, 

based on the energy release rate (G), i.e., the rate at which strain energy is dissipated 

as the crack propagates (139). It is defined as the loss of total potential energy U 

per unit crack growth area s: 
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� = −
��

��
 

(5.1) 

When a critical value GC is reached (G ≥ GC), crack propagation will start. 

This criterion can be expressed in term of stress (σ) by introducing the stress 

intensity factor KI (140): 

�� = ��√�� (5.2) 

Where a is the crack length and Y a dimensionless factor dependent on the crack 

geometry. Crack propagation begins when KI ≥ KIC. 

The critical value KIC is known as the fracture toughness, and it represents the 

mechanical property that describes the resistance of materials to crack propagation. 

Fracture toughness of “bulk” engineering materials is normally measured 

using notched specimens in various configurations such as the Charpy impact test 

or three-point beam bending tests. However, for micro-sized materials like MOFs, 

the fabrication of these type of samples is not always possible (141, 142). In this 

instance, nanoindentation-based methods represent a valuable alternative. As 

already mentioned in Chapter 4, these methods allow to estimate KIC from the 

length of indentation cracks, propagating from the indent’s corner. The use of 

indentation to measure fracture toughness was introduced in the mid-1970s, with 

the classic Lawn-Evan-Marshall (LEM) (143, 144) approach for brittle bulk 

ceramics and it rapidly gained popularity (145, 146). Many other models have been 

proposed since then (135, 137, 147, 148), which consider various material property 

combinations and crack geometries. The latter are very important for the selection 

of most suitable model. We can discern different type of crack systems, such as 

median, radial, half-penny, cone, or lateral cracks (Figure 5.1). 
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Figure 5.1 Example of possible crack geometries under sharp indentation loading. 
Reproduced with permission from (149). 

 

As discussed in Chapter 4, the fracture toughness of ZIF-8 and ZIF-71 

monoliths have been estimated by using a nanoindentation-based methods. 

Nevertheless, the origin of material failure, particularly in connection to the nature 

of crack initiation and propagation has not been investigated. 
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The goal of this chapter is to shed light on the fracture behaviour of four 

different MOF monoliths (ZIF-8, HKUST-1, MIL-68 and MOF-808) and the 

underpinning mechanisms behind it. A correlation between the fracture behaviour 

and the structure of the materials (both at the nanostructural and framework level) 

was found. This study was achieved by leveraging a combination of 

nanoindentation, microindentation and nanoscratching experiments. 

To the best of my knowledge, this specific area of MOF monoliths mechanics 

has not been explored thus far. Only a few studies have touched on the field of MOF 

fracture, but these are limited to single crystals (73) and glasses (102, 103).  
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5.2 Summary of paper II 

5.2.1 Nano and micro indentation-driven cracks 

The mechanical properties, i.e., indentation modulus (E*) and hardness (H), of the 

four as-synthesised monoliths were assessed by nanoindentation, using a Berkovich 

tip. The results are illustrated in Figure 5.2 and Table 5.1. 

 
Figure 5.2 Nanoidentation load-depth curves with a Berkovich indenter to a 
maximum surface penetration depth of 1000 nm. a) ZIF-8, b) HKUST-1, c) MIL-68 
and d) MOF-808. 32 indentations per sample were performed. 
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Table 5.1 Mechanical properties of the monoliths obtained from nanoindentation 
with a Berkovich tip. The values for E* (letting ν = 0) and H were computed by 
averaging the CSM data between 500 and 1000 nm. For the materials whose 
Poisson’s ratio (ν) is known from simulations study, also the Young’s modulus was 
computed. The mean and standard deviations were calculated from 32 individual 
indents. The residual depth at the end of the indentation test was determined from 
the load-depth curves (Figure 5.2). 
 
 

The four monoliths exhibit different values of elastic energy, Welastic/Wtotal, 

computed as the ratio between the area under the unloading and loading curves 

respectively: 

��������
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(5.3) 

where hmax is the maximum indentation depth, hf the residual depth after unloading, 

and Punloading and Ploading are the loads applied upon loading and unloading, 

Monolith 
Sample 

Density 
 

(g/cm3) 

Indentation 
Modulus 

 
E* (GPa) 

Poisson
’s 

Ratio 
ν 

Young’s 
Modulus 

 
E (GPa) 

Hardness 
 

H (MPa) 

Elastic energy 
 

Welastic/Wtotal 

(%) 

Residual 
depth – 

load-
depth 
curves 
(nm) 

Residual 
depth – 
AFM 
(nm) 

ZIF-8 
ref. (13) 

1.246 
± 

0.010 

3.78 ± 
0.44 

0.43 
ref. 
(75) 

3.18 ± 
0.04 

 

452 ± 
20 

 

64.1 ± 1.8 
 

- - 

ZIF-8 
This work 

1.258 
± 

0.022 

4.03 ± 
0.03 

0.43 
ref. 
(75) 

3.28 ± 
0.03 

 

534 ± 6 
 

65.3 ± 1.4 336 ± 5 246 ± 4 

HKUST-1 
 
 

1.529 
± 

0.043 

15.25 ± 
0.61 

0.45 
ref. 

(100) 

12.16 ± 
0.48 

761 ± 
53 

39.0 ± 1.8 
602 ± 

18 
200 ± 1 

MIL-68 
 
 

1.475 

± 
0.007 

13.24 ± 
0.52 
ref. 
(62) 

- - 

402 ± 
13 
ref. 
(62) 

19.2 ± 1.0 861 ± 5 567 ± 20 

MOF-808 
 

1.522 
± 

0.104 

4.61 ± 
0.32 

- - 
122 ± 

14 
13.6 ± 1.1 

948 ± 
13 

538 ± 5 
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respectively. In particular, ZIF-8 shows high elastic recovery, HKUST-1 an 

intermediate one, while MIL-68 and MOF-808 exhibit a low elastic recovery 

(Figure 1b in Paper II). This mechanical response is ascribed to the different 

framework architectures.  

AFM height topographies of the residual indents (Figure 5.3) indicate a 

reduction of residual depth compared to the load-depth curves in Figure 5.2, as 

reported in Table 5.1. This was attributed to viscoelastic recovery, associated with 

the organic component of MOFs.  
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Figure 5.3 AFM height topographies of the residual indents on the four monoliths. 

The corresponding cross-sectional profiles along the specified paths are plotted on 

the right. 

 



5 Indentation Fracture Toughness of MOF Monoliths 

85 
 

Following the same procedures described in section 2.4 of Chapter 4, a cube 

corner indenter was employed to induce and measure cracks. Surprisingly, only 

ZIF-8 and HKUST-1 show cracks propagating from the corner of the indents, while 

MIL-68 and MOF-808 monoliths are completely radial crack-free in the apparent 

vicinity of the residual indent (Figure 5.4). For HKUST-1, a fracture toughness of 

Kc = 0.80 ± 0.45 MPa m1/2 was estimated with Laugier’s formula (equation. 4.1), 

making it the toughest MOF material reported so far (see Table 5.2). Notably, 

HKUST-1 is also the material exhibiting the lowest elastic recovery amongst the 

ones listed in Table 5.2. This, together with MIL-68 and MOF-808 (low elastic 

recovery) not showing any surface cracks, suggests that elastic recovery plays a 

prominent role in crack propagation. A correlation between elastic recovery and 

radial cracks propagation was proposed by Lawn et al. (147) for bulk ceramics. In 

a nutshell, the authors suggest that lateral and radial cracks initiate and propagate 

upon unloading, driven by residual stresses. These stresses result from the 

elastic-plastic mismatch existing at border of the plastic zone immediately 

underneath the indenter. This mechanism is described in detail in the discussion 

section of Paper II and illustrated in Figure 5.5. 
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Figure 5.4 Cube corner residual indents on a) ZIF-8, b) HKUST-1, c) MIL-68, and 

d) MOF-808. A maximum load of 50 mN was applied in all tests. 

 

 

 

Material KC (MPa m1/2) Welastic/Wtotal (%) Reference 

HKUST-1 monolith 0.80 ± 0.45 39.0 ± 1.8 This work 

ZIF-8 monolith 0.074 ± 0.023 64.1 ± 1.8 (13) (Paper I) 

ZIF-71 monolith 0.145 ± 0.050 59.9 ± 2.4 (13) (Paper I) 

ZIF-62 glass 0.104 ± 0.020 53.8 (102) 

Dense frameworks 

(CuPA1 and CuPA2) 
0.1 – 0.3 39.9 ± 6.1 (73) 

 

Table 5.2 Values of indentation fracture toughness and elastic energy of MOF 

materials reported in the literature so far. 
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Figure 5.5 Evolution of cracks during sharp indentation: a) formation of plastic 

zone; b) sub-surface “penny-like” crack due to tensile stresses; c) downward and 

outward growth of the median crack that may lead the crack to break-through 

(however, if the sample is not heavily loaded, the crack remains sub-surface until 

unloading); d) upon unloading, the crack wants to close up, but this is precluded by 

residual stresses (elastic-plastic mismatch); e) the residual stress causes the 

formation of lateral cracks; f) extension of lateral crack upon unloading, driven by 

residual stress which may also drive partially developed sub-surface median cracks 

to completion. 
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With the aim of inducing radial cracks, a microhardness Vickers indenter, 

capable of applying much higher loads was employed (in the order of a few N, as 

opposed to the 50 mN maximum capacity of the nanoindentation system used). 

Nonetheless, using a load of 0.5 N, no cracks were induced from the indent’s corner, 

not even in ZIF-8 and HKUST-1 that previously cracked under cube corner 

indentation.  

However, shear faults were observed within the contact area (Figure 2 in Paper II). 

These features have been previously observed in soda lime glass (150) and notably 

in ZIF-62 glass (103). 

Some cracks were observed on the surface of the monoliths when much 

higher loads were applied, namely 5 N for MIL-68 (Figure 5.6a) and 3 N 

(Figure 5.6b) for MOF-808, albeit propagating from the shear faults inside the 

contact area, rather than the indent’s corners. However, when a 5 N indentation test 

was repeated on MIL-68, no cracks were observed (Figure 5.6c), suggesting that 

the cracks previously observed had nucleated from pre-existing defects within the 

monoliths (i.e., porosity and flaws resulting from gel drying), given the extended 

contact area. 
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Figure 5.6 a) Vickers HV0.5 (~4.9 N) indent on MIL-68 monolith. Radial cracks 
propagate from shear faults inside the indent and deflect following low energy 
paths. b) Vickers HV0.3 (~2.9 N) indent on MOF-808 monolith. Radial cracks 
propagate from shear faults inside the indent and deflect following low energy paths 
outside the indent. c) Vickers HV0.5 (~4.9 N) indent on MIL-68 monolith. In this 
case no radial cracks are induced. 
 

5.2.2 Nanoscratch tests 

Nanoscratch tests were also carried out on the four monoliths, using a Berkovich 

tip and following the procedures described in Section 2.9 of Chapter 3. The 

maximum ramp load was set to 50 mN and the scratch length to 100 μm, the scratch 

velocity applied was 10 μm s-1. The results of the tests, performed in both ploughing 
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and pushing modes, are listed in Table 5.3. A higher scratch critical depth was 

systematically observed in pushing mode, since the flat end of the indenter can 

sweep a larger amount of material than the sharp end. No pile-up was detected 

(Figure 5.7) and cracks propagating outward from the scratch direction were 

observed only for ZIF-8 (Figure 5.8).  

 
Table 5.3 Results of nanoscratch tests on the monoliths in the ploughing and 
pushing modes. 
 
 
 
 
 

Sample 
Scratch Critical Depth 

(nm) 

Cross Profile Max 
Depth 
(nm) 

ZIF-8 plough 3088 ± 94 580 ± 72 

HKUST-1 plough 1764 ± 60 671 ± 441 

MIL-68 plough 4149 ± 339 1187 ± 209 

MOF-808 plough 9255 ± 573 3266 ± 452 

ZIF-8 push 3002 ± 170 911 ± 288 

HKUST-1 push 2379 ± 138 502 ± 106 

MIL-68 push 4895 ± 49 2050 ± 152 

MOF-808 push 10549 ± 467 3762 ± 581 



5 Indentation Fracture Toughness of MOF Monoliths 

91 
 

 

 
Figure 5.7 Representative mid-way cross profiles (load ~25 mN) of scratches in 
pushing mode on the four monoliths. 
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Figure 5.8 Optical micrographs of the scratches on the four monoliths in ploughing 
mode (left) and pushing mode (right). The inset shows a magnified view of the 
cracks in the ZIF-8 monolith. 
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5.2.3 Role of the nanostructure in crack initiation and propagation 

The four monoliths are characterised by a nanogranular structure (Figure 3 in 

Paper II), characteristic of the sol-gel process, consistent with the findings 

presented in Chapter 4. However, some differences were observed: ZIF-8 and 

HKUST-1 nanocrystals are “nanoplates”, which aggregates by stacking onto each 

other, while MIL-68 and MOF-808 aggregates are “lumps” made of smaller 

nanograins (Figure 3 in Paper II, Figures 5.9 and 5.10). This nanostructural 

diversity contributes to the difference in ductility. The reduced size of MIL-68 and 

MOF-808 nanocrystals results in a higher grain boundaries volume fraction, which 

favours grain boundary sliding (GBS) and grain rotations; these mechanisms may 

reduce the hardness of the monoliths (and the H/E ratio). 

Figure 5.9 FESEM micrographs revealing the morphology and size of a) ZIF-8, b) 
HKUST-1, c) MIL-68, and d) MOF-808 nanocrystalline aggregates. 
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Figure 5.10 AFM height topography images revealing the nanocrystals 
morphology and size of a) ZIF-8, b) HKUST-1, c) MIL-68, and d) MOF-808. The 
corresponding line profiles are plotted in e). MIL-68 and MOF-808 nanograins are 
approximately 3 times smaller than the ZIF-8 and HKUST-1 counterparts. 
 

The results of nanoscratch tests, provided insights on the nature of plastic 

flow in these materials. Plastic flow is usually associated with pile-up on the scratch 

sides, which was not observed in any of the monoliths. This observation, together 
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with the shear faults observed within the indentation contact area and the scratches, 

suggest that the material flows as a result of shear-activated microfailure along the 

low-energy grain boundaries. Such a localised failure mechanism is well contained 

within the indent and scratch areas, dissipating energy and preventing catastrophic 

crack propagation. This assumption was supported by local nanoFTIR spectra 

acquired inside the Vickers residual imprint of ZIF-8 (Figure 5 in Paper II).  The 

material does not exhibit signs of pressure-induced structural amorphisation in the 

proximity of shear faults, contrary to what was observed in a cube corner residual 

indent in Chapter 4, hinting that failure and energy dissipation take place at the 

grain boundaries rather than within the framework structure. 
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5.3 Paper II: Nanostructure-dependent indentation 

fracture toughness of metal-organic framework 

monoliths 

 
Online version: https://doi.org/10.1016/j.nxmate.2023.100009 
  

https://doi.org/10.1016/j.nxmate.2023.100009
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6 Stress-Strain Relationships and Yielding 

Behaviour of MOF Monoliths 

 
 
 

6.1 Background and motivations 

As widely discussed in this thesis, the design of MOF-based devices cannot be separated 

from the mechanical characterisation. The most effective way for evaluating the 

mechanical response of materials in this sense is arguably through stress-strain relations. 

However, these relations are not easy to estimate experimentally for nanomaterials due to 

practical limitations that make it challenging to manufacture samples suitable for 

conventional mechanical testing by means of tensile tests, bending tests, etc. 

Nanoindentation and micropillar compression are amongst the most used 

techniques to characterise this type of materials. The first, has been widely employed in 

this thesis and in the field of MOF mechanics in general, but the complex stress field 

generated under the indenter does not allow an easy extrapolation of traditional uniaxial 

stress-strain curves (151-155). Micropillar compression, on the other hand, allows to 

reproduce a uniaxial stress field (or at least, in good approximation) and determine the 

stress-strain relations at different length scales (156, 157). Nevertheless, microfabrication 

of micron-sized pillars is not always straightforward. Focused ion beam (FIB) milling is 

the most common micro-machining technique, that permits to perform milling at the 

micron and sub-micron scale. There are numerous ion-solid interactions that occur when 



6 Stress-Strain Relationships and Yielding Behaviour of MOF Monoliths 

107 
 

an ion beam is used to shape a material, and these interactions may often result in 

undesirable artefacts and defects. These include channelling, curtaining, beam tails, heat 

damage, amorphisation, ion implantation and phase transformation (158-160). 

Particularly, FIB milling of nanoparticle self-assembled structures, if not controlled, can 

result in unwanted increases in porosity (161). 

This chapter aims to describe the yielding and the stress-strain relationships of two 

prototypical MOF monoliths, ZIF-8 and MIL-68, characterised by different architectures 

and nanostructures that were already found to strongly affect the fracture behaviour 

(Chapter 5). Flat punch indentation and micropillar compression were employed and the 

results compared to each other. Notably, this is, to the best of my knowledge, the first 

attempt of micropillar compression of MOF monoliths. Recent reports concerning MOF 

glasses (162) and single crystals (104) have been published, although research of this kind 

are still rather scarce because of the high susceptibility to FIB damage of the materials. 

 

6.2 Summary of paper III 

6.2.1 Microscopic measurements of stress-strain relations by flat punch 

indentation 

A patented technique developed by KLA (163) was employed for estimating the stress-

strain behaviour from flat punch (diameter 10.64 μm) nanoindentation tests. 

The uniaxial strain (ε) and stress (σ) are defined as follows: 

� = �
2

�
� �
ℎ

�
� (6.1) 

� = ��� (6.2) 
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Where h is the indentation depth, a is the contact radius, ζ a scaling factor and pm the mean 

pressure. 

The definition of strain in equation 6.1  is derived from Sneddon’s solution for the elastic 

indentation with a flat punch (79), according to which the relationship between load (P) 

and indentation depth is given by: 

� = 2���ℎ (6.3) 

where Er is the contact modulus. 

By dividing the load by the contact area, an expression for the mean pressure can 

be obtained: 

�� =
�

���
=

2

�
��
ℎ

�
 (6.4) 

If the stress-strain relationship �� = ��� is introduced, equation 6.1 is derived. 

The scaling factor � depends on the extent of plasticity caused by the contact, which is 

quantified by the parameter S*, defined as: 

�∗ =
��
�

 (6.5) 

where SL is the instantaneous slope of the loading curve (calculated by continuous 

stiffness method, CSM) and S the elastic contact stiffness (slope of unloading curve at the 

maximum load). S* is equal to zero when the contact is fully plastic, while it is 1 for a 

fully elastic indentation and its relationship. The scaling factor was found by hundreds of 

FEM simulations on a wide variety of materials: 

� = 0.39690 (�∗)  + 0.32180 (6.6) 

Figure 6.1 depicts the method's concept. During loading, the parameter S* is 

calculated for each data point and transformed into uniaxial stress using equation 6.2. 

However, only the data points that met the requirement of full contact (S > 2Era) were 
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included. Hollomon's constitutive law for plasticity (power law hardening) was then fitted 

to these points: 

� = ��� (6.7) 

where K is the strength coefficient and n the strain hardening exponent. 

Finally, a straight line with a slope equal to the Young's modulus, as determined by 

conventional Berkovich nanoindentation, was used to describe the elastic behaviour. The 

intersection of the elastic line and Hollomon's law fit was identified as the yield point. 

 

Figure 6.1 Illustration of the procedure for estimating the stress-strain behaviour (right) 
using flat punch nanoindentation testing (left).  
 

The method was applied to ZIF-8 and MIL-68 monoliths. The results are 

illustrated in Figure 2 of Paper 3. Both materials tested exhibit a relatively low strain 

hardening, with a similar yield stress and flow stress to H/3, in accordance with Tabor’s 

theory of elastic-plastic contact (164). SEM images of the residual indents revealed ring-

shaped cracks around the indents. This, together with the absence of “pop-ins” in the load-

depth curves, suggests that the “pseudo-plastic” behaviour of the two monoliths is 

promoted by stepwise microcracking, most likely initiating at the grain boundaries 

between nanocrystals. 
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6.2.2 Residual strain analysis by spectroscopy techniques 

The local Raman scattering spectra of the residual flat punch indents were measured using 

confocal Raman microscopy. Raman scattering, which is sensitive to mechanical strain, 

was used to identify changes caused by stress in the two frameworks. Shifts of some 

characteristic bands were observed inside the indent for ZIF-8 (Figure 3 of paper 3 and 

Figure 6.2), while the positions of all the MIL-68 (Figure 4 of paper 3) bands were 

unchanged. These results indicate that ZIF-8 framework undergoes structural 

modifications under stress, likely caused by shear deformation, in accordance with the 

nanoFTIR result of Chapter 4, while MIL-68 framework retains its morphology, and the 

deformation of the monolith is only due to GBS. 

To corroborate this finding, the effect of mechanical pressure on ZIF-8 and 

MIL-68 pellets was studied. Pellets can be analysed by bulk characterisation techniques, 

since the pressure is applied to the whole sample, rather than locally as in the indents. 

ATR-FTIR, XRD and Raman spectroscopy measurements were performed on ZIF-8 and 

MIL-68 pellets, obtained by compressing the as-synthesised materials with pressure when 

confined in a pelleting die comparable to the stresses generated under the indenter 

(namely 0.075, 0.175 and 0.375 GPa).  

ATR-FTIR did not reveal any major changes of the vibrational bands after 

pelletisation, for both ZIF-8 (Figure 6.3) and MIL-68 (Figure 6.4). However, it was 

possible to clarify the behaviour of residual solvent trapped into the nanopores. For ZIF-8, 

the intensity of the 1088 cm-1 and 1255 cm-1 peaks, corresponding to N-CH3 vibrations 

in DMF molecules, dropped with pressure, suggesting that the residual solvent was 

squeezed out of the pores upon compression. On the other hand, for MIL-68, the intensity 

of the band relative to C=O stretching in DMF (~1673 cm-1) is not significantly reduced 
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with the increasing pressure, as opposed to ZIF-8, indicating that the solvent might still 

be trapped inside the framework channels. 

XRD patterns of both ZIF-8 (Figure 6.5) and MIL-68 (Figure 6.6) did not exhibit 

any major changes, implying that the crystal structure is preserved after a compression of 

0.375 GPa.  

From Raman spectroscopy of ZIF-8 pellets (Figure 6.7 and Table 6.1), shifts of 

characteristic bands due to mechanical strain were observed, even though the direction of 

the shift was inverted compared to the flat punch indents. MIL-68 Raman spectra were 

again unchanged (Figure 6.8). 

The insights from XRD and Raman analysis of ZIF-8 pellets seem to be 

inconsistent with the microRaman analysis of the residual indents. This discrepancy can 

be attributed to the distinct stress fields produced by hydrostatic compression and flat 

punch indentation, with the first distinguished by the lack of a shear component, which 

represent a key factor in ZIF-8 sodalite cage deformation (13, 75, 165). 
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 Figure 6.2 continue 
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Figure 6.2 continue 
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Figure 6.2 Confocal Raman microscopy of a residual flat punch indent on a ZIF-8 
monolith. a) Micrograph of the indent, (b-m) maps indicating the spectral position of the 
charactersistic vibrational bands of ZIF-8: b) 176 cm-1, c) 284 cm-1, d) 686 cm-1, e) 836 
cm-1, f) 953 cm-1, g) 1024 cm-1, h) 1146 cm-1, i) 1185 cm-1, j) 1461 cm-1, k) 1510 cm-1, l) 
2930 cm-1, m) 3114 cm-1, n) 3135 cm-1. 
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Figure 6.3 ATR-FTIR spectra of ZIF-8 pellets prepared with different compaction 
pressures under a pellet press. 

 
Figure 6.4 ATR-FTIR spectra of MIL-68 pellets prepared with different compaction 
pressures. 
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Figure 6.5 XRD patterns of as-synthesised ZIF-8 monolith and 0.375 GPa pellet in 
comparison with the simulated pattern from the Cambridge Structural Database (CCDC 
code: TUDKEJ). 
 

Figure 6.6 XRD patterns of as-synthesised MIL-68 monolith and 0.375 GPa pellet in 
comparison with the simulated pattern from the Cambridge Structural Database (CCDC 
code: LOQLEJ). 
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Figure 6.7. a) Raman spectra of ZIF-8 pellets prepared with different compaction 
pressures. b, c) Evolution of some characteristic peak shifts within the pressure range 
analysed (imidazolate ring puckering and C-H stretching, respectively). 
 

 
Pelleting 
pressure 

(GPa)  

Raman shift 
(cm-1) 

0 178.5 688.5 1147.5 1185 1461 1506 2928 3114 3135 

0.075 178.5 688.5 1147.5 1186.5 1461 1507.5 2929.5 3115.5 3136.5 

0.15 177 688.5 1147.5 1185 1461 1507.5 2931 3115.5 3136.5 

0.375 177 687 1147.5 1185 1461 1506 2929.5 3115.5 3136.5 
Table 6.1 Evolution of the characteristic Raman peaks of ZIF-8  within the pressure range 
analysed. 
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Figure 6.8 Raman spectra of MIL-68 pellets prepared with different compaction 
pressures. 
 

6.3 Micropillar compression 

The stress-strain relationships of ZIF-8 and MIL-68 monoliths were also estimated by 

micropillar compression (Figure 5 of Paper 3). 

Two sets of micropillars per sample were fabricated by focused ion beam (FIB) 

milling, as illustrated in Figure 6.9, using the settings listed in Table 6.2. The voltage was 

set to 30 keV. Figures 6.10 to 6.13 and 6.14 to 6.17 show SEM pictures of the micropillars 

for ZIF-8 and MIL-68 respectively, before and after the uniaxial compression test 

performed in the instrumented nanoindenter. Figures 6.18 and 6.19 display the load 

displacement curves obtained from each test, for ZIF-8 and MIL-68, respectively, from 

which the stress-strain curves were derived. 
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The two monoliths exhibited two different stress-strain behaviours. ZIF-8 

micropillars failed by brittle fracture, due to elastic crack propagation, as revealed by the 

presence of “pop-ins” (sudden displacement bursts at a constant load) in the 

load-displacement and stress-strain curves. Splitting along the pillar axis direction was 

observed to be the failing mechanism (Figure 6.20). On the other hand, MIL-68 displayed 

a substantial plastic deformation, and no pop-in was detected. In contrast to ZIF-8, SEM 

images of the collapsed micropillars show no sign of longitudinal cracking (Figure 6.21). 

 

Material Set # 
Pillar 

# 

FIB 
beam 

current 
(mA) 

Height (μm) Diameter (μm) 

input measured input measured 

ZIF-8 

1 
1 1.234 10 11 7 6 
2 1.232 7 10 7 7 
3 1.234 7 10 7 7 

2 

1 1.557 7 8.4 7 7 
2 1.571 7 8.7 7 7 
3 1.58 7 8.5 7 7 
4 1.583 7 8.5 7 7 

MIL-68 

1 
1 1.418 7 18 7 7 
2 1.422 3.5 7 9 8 
3 1.43 5 8 9 7.5 

2 
1 1.418 5.5 8.7 7 6.7 
2 1.432 4 7.2 7 6.4 
3 1.44 4.4 7.6 9 8.8 

Table 6.2.  Beam current used for FIB milling and dimensions (height and diameter) of 
the micropillars manufactured from MOF monoliths. 
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Figure 6.9. Overview of the micropillars set fabricated on the ZIF-8 and MIL-68 
monolithic samples.  
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Figure 6.10. Top view of the set #1 of micropillars made on a ZIF-8 monolith, before 
and after the compression test. 
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Figure 6.11. Tilted view (55°) of the set #1 of micropillars made on a ZIF-8 monolith, 
before and after the compression test. 
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Figure 6.12. Top view of the set #2 of micropillars made on a ZIF-8 monolith, before 
and after the compression test. 
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Figure 6.13. Tilted view (55°) of the set #1 of micropillars made on a ZIF-8 monolith, 
before and after the compression test. 
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Figure 6.14. Top view of the set #1 of micropillars made on a MIL-68 monolith, before 
and after the compression test. 
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Figure 6.15. Tilted view (55°) of the set #1 of micropillars made on a MIL-68 monolith, 
before and after the compression test. 
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Figure 6.16. Top view of the set #2 of micropillars made on a MIL-68 monolith, before 
and after the compression test. 
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Figure 6.17. Tilted view (55°) of the set #2 of micropillars made on a MIL-68 monolith, 
before and after the compression test. 
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Figure 6.18 Load-displacement curves measured from the uniaxial compression of ZIF-8 
micropillars. 
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Figure 6.19 Load-displacement curves measured from the uniaxial compression of 
MIL-68 micropillars. 
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Figure 6.20 Details of post-compression of ZIF-8 micropillars: a-b) tilted and top views 
of pillar #2 of set #1; c-d) tilted and top views of pillar #3 of set #1; e) pillar #1 of set #2; 
f) pillar #4 of set #2. 



6 Stress-Strain Relationships and Yielding Behaviour of MOF Monoliths 

132 
 

Figure 6.21 Details of post-compression of MIL-68 micropillars: a) pillar#2 of set#1; b) 
pillar#3 of set#1; c) pillar#1 of set#2; d) pillar#2 of set#2; e) pillar#3 of set#2; 
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6.4 Paper III: Stress-strain relationships and yielding of 

MOF monoliths 

(Manuscript draft) 
 
  



6 Stress-Strain Relationships and Yielding Behaviour of MOF Monoliths 

134 
 

Stress-strain relationships and yielding of MOF 

monoliths 

Michele Tricaricoa, Cyril Besnardb, Gianfelice Cinquec, Alexander M. Korsunskyb and 

Jin-Chong Tana* 

 

a Multifunctional Materials and Composites (MMC) Laboratory, Department of 

Engineering Science, University of Oxford, Parks Road, Oxford, OX1 3PJ, United 

Kingdom 

b MBLEM, Department of Engineering Science, University of Oxford, Parks Road, 

Oxford, OX1 3PJ, United Kingdom 

c Diamond Light Source, Harwell Campus, Chilton, Oxford OX11 0DE, United Kingdom 

 

*E-mail: jin-chong.tan@eng.ox.ac.uk 

 

  

mailto:jin-chong.tan@eng.ox.ac.uk


6 Stress-Strain Relationships and Yielding Behaviour of MOF Monoliths 

135 
 

Abstract 

Metal-organic frameworks (MOFs) have emerged as a versatile material platform for a 

wide range of applications, including chemical sensing, separation, gas adsorption and 

energy storage. However, the development of practical devices is constrained by their 

inherently low mechanical stability. The synthesis of MOFs in a monolithic morphology 

represents a viable way for the transition of these materials from laboratory research to 

real-word applications. The design of MOF-based devices cannot overlook the 

mechanical characterisation of such materials. In this regard, stress-strain relations 

represent the most valuable tool for assessing the mechanical response of materials. Here 

we performed flat punch nanoindentation and micropillar compression on ZIF-8 and 

MIL-68 monoliths, to estimate, for the first time, the stress-strain behaviour of this class 

of MOF materials. We employed Raman spectroscopy to pinpoint residual strain locally, 

at the framework length scale. A “pseudo-plastic” flow was observed under indentation, 

where the confining pressure prevents unstable crack propagation. Material flow is 

accommodated by grain boundary sliding, with occasional stepwise cracking to 

accommodate excessive stress building-up. Permanent distortions at the framework level 

take place when the stiffness of the MOF cage is close to the intergranular cohesion (high 

H/E), as in the case of ZIF-8. Micropillar compression revealed a brittle failure of ZIF-8, 

due to elastic propagation of cracks, while plastic flow was observed for MIL-68.  

 

1. Introduction 

Metal-organic frameworks (MOFs) represent a relatively new class of hybrid nanoporous 

materials, made up of organic ligands and metal clusters that self-assemble into a lattice 

framework with a significant internal surface area. Several different framework-type 
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compounds with high chemical stability, adjustable physical properties, organic 

functionality, and porosity have been developed over the past 25 years of research [1], 

opening up a wide range of potential technological applications [2-6]. 

Yet, there is not much of a crossover between academic research and industrial practical 

uses. A poor understanding of the mechanical properties is one of the causes of this 

shortcoming. The topic of MOF mechanics [7-10] is still in its infancy despite the 

extensive research put into the chemical synthesis of new framework structures and the 

characterisation of their functional properties. The primary reason for this is the 

morphological limitations of this class of materials, which are frequently synthesised as 

polydisperse microcrystalline powders and challenging to characterise using traditional 

mechanical testing. A way to overcome this limitation is represented by the sol-gel 

synthesis route, which enables the fabrication of sturdy and bulk monolithic morphologies 

[11]. Several types of nanoporous sol-gel monoliths have already been reported, including 

MOFs such as ZIFs [12-14], HKUST-1 [15] and UiO-66 [16, 17] and COFs (covalent 

organic frameworks) [18]. This method produces a hierarchical pore distribution, which 

enhances gas absorption capabilities [19].  

Most of the mechanical characterisation of MOFs to date is based on nanoindentation-

based measurements, particularly of Young's modulus and hardness, by using the method 

developed by Oliver and Pharr [20]. One of the first studies reporting the mechanical 

properties of a MOF material were carried out by Bahr et al. [21], who characterised 

MOF-5, a zinc-based framework, and determined a Young’s modulus of 7.9 GPa for the 

(100)-oriented face. Tan et al. [22] performed nanoindentation measurements on different 

types of zeolitic imidazolate frameworks (ZIFs) and were able to correlate the mechanical 

responses with the different ZIF structures (given by the different combinations of organic 
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and inorganic building blocks). Their findings revealed that crystals porosity and linker 

morphology strongly affect the mechanical properties of the framework. Particularly, 

crystals with a higher porosity can sustain lower loads and show a smaller elastic 

recovery, compared to the structure characterised by smaller pore sizes. When 

frameworks of the same topology are considered, the ones incorporating bulky imidazole 

ligands will exhibit a greater stiffness. The aromatic linkers tend to fill up the pores, 

inducing steric hindrance and additional short-range dispersion interactions resulting in 

the stiffening of the structure. Furthermore, it was demonstrated that the metal sites serve 

only as compliant nodes for connecting linkages [23]. The effect of linkers on the elastic 

properties was explored also by Bennett et al. [24], who observed that the Young’s 

modulus of ZIF-zni is three times greater than that of its Boron Imidazolate Framework 

(BIF) isostructural analogue (alternate Zn cations are replaced by Li and B respectively), 

LiB(Im)4, due to the superior stiffness of Zn-Im-Zn linkages compared to their Li-Im-Li 

counterparts. 

Mechanical properties of MOF thin films and coatings have been explored either by 

nanoindentation [25] or nanoscratch tests [26].  

The literature regarding MOF monoliths mechanics has started to grow in the last few 

years. Tian et al. [15] performed nanoindentation on a HKUST-1 sol-gel monolith, and 

measured a Young’s modulus of 9.3 ± 0.3 GPa, which resembles the stiffness value 

predicted by theoretical calculations (E = 8.1 GPa, [27]). The monolith hardness 

(H = 460 MPa) is about 130% greater than the HKUST-1 epitaxial film (H = 200 MPa) 

reported by [25]. Their findings suggest that the high bulk density of the HKUST-1 

monolith not only improves the volumetric adsorption capability but also the mechanical 

resilience. Connolly et al. [16] reported the mechanical properties of UiO-66 monoliths, 
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which were found to vary significantly with drying conditions and washing procedures. 

In our recent study [13], the mechanical response of two ZIF sol-gel monoliths, namely 

ZIF-8 and ZIF-71, was analysed by a combination of nanoindentation, nanoscale Fourier 

transform infrared spectroscopy (nanoFTIR), tip force microscopy (TFM) and finite 

element method (FEM) simulations. In a nutshell, we were able to pinpoint the 

mechanical deformation mechanisms in monolithic ZIF materials. Grain boundary sliding 

predominates at low stresses, followed by the collapse of chemical bonds and a partial 

failure of the framework due to shear stress, which eventually leads to densification of 

the porous framework at the contact area. In a follow-up study [28] we explored the 

fracture behaviour of MOF monoliths, by analysing the nanoindentation-induced crack 

initiation and propagation of four prototypical MOF monoliths (ZIF-8, HKUST-1, MIL-

68 and MOF-808), characterised by different framework architectures. We observed a 

clear correlation between elastic recovery and crack resistance, with the monoliths 

exhibiting low elastic recovery being remarkably tough (i.e., MIL-68 and MOF-808). 

This outstanding ductility was ascribed to a combination of nanostructure (size and shape 

of nanogranular aggregates) and framework architecture. These factors result in the 

occurrence of shear faults, most likely in correspondence of the grain boundaries, well 

contained within the contact area. This localised micro-failure mechanism dissipates 

energy, hence preventing the initiation of cracks form the indent’s corners.  

In the present work, we have studied two monoliths, ZIF-8 and MIL-68, prepared by sol-

gel processing, leveraging the high concentration reaction (HCR) method [29], as 

illustrated in Figure 1. These two materials are characterised by different fracture 

behaviours under sharp indentation [28]. For the first time, we estimated the stress-strain 

(σ – ε) relationships of the two systems by two different approaches, flat punch 
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indentation and micropillars compression, with the aim of elucidating the yielding and 

plastic behaviour of this class of materials. Our findings reveal different plastic responses, 

which can be ascribed to the nanogranular structure and the framework architecture. 

Moreover, we used confocal Raman spectroscopy to shed light on the contribution of the 

framework to the residual strains induced by flat punch indentation. To the best of our 

knowledge, this is the first attempt to evaluate stress-strain relations of MOF monoliths. 

Micropillar compression of MOF glasses [30] and single crystals [31] have been reported 

recently, but studies of this type are still quite limited due to the great susceptibility of 

this materials to focused ion beam (FIB) damage. 

 

2. Experimental methods 

2.1 Materials synthesis 

Zinc nitrate hexahydrate (Zn(NO3)2·6H2O), 2-methylimidazole (mImH), indium nitrate, 

1,4-benzenedicarboxylate (BDC), triethylamine (NEt3), dimethylformamide (DMF), 

methanol (MeOH), and acetonitrile (MeCN) were purchased from Fisher Scientific and 

used as received. 

ZIF-8 monoliths were synthesised following the procedure described in [13]: 0.595 g of 

Zn(NO3)2·6H2O and 0.493 g of mImH were dissolved in 9 mL of DMF each and stirred 

for 5 minutes. Then, 0.837 mL of triethylamine (NEt3) was added to the linker solution. 

Subsequently, the two solutions were combined in a 50 mL vial, where a gel was promptly 

formed. The mixture was sonicated for 5 minutes and then washed three times, in 50 mL 

of solvent (DMF, MeOH and MeCN, respectively), followed by centrifugation at 8,000 

RPM. The collected solid was dried slowly at room temperature (RT ~25 °C) for 3 days 

under the fume cupboard to yield monoliths. 
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MIL-68(In) monoliths 9 mL DMF solution of 797 mg 1,4-benzenedicarboxylate (BDC) 

plus NEt3 (9.6 mmol) were dissolved together. Subsequently, 9 mL DMF solution of 1444 

mg indium nitrate was added into the mixture. Then the product was washed thoroughly 

4 times (2 times with DMF, 2 times with MeOH). The nanocrystals of MIL-68(In) were 

separated from the suspension by centrifugation at 8,000 rpm for 10 mins and the excess 

solvent decanted. The obtained material was dried at room temperature for 3 days to yield 

monoliths. 

2.2 Nanoindentation 

Nanoindentation tests were carried out using an iMicro nanoindenter (KLA-Tencor), 

equipped with a 1N load cell. The as-synthesised monoliths were cold mounted in epoxy 

resin (Struers Epofix), resulting in cylindrical samples. The specimens were thoroughly 

polished with sandpapers and diamond suspensions, in order to minimize roughness and 

obtain a flat surface, suitable for nanoindentation. 

We employed a flat punch indenter (diameter 10.64 μm) and the method described in [32] 

to estimate stress-strain relations. The flat punch indenter was pressed into the surface at 

a constant strain rate (0.005 s-1) to a maximum depth of 5000 nm. More details of the 

method are given in the Supporting Information, section S1. 

2.3 Pellet preparation 

ZIF-8 and MIL-68 pellets were produced by using a hydraulic press. 100 mg of material 

per pellet were compressed under pressures of 0.075, 0.15 and 0.375 GPa. 

2.4 Confocal Raman microscopy (microRaman) 

Raman spectroscopy measurements were performed at beamline B22, Diamond Light 

Source (DLS), Didcot (UK), using a confocal Bruker Senterra Raman microscope. The 

maps of the residual flat punch indents were collected by setting the following 
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measurements conditions: objective 50x, laser 532 nm with grating 1200, resolution 

3-5 cm-1, laser power 12 mW, integration time 5000 ms, scan area 40 μm x 40 μm, 21 x 21 

points. 

Averaged Raman spectra of the pellets were obtained by collecting 20 spectra per sample, 

in different areas. In this case a 20x objective was employed and a 5 s bleaching step was 

necessary for baseline corrections. All the other parameters were kept constant. 

2.5 XRD 

X-Ray diffraction (XRD) patterns were recorded using a Rigaku MiniFlex with a Cu Kα 

source (1.541 Å). 

2.6 ATR-FTIR 

Attenuated total reflection Fourier Transform Infrared (ATR−FTIR) spectra were 

recorded using a Nicolet iS10 FTIR spectrometer. 

2.7 SEM and FIB 

SEM images of the nanocrystalline aggregates were acquired with a Tescan Lyra 3 

(Tescan, Czech Republic) field-emission scanning electron microscope, operating under 

a voltage of 10 keV. A focused ion beam (FIB) setup, equipped to the SEM instrument, 

was used to fabricate the micropillars for compression test. The voltage was set to 30 kV, 

the values of beam current are listed in Table S2. 

2.8 Micropillar compression 

Compression tests of the micropillars were performed by a flat punch indenter (diameter 

10.64 μm), using an iMicro nanoindenter (KLA-Tencor), equipped with a 50 mN load 

cell. 
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3. Results 

3.1 Stress-strain relations by flat punch nanoindentation tests 

The resulting load-depth and stress-strain (σ – ε) curves are shown in Figure 2. The elastic 

recovery, which is more prominent for ZIF-8, is the key difference when examining the 

load depth curves (Figure 2a). For both monoliths, a moderate strain hardening was 

observed in the σ – ε curves (Figure 2b), particularly for ZIF-8. The results are listed in 

Table 1. It should be noted that since these values were calculated using a model 

conceived for metals (Hollomon's power law), they cannot be regarded as absolute 

material properties. However, these numbers can be used to contrast the two monoliths' 

plastic behaviour. Similar yield stresses exist for the two materials (88.2 and 90 MPa for 

ZIF-8 and MIL-68 respectively). Given its higher hardness, ZIF-8 has a slightly higher 

strength coefficient (K). ZIF-8's strain hardening exponent (n) is about twice as large as 

MIL-68's. This can be attributed to the ZIF-8 framework's better flexibility, which makes 

it more likely to densify (and ultimately collapse) [13], increasing the monolith's strength. 

MIL-68, on the other hand, has a stiffer framework and smaller particle size, which leads 

to improved ductility [28]. Notably, the flow stress of the monoliths in their fully plastic 

regime (plateau in σ – ε curves) is 1/3 of the hardness, in accordance with Tabor theory 

of elastic-plastic contact [33]. The data points in such a regime are actual experimental 

data (as opposed to the elastic and initial yielding regime, extrapolated from Hollomon’s 

power law), which confirms the results of our previous work [13], where we suggested 

that the behaviour of MOF monoliths can be well approximated by a simple elastic-

perfectly plastic mechanical model. 

Another difference between the load-depth curves of the two monoliths can be observed 

in the very first part of the loading curve (indentation depth < 200 nm). Figure 2c 
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illustrates a detailed view of the loading curve in such a range and its first derivative: 

MIL-68 exhibits a stiff response in this range, followed by an evident softening for depths 

> 200 nm. This is not the case for ZIF-8, which exhibits a softer response, without any 

slope changes. We reasoned that this may be due to the higher elastic modulus of the 

MIL-68 framework, that provides a stiff response prior to grain boundary sliding taking 

place. 

The residual imprints left by the flat punch on the two monoliths surface are shown in 

Figures 2d-e. Concentrical ring-shaped cracks are evident in both cases, which resemble 

the shear faults observed in Vickers residual indents in our previous work [28]. This 

suggests that the yielding of these MOF monoliths consists of stepwise microcracking - 

accommodating excessive build-up of stress - likely taking place at the grain boundaries 

between the nanocrystals. Such a localised failure mechanism is well contained in the 

vicinity of the residual imprints and does not lead to critical crack propagation. This is 

supported by the absence of “pop-ins” (i.e., sudden displacement bursts) in the load-depth 

curves, which are typically associated with indentation cracking. 

 

3.2 Spectroscopy analysis of residual strains 

3.2.1 microRaman of residual flat punch imprints 

The two materials, characterised by different framework architectures (Figure 1b-c), 

exhibited a different behaviour: we noticed shifts of some characteristic Raman bands in 

ZIF-8 moving from outside to inside the indent, while the position of all the MIL-68 bands 

was not affected. 

Let us analyse in detail the ZIF-8 Raman spectrum. As reported by Chen et al.  [34] in 

their in-situ study of the effect of high-pressure on ZIF-8 crystalline powders, the majority 
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of the bands are due to methyl group and imidazolate ring vibrations. The low-frequency 

bands (176, 284 and 422 cm-1) are ascribed to the ZnN4 tetrahedra vibrations. The other 

bands are assigned as follows: 

 686 cm-1 and 694 cm-1 (shoulder): imidazolate ring puckering; 

 836 cm-1, 953 cm-1 and 1024 cm-1: C-H out-of-plane bending vibration in the Im 

ring; 

 1146 cm-1 and 1185 cm-1: C-N stretching vibration in the Im ring; 

 1461 cm-1: C-H wag in the methyl group; 

 1500 cm-1: C=C stretching in the Im ring; 

 2930 cm-1: C-H stretching in the methyl group; 

 3114 cm-1 and 3135 cm-1: C-H stretching in the Im ring (aromatic group). 

 
We can compare our results (Figure 3) with those obtained by Chen et al. [34], whom 

observed the evolution of Raman bands with in-situ high pressure, up to 19.9 GPa. In our 

case the maximum pressure applied by the punch is much smaller (in the order of 

0.1-0.2 GPa) and the material underwent elastic recovery before the measurement. 

Despite these differences, some similarities can still be observed. First, a broadening of 

all the bands was observed inside the indent due to compression, as expected. As shown 

in Figure 3 and Figure S2, blue shifts, caused by bond compression, were observed for 

Zn-N vibrations (176 cm-1), Im ring puckering (686 cm-1) and out-of-plane bending 

(1024 cm-1). Interestingly, red shifts – usually related to a state of tension of the bonds – 

were observed for two of the bands relative to C-H out-of-plane bending vibrations in the 

Im ring (836 cm-1 and 953 cm-1), C-N stretching vibration in the Im ring (1146 cm-1 and 

1185 cm-1), C-H wag in the methyl group (1461 cm-1), C=C stretching in the Im ring 

(1500 cm-1) and C-H stretching in the Im ring (3114 cm-1 and 3135 cm-1). The red shifts 
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mostly correspond to stretching vibrations in the linker (Im ring): this is due to the 

peculiar mechanical instability of the ZIF-8 framework, that is characterised by an 

extremely low shear modulus [23] and undergoes shear-mode softening under 

compression [35]. We reasoned that the shear-induced deformation of the framework 

induces a state of tension in the linker. 

It is worth noting that the indentation does not induce any residual strain of the crystal 

structure outside the contact area, suggesting that the plastic flow consist of shear-driven 

grain boundary sliding and rearrangement of the nanograins to accommodate the applied 

shear strain [13]. 

On the other hand, the Raman spectra of MIL-68 inside and outside the indent are 

identical, except for some amount of band broadening (Figure 4). To the best of our 

knowledge, no Raman studies of the structural stability of MIL-68 are available so far. 

Hu et al. [36] analysed the behaviour of MIL-68 under high pressure by FTIR 

spectroscopy. They observed a full recovery of the structure upon releasing of the 

pressure for the as-made sample (i.e., prior to activation, with some DMF still trapped in 

the channels), while the spectrum of activated MIL-68 was irreversibly modified, 

especially the OH stretching mode, which is more sensitive to compression. The peaks 

relative to OH stretching were strongly broadened and their intensity decreased already 

with a small pressure (namely 0.12 GPa, comparable to the one applied by our 

nanoindentation test). This suggests a significant guest-host interaction in the framework 

upon compression. The absence of major changes in the Raman spectrum in our case 

suggests a complete recovery of the framework structure, facilitated by the presence of 

some residual DMF molecules in the channels, demonstrated by the (weak) band at 

~1664cm-1 (C=O stretching in DMF), as highlighted in Figure 4. 
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3.2.2 Effect of mechanical pressure on ZIF-8 and MIL-68 pellets  

We wanted to investigate the effect of pressure on the monoliths by bulk spectroscopy 

measurements and compare it to the results obtained for the flat punch indents. We 

prepared pellets by applying pressures of the same order of magnitude of the one 

generated under the punch during nanoindentation (see Experimental Methods). The 

resulting pellets were characterised by means of bulk ATR-FTIR, Raman spectroscopy 

and XRD. 

The FTIR spectra of the ZIF-8 pellets (Figure S3) suggest that the framework structure is 

preserved in the examined pressure range. This hypothesis was confirmed by XRD 

diffraction (Figure S4), which indicates that the crystal structure is preserved after a 

compression to 0.375 GPa. Our results are in agreement with the IR in-situ study by Hu 

et al. [37], that observed a reversibility of the pressure-induced structural modifications 

in ZIF-8 microcrystals upon compression to 1.6 GPa followed by decompression. The 

only change detected was a slight splitting of the out-of-plane bending mode of the linker 

(~760 cm-1). We observed the appearance of a shoulder on the low frequency side of the 

peak rather than a split, due to the low intensity of the pressure applied. In the IR spectrum 

of the as-made monolith we noticed two extra peaks (~1088 cm-1 and ~1255 cm-1), 

corresponding to N-CH3 vibrations modes in DMF molecules, which suggest the presence 

of residual solvent. The intensity of these peaks is severely reduced after pelletisation, 

indicating that solvent squeezes out upon compression. Raman spectroscopy (Figure S5) 

revealed shifts of the framework characteristic bands, similarly to what was observed 

inside the flat punch indents. However, some peaks shifted in a direction opposite to the 

residual indent, as reported in Table S1. For example, the imidazolate ring puckering 

(688 cm-1) and the C-H stretching bands (3114 cm-1 and 3135 cm-1) exhibited red and 
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blue shifts respectively (Figures S5b and c). This difference can be ascribed to the 

different stress fields generated by flat punch indentation and hydrostatic compression, 

with the latter being characterised by the absence of a shear component. 

Let us now consider MIL-68 pellets. Also in this case we did not observe any significant 

changes in the FTIR spectra after decompression (Figure S6), proving again that the 

framework structure can be easily recovered in the pressure range examined. Moreover, 

the intensity of the band relative to C=O stretching in DMF (~1673 cm-1) is not 

significantly reduced with the increasing pressure, as opposed to ZIF-8. This might 

indicate that the solvent is trapped inside the MIL-68 framework channels. XRD patterns 

(Figure S7) proved once again that the crystal structure was not modified upon 

compression to 0.375 GPa. Again, no peak shifts were seen when Raman spectra were 

examined (Figure S8). 

 

3.3 Micropillar compression 

Two sets of micropillars were fabricated on each sample (Figure S9). SEM images of the 

micropillars before and after the tests were taken for each ZIF-8 (Figures S10 to S13) and 

MIL-68 (Figures S14 to S17). The load-displacement curves resulting from each test are 

shown in Figure S20 and Figure S21 for ZIF-8 and MIL-68 respectively. These curves 

were converted into classical stress-strain (σ - ε) curves, using the following relations: 

� =
�

�
��
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 (1) 

� =
ℎ

�
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Where P is the load, d the pillar diameter, h the vertical displacement and l the pillar 

height. The resulting σ – ε curves (Figure 5a and 5b for ZIF-8 and MIL-68 respectively) 

showed good reproducibility, particularly the elastic behaviour. 

ZIF-8 exhibited a brittle behaviour (Figure 5a): "pop-in" events that are visible during 

elastic loading and may have been caused by the propagation of cracks, are followed by 

a second, less steep, linear (elastic) segment, indicating that the material response is still 

elastic but that a smaller cross-sectional area is now bearing the applied load. As we can 

observe in Figure 5d and Figure S18, the cracks propagate along the longitudinal direction 

of the pillars, essentially splitting it in two, hence reducing the cross-sectional area 

bearing the load. The pillars that were brought to failure (see Table 2) were all broken at 

~17% strain. The strain rate was found to influence the yield stress (in this case defined 

as the stress at which the first “pop-in” appears), which decreased of ~30% (from ~200 

to ~135 MPa) when the strain rate was reduced from 0.2 to 0.001 s-1. The Young’s 

modulus (measured as the slope of the linear segments, before pop-ins) was 

2.45 ± 0.37 GPa, slightly lower than the one measured by nanoindentation for the same 

material (3.18 GPa) [13]. 

The stress-strain behaviour of MIL-68 was very different from that of ZIF-8. As shown 

in Figure 5b, there is a significant plastic deformation (large strains lying within the 

20-50% range) and no “pop-ins” are observed. There is no evidence of longitudinal cracks 

(Figure 5e and Figure S19), as opposed to ZIF-8. Two pillars failed (set #1 - pillar #1 and 

set #2 - pillar #1) and their fracture surfaces (Figure S14 and Figure S16, respectively) 

suggest that the pillars cracked in the direction perpendicular to their axis, contrary to 

what was observed for ZIF-8 (Figure S18c-d), with the pillar failing after longitudinal 

splitting. Particularly noteworthy is the case of pillar #1 of set #2 (Figure S19c), that was 
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not crushed like the others, but rather “cut” at its base. This outcome may suggest a 

buckling failure, given the greater slenderness of this pillar (h/l = 2.6, against ~1 of the 

others). The average Young’s modulus was 2.28 ± 0.40 GPa, which is considerably lower 

than the indentation modulus of 13.24 ± 0.52 reported in [28]. 

 

4. Discussion 

The stress-strain behaviour of ZIF-8 and MIL-68 was studied by flat punch 

nanoindentation and micropillar compression. In the first case, both monoliths showed a 

relatively ductile behaviour, with a small amount of strain hardening, and their flow stress 

is extremely close to H/3, as predicted by Tabor [33] for elastic-perfectly plastic materials 

in the fully plastic regime. However, ring-shaped cracks were observed around the 

residual imprints, but no pop-ins events were detected in the load-depth curves. These 

results suggest that the yielding of the monoliths is triggered by localised stepwise micro-

failure, most likely taking place at the grain boundaries, rather than plastic flow driven 

by dislocations motion, as is the case for metals. This “pseudo-ductility” is promoted by 

the fine granular nanostructure of these materials, in accordance to the findings of our 

previous works [13, 28]. Confocal Raman microscopy of the residual indents revealed 

that ZIF-8 framework is distorted in the contact area, presumably by shear, while MIL-

68 framework remains stable, with the whole load absorbed by grain boundary sliding. 

The densification associated to framework distortion in ZIF-8, may be the reason of its 

slightly higher strain hardening exponent (n). 

Nevertheless, the σ – ε curves of ZIF-8 obtained by micropillar compression indicate a 

brittle behaviour. This is due to the different stress states generated by the two tests: 

uniaxial for micropillar compression and triaxial for nanoindentation. The latter results in 
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a confining pressure that compacts the nanocrystals, improving the overall toughness. The 

failure of ZIF-8 micropillars was caused by elastic crack propagation: longitudinal cracks 

generated during compression propagate leading to pillar splitting. On the other hand, 

MIL-68 does undergo significantly larger plastic deformations, associated to material 

flow. These results are in good agreement with what was reported in [28] concerning the 

indentation fracture toughness of these two monoliths. ZIF-8 was found to be more prone 

to sharp indentation cracking than MIL-68. The different fracture behaviour was ascribed 

to the different framework architectures and nanostructures, resulting in distinct elastic-

plastic behaviours: ZIF-8 is characterised by large elastic recovery and high H/E, 

distinctive features of brittle materials, contrary to MIL-68 (low elastic recovery and low 

H/E), which exhibits an extraordinary resistance to indentation cracking. The ductility of 

MIL-68 stems from the small size of the nanoparticles building blocks and the stiff and 

robust nature of the framework: this combination promotes the grain boundary sliding 

(GBS) as principal deformation mechanism. This dramatically reduces the share of load 

transferred to the framework, avoiding its distortion and eventual collapse, as confirmed 

by the microRaman results, where no stress-induced spectral modifications were 

observed. 

The effect of strain rate on the yield stress of ZIF-8 might be explained with an inertial 

effect, similarly to what is widely observed in rock-like materials (i.e., solid aggregates 

of minerals) [38]. Inertia initially inhibits crack growth, meaning that the cracks will have 

less time to nucleate at higher strain rate, hence starting to propagate at higher stresses. 

The Young’s modulus values measured by σ – ε curves obtained from micropillar 

compression are lower than the results for ZIF-8 and MIL-68 monoliths based on 

traditional nanoindentation [13, 28], particularly for MIL-68, for which it is only 20% of 
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the counterpart measured by nanoindentation. Numerous studies have found that the 

modulus values for micropillars compression are significantly lower than those for 

nanoindentation [39-42]. One explanation for this discrepancy could be the basic 

differences between the two methods. Micropillar compression produces a uniaxial stress 

state, whereas nanoindentation creates a complicated triaxial stress state close to the 

indenter. Additionally, in nanoindentation experiments [20] elastic modulus is estimated 

from unloading slope, which is supposed to be entirely elastic. Moreover, a system 

misalignment due to imperfect initial contact between the pillar and indenter may cause 

an underestimate of the elastic modulus. Another reason may be the inaccurate 

computation of stresses and strains (equations 1 and 2), which only rely on geometrical 

features of the pillars (i.e., height and diameters) measured from SEM images. For 

instance, the nature of FIB milling results in the fabrication of slightly tapered pillars, 

which are approximated to perfect cylinders to calculate the uniaxial stress. Moreover, in 

the case of self-assembled nanoparticles-based materials, like the monoliths analysed in 

this work, FIB milling induces the formation of highly porous network, caused by the 

nanoparticles migration and melting upon ion beam exposure [43]. This phenomenon was 

observed in both ZIF-8 and MIL-68 samples, as porous networks are visible inside the 

trenches surrounding the pillars (Figures S10-17). The presence of this features may affect 

the computation of strain since the actual height of the pillars may be higher than the 

measured one. Finally, there may be some experimental aspects that are material specific. 

The extremely high vacuum pumping in FIB might damage the porous monoliths 

containing entrapped solvent. This could lead to further loss of stiffness. The mechanical 

properties could also be impacted by FIB-induced damage due to Ga+ ion implantation. 
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5. Conclusions 

The stress-strain relations of two prototypical MOF monoliths, ZIF-8 and MIL-68, 

obtained by sol-gel synthesis route, were evaluated by flat punch indentation and 

micropillar compression. Under indentation, when a confining pressure is present and 

crack propagation is constrained, both the materials display a similar plastic behaviour, 

characterised by a minimal amount of strain hardening. As reported in previous works, 

this behaviour is promoted by the peculiar nanostrucuture of the sol-gel monoliths, which 

favours grain boundary sliding as the main deformation mechanism. When the framework 

itself is compliant enough, it can permanently deform, absorbing part of the applied load. 

This phenomenon was observed in ZIF-8 monolith, as demonstrated by the microRaman 

analysis of the residual flat punch indent, which evidenced the presence of residual strains 

at the framework level. Micropillar compression resulted in two different yielding 

behaviours: ZIF-8 fails by elastic crack propagation, while MIL-68 exhibits a certain 

amount of plastic flow prior to failure. 

The results of this work will broaden the current understating of the mechanical behaviour 

of MOF monoliths and nanocrystalline porous materials in general, which are currently 

still at an early stage, but are essential for moving this class of materials from academic 

interest to real-world use.  
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Table 1. Mechanical properties of ZIF-8 and MIL-68 monoliths extrapolated from the 
stress-strain curves obtained by flat punch nanoindentation. The values of hardness were 
computed by Berkovich nanoindentation in previous works. 
 
 

Material Set Pillar 
Max 

depth 
(nm) 

Sample 
failed? 
(Y/N) 

Strain 
rate 
(s-1) 

Young’s 
modulus 

(GPa) 

Yield 
stress 
(MPa) 

Stress 
at 

failure 
(MPa) 

Strain 
at 

failure 
(-) 

ZIF-8 

1 
1 

- 
(*) 

Y 
0.2 

- 
(*) 

- 
(*) 

- 
(*) 

- 
(*) 

2 1000 N 0.2 2.9 185 - - 
3 3000 Y 0.2 2.8 207 250 0.151 

2 

1 1000 N 0.2 1.9 206 - - 
2 1300 Y 0.2 2.2 173 214 0.170 
3 1500 Y 0.001 2.4 133 209 0.187 
4 1000 N 0.001 2.5 136 - - 

Average 2.45 ± 0.34 
173 
± 
30 

224 
± 
18 

0.169 
± 

0.015 

MIL-68 

1 
1 3000 Y 0.001 2.9 120 153 0.208 
2 1000 N 0.001 2.1 115 - - 
3 2000 N 0.001 2.6 157 - - 

2 
1 2500 Y 0.2 2.3 125 207 0.222 
2 2500 N 0.001 1.9 200 - - 
3 2500 N 0.2 1.9 210 - - 

Average 2.28 ± 0.37 
154 
± 
38 

180 
 ± 
27 

0.215 
± 

0.007 

Table 2. Test inputs and material properties of the two monoliths resulting from 
micropillar compression tests. (* Test failed)  

Sample 
Number 
of tests 

Yield 
stress 
(MPa) 

Yield 
strain 

 (-) 

K 
(MPa) 

n 

 (-) 

Average 
flow 

stress 
(MPa) 

Hardness 
(MPa) 

ZIF-8 18 
88.2 ± 
16.4 

0.0238 
± 

0.0033 

184.1 
± 

9.5 

0.1976 ± 
0.0405 

140 ± 10 
452 ± 20 

[13] 

MIL-68 16 
90.0 ± 
10.5 

0.0072 
± 

0.0008 

154.0 
±  

6.6 

0.1093 ± 
0.029 

150 ± 16 
402 ± 13 

[28] 
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Figure 1. a) Schematic of the synthesis of sol-gel MOF monoliths, obtained by leveraging 
the high concentration reaction (HCR) route. b) ZIF-8 framework cage-like architecture 
(unit cell). c) MIL-68 framework channel-like architecture. 
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Figure 2. Flat punch nanoindentation tests. a) Load-depth and b) stress-strain curves 
resulting from nanoindentation tests of ZIF-8 and MIL-68 monoliths using a flat punch 
(diameter 10.64 μm). c) Magnification of two representative load-depth curves in the 
range 0-500 nm (top) and their first derivative (bottom). SEM images of some 
representative residual flat punch imprints on d) ZIF-8 and e) MIL-68. 
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Figure 3. Confocal Raman microscopy of a flat punch residual imprint on ZIF-8. a) 
Representative Raman spectra taken outside and inside the residual indent. The insets 
show details of the stress-induced blue-shift of the 686 cm-1 band (Im ring puckering) and 
red-shift of the 3114 cm-1 and 3135 cm-1 bands (C-H stretching in the Im ring). b) 
Micrograph of the indent. c-d) Maps indicating the spectral position of some of the 
characteristic phonon bands of ZIF-8, 686 cm-1 and 3135 cm-1 respectively. 
  



6 Stress-Strain Relationships and Yielding Behaviour of MOF Monoliths 

157 
 

Figure 4. Representative Raman spectra of a MIL-68 monolith taken outside and inside 
a residual flat punch imprint. The inset shows a magnified view of the 1611 cm-1 band, 
clarifying the absence of stress-induced shifts. 
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Figure 5. Micropillars compression tests. a-b) Stress-strain curves relative to ZIF-8 and 
MIL-68 micropillars compression, respectively. c) Comparison of some representative 
ZIF-8 and MIL-68 stress-strain curves, obtained by compression at different strain rates. 
d-e) Representative pillars before test (left), after test (middle) and detailed view after the 
test (right) of ZIF-8 and MIL-68 monoliths. 
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7 Conclusions and Perspectives 

 

 

This thesis aimed to provide a detailed description of the mechanical behaviour of 

MOF monoliths. Some prototypical MOF systems were successfully fabricated in 

a monolithic morphology (a few millimetres to a centimetre in size), leveraging a 

sol-gel synthesis route, a low-cost process that does not require the application of a 

compacting pressure nor the use of support materials, such as templates and binders. 

These materials were systematically studied by means of nanoindentation, 

spectroscopy and finite element simulations, in order to investigate the mechanisms 

underpinning their mechanical behaviour.  

Different facets of the mechanical performances were investigated, including 

constitutive behaviour and plasticity (Chapter 4), fracture toughness (Chapter 5), 

yielding and stress-strain relationships (Chapter 6). 

In Chapter 4, the mechanical properties of two zeolitic MOF monoliths (ZIF-8 and 

ZIF-71) were investigated via Berkovich, cube corner, and spherical 

nanoindentation, AFM, and TFM imaging, along with FE simulations, conducted 

to gain insights into the experimental observations. A simple elastic-perfectly 

plastic constitutive model was found to closely simulate the mechanical behaviour 

of the two materials, exhibiting a good ductility in compression. This observation, 
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in addition to the fine-grained nanostructure revealed by TFM, suggested GBS as 

the initial deformation mechanism of the monoliths. However, this model slightly 

underestimated the load in the case of cube corner indentation. The effect of 

densification can provide an explanation for this discrepancy. It consists of a 

reduction of the volume of material in the area immediately beneath the indenter, 

driven by hydrostatic pressure. It was established that this impact is only relevant 

in the case of cube corner indentation, characterised by a larger hydrostatic pressure 

generated under the indenter. Thereafter, nanoFTIR measurements of the local 

vibrational spectra proved that some densification occurs when the stress rises as a 

result of framework distortion in the contact area, which is most likely caused by a 

shear-induced deformation. 

Chapter 5 is focused on the cracking behaviour under sharp indentation of four 

monoliths, namely ZIF-8, HKUST-1, MIL-68 and MOF-808, each characterised by 

distinctively different open-framework structures. Nanoindentation (employing 

Berkovich and cube corner tips), microindentation (Vickers) and nanoscratch tests 

were carried out. Shear faults were observed inside the contact area in each sample 

and indicated as the principal fracture mechanism. Moreover, a relationship 

between the fracture toughness and the nanostructure and framework architecture 

was observed. Specifically, the monoliths exhibiting an intermediate to high elastic 

recovery (i.e., ZIF-8 and HKUST-1) were the only ones in which the propagation 

of radial cracks took place, indicating that this phenomenon is driven by residual 

stresses upon unloading, as observed in previous indentation studies on brittle 

materials (i.e., soda-lime glass). In contrast, this was not the case for MIL-68 and 
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MOF-808, both characterised by a low elastic recovery, which displayed a higher 

ductility, resulting from their specific framework architecture and smaller size of 

nanograins, which favours the deformation by GBS. This mechanism enables, to 

some extent, to limit the damage to the contact region since the cracks will follow 

the low-energy grain boundaries separating the aggregated nanocrystals making up 

the monolith. Local nanoFTIR spectra collected inside the Vickers residual 

impression of ZIF-8 corroborated this hypothesis: the absence of stress-induced 

structural modifications in the vicinity of the shear faults indicates that the material 

likely fractures at the grain boundaries, dissipating energy. Nanoscratch tests 

further confirmed these speculations. MIL-68 and MOF-808 monoliths in fact 

underwent larger plastic deformation and accommodated larger penetration depths 

with no sign of cracking. On the other hand, ZIF-8 dissipated energy by brittle 

fracture, being unable to sustain such a plastic deformation. The absence of pile-up 

along the scratch direction, usually associated with plastic flow, suggests that a 

continuous flow of material is prevented by the stepwise shear-activated failure of 

the material, well contained inside the scratch area, and not resulting in any 

catastrophic cracking or chipping events.  

Building upon the findings of the previous chapters, Chapter 6 described the 

yielding behaviour and the stress-strain relationships of the ZIF-8 and MIL-68 

monoliths, determined by means of flat punch indentation and micropillar 

compression experiments. These two materials were specifically chosen due to their 

different fracture behaviour under sharp indentation (Chapter 5). They both exhibit 

a similar plastic response to flat punch indentation, when a confining pressure exists 
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and crack propagation is inhibited, with limited strain hardening. This behaviour 

can again be ascribed to the nanostructure of the sol-gel monoliths, promoting GBS 

as the principal deformation mechanism. The microRaman study of the residual flat 

punch indent, revealed the presence of residual strains at the framework level in the 

case of ZIF-8, resulting from the exceptional compliance of its sodalite cage 

architecture. Conversely, the MIL-68 framework was not modified by the applied 

stress, suggesting that the deformation of the monolith was only related to GBS.  

Micropillar compression revealed two kinds of yielding behaviour: ZIF-8 failed by 

elastic crack propagation, evidenced by the occurrence of pop-ins in the 

stress-strain curves, while MIL-68 exhibited more significant plastic flow prior to 

failure. 

The results of this research on the mechanical behaviour of nanocrystalline sol-gel 

monoliths has produced significant new insights that will pave the way for the 

nanostructural engineering and shaping of a class of mechanically robust and 

resilient framework solids suitable for practical applications. 

The fabrication of monolithic MOF materials and composites, as well as the 

mechanical behaviour of MOFs in general are rapidly expanding research areas, 

however they are still in their infancy. This implies that a number of distinct 

research paths can be pursued with the aim of manufacturing mechanically robust 

and resilient devices and sensors. I believe that the following aspects should be 

explored for future work. 

 FEM simulations can be further utilised to model the behaviour of MOF 

monoliths, by employing more elaborate constitutive models. The 
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continuum elastic-plastic material behaviour employed to model ZIF 

monoliths in Chapter 4 represents a first attempt in this sense, but it is not 

totally comprehensive. I envision that some aspects of compressible solids 

such as soil mechanics can be borrowed and adapted to this problem, given 

the consolidated granular nature of MOF monoliths. They can be modelled 

as an aggregate of nanocrystals with a certain size distribution, intergranular 

cohesion, and porosity. In this context, X-ray tomography scans may give 

useful insights on the porous microstructure of this class of materials. 

 Throughout this thesis, local spectroscopy techniques (i.e., nanoFTIR and 

microRaman) have been employed to pinpoint the effect of indentation 

stress on the frameworks, in order to decouple the intragranular and the 

intergranular deformations. Advances in the field of local X-ray diffraction 

techniques may further shed light on this aspect, clarifying how crystallinity 

is affected by the local stress field. At the moment this is still challenging 

due to some practical limitations. Firstly, in order to achieve nanometric 

resolution, high laser powers are necessary, which would result in thermal 

degradation of many MOFs. Secondly, techniques like SAXS (small-angle 

X-ray scattering) require a strict sample preparation that would make it 

impossible to examine indented monoliths. For instance, it is frequently 

necessary to use small samples like TEM lamellae or micropillars. 

 Drying shrinkage cracks represents an important drawback of the sol-gel 

process, severely limiting its scale-up capability. Shrinkage could be 

mitigated by considering alternative drying processes, such as supercritical 
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drying and freeze drying, which are well-established for other materials, 

which will however significantly increase the manufacturing costs. Another 

possibility is through the use of suitable binders, but this would probably 

come with the cost of a decreased “purity” of the monoliths. The inclusion 

of binders could introduce impurities in the system that may affect the 

functional properties of the framework. 

 The fabrication and mechanical characterisation of MOF-polymer 

composites, with the aim of improving the fracture toughness of these 

materials, without sacrificing the functional properties of the frameworks, 

would represent a ground-breaking accomplishment in the field. Observing 

nature can help to achieve this objective: seashells and nacre are an 

outstanding example of extremely tough composites, consisting of highly 

concentrated hard nanoparticles (typically ~95 wt%) in an organic matrix 

(~5 wt% or less). The current limitations of MOF-polymer composites 

include the difficulty of achieving high effective loadings due to reduced 

colloidal stabilities of MOF crystals during the fabrication process 

(aggregates and sediments of MOF powders will form as the loading 

increases) and reduced accessibility of nanopores (the polymer matrix can 

block the internal porosity). At present, a high MOF filler loading exceeding 

~20-30 wt% leads to embrittlement of the resultant MOF-polymer 

composites in the form of mixed-matrix membranes.  Further research is 

needed to address the embrittlement issue.  
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 Luminescent sensors represent a promising and rapidly growing area in 

MOF engineering. They often exploit the guest@MOF principle, consisting 

of the encapsulation of luminescent “guest” molecules in the pores of a 

“host” MOF framework. Several combinations of guest and hosts, resulting 

in a wide range of optical properties, have been reported to date. However, 

to the best of my knowledge, they are mostly produced in the form of 

polydisperse powder and MOF-polymer composites. The idea of 

luminescent MOF monoliths has not been explored thus far. I believe that 

this solution would allow to overcome some intrinsic limitation of both 

powders and polymer composites. With respect to the powders, they would 

provide a certain robustness and resilience, resulting in much easier 

handling. When compared to polymer composites, they would not pose 

issues such as the quenching of the guest@MOF luminescence induced by 

the polymer or the luminescent properties of the polymer itself that in some 

cases (i.e., acrylate photosensitive polymers employed for 3D printing) may 

cancel out the luminescence of the sensing material.
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