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ABSTRACT 

This work investigated the thermo-mechanical responses of two classes of prototypical 

polymer/Metal-Organic Framework (MOF) composites: Matrimid/Zeolitic Imidazolate 

Framework (ZIF)-8 and Polyurethane (PU)/ZIF-8, and explored their potential application 

in the uptake/retention of iodine and the reversible uptake of ethylene. The aim is to develop 

a structure-property relationship and elucidate the influence of ZIF-8 nanoparticles on the 

performance of the nanocomposite, while establishing a contrast between glassy (Matrimid) 

and rubbery (PU) matrices vis-à-vis its interactions with ZIF-8 nanoparticles (MOF fillers). 

Experimental techniques such as dynamic mechanical analysis, uniaxial tensile tests, and 

nanoindentation were employed to study the variation to thermo-mechanical properties as a 

function of the concentration(s) of MOF nanoparticles. With 30 wt.% ZIF-8 content, it was 

demonstrated that the addition of filler nanoparticles decreased the quasi-static mechanical 

properties of the Matrimid/ZIF-8 nanocomposite (17.5% decrease in the Young’s modulus 

and ~90% drop in ductility), but benefit the PU/ZIF-8 nanocomposite (~700% increase in 

the Young’s modulus while retaining ~70% ductility of the neat PU matrix). The dynamic 

mechanical response of Matrimid/ZIF-8 nanocomposite remained almost comparable with 

its matrix, but PU/ZIF-8 nanocomposite exhibited tunability in its dynamic response. Higher 

concentrations of ZIF-8 nanoparticles resulted in a significant rise in storage moduli and 

decrease in loss moduli.   

The PU/ZIF-8 (30 wt.% of ZIF-8) nanocomposite exhibited significant uptake/retention of 

iodine (~32 wt.%) and reversible uptake of ethylene (~0.6 mmol g-1 at 5 °C). This is 

attributed to the molecular accessibility afforded by the PU matrix in conjunction with the 

porosity and chemical affinity of the 2-methylimidazolate ligands with iodine and ethylene 

guest species. In contrast, the glassy Matrimid matrix demonstrated poorer uptake 

performance due to its limited accessibility and robust microstructural features, which 

greatly limited the interactions between the ZIF-8 nanoparticles with iodine and ethylene.  

It was also confirmed that the response of the matrix dictates the overall performance of the 

nanocomposites because they constitute the structural majority of the composite system, 

and determine crucial factors such as accessibility to the functional MOF nanoparticles 

incorporated within.
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CHAPTER ONE  

Introduction 

 

The recent attraction of employing polymeric membranes to afford wide ranging energy-and 

environmental-oriented applications has reached a new zenith [1-3]. The cost 

competitiveness underpinning emergent membrane technology [4], combined with the ease 

of processability and stability of organic polymers makes it a strong contender for many 

important industrial applications, namely selective gas separations [5, 6], pervaporation [7], 

desalination, and water purification [8, 9]. In fact, the study of its practical applicability will 

go a long way into propelling membrane technology to the forefront of commercial 

applications, owing largely to its promising intrinsic material functions, inert characteristics, 

and lower overall energy requirements [1, 2, 4]. However, current implementations of neat 

polymeric membranes for high-throughput processes suffer from several major drawbacks; 

for instance, reduced materials performance associated with membrane degradation [10-12], 

which necessitates its constant replacement or additional structural reinforcement(s). 

There is a rapidly growing body of works demonstrating the huge potential of enhancement 

in the functional properties of neat polymeric membranes and composite systems, which 

have been highlighted by several excellent review articles [1, 2, 4, 5]. There are various 

proposals being made to address the inadequacy of neat polymeric membranes, particularly 

with regards to improvement in processing techniques [13, 14], and through the 

incorporation of filler phases that could alter the physico-chemical characteristics of 

polymeric mixtures. Processing methods, such as plasma techniques and surface 

modifications have been demonstrated to be effective in producing durable membranes that 

are potentially viable for high-end applications, e.g. polymer electrolyte membranes [15]. 



Chapter 1  Introduction 

2 
 

These methods produced improved gas separation performance [16], sensory abilities [17], 

together with reports of the scope to tailor the mechanical properties of novel composite 

membranes, including the Young’s modulus [18, 19], tensile strength [20], and toughness 

[21]. 

Although some of the strategies outlined above were successful in enhancing the functional 

performance of polymeric membranes, other attempts were not, which goes to show that 

such improvements were not universally achievable. It might instead be dependent upon 

specific combinations of polymer matrix, filler inclusion, or processing techniques [22, 23]. 

Notwithstanding the above, subsequent developments witnessed in emerging fields such as 

hybrid nanomaterials and fine-scale characterisation techniques promise to address certain 

core challenges linked to these issues, where the inclusion of nano-sized fillers with 

improved dispersion may generate a good combination of mechanical [24] and functional 

performance [25]. Indeed, this is the rationale behind the concept of nanocomposites [23], 

for which the integration of a relatively small quantity of nanofillers into a polymer matrix 

will result in a marked improvement to the physico-chemical properties of novel 

polymer-based composites. 

Notably, the last decade has witnessed the advent of a revolutionary new class of porous 

hybrid materials, termed Metal-Organic Frameworks (MOFs) [26, 27]. MOFs are 

constructed through the self-assembly of metal ions/-oxo clusters coordinated by versatile 

organic linkers, yielding numerous 2-D [28] and 3-D nanoporous compounds, the latter 

typically exhibiting exceptionally high surface area (1000-10,000 m2 g-1) [29]. Of the 

numerous materials discovered to date [30], Zeolitic Imidazolate Frameworks (ZIFs) [31, 

32] represent a topical sub-family of MOFs, whose framework structures closely mimic the 

diverse topology of inorganic zeolites. While the chemical stability of ZIFs reflects those of 

zeolites [31], their thermo-mechanical properties [33, 34] and structural stability [35, 36] 
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are relatively weaker compared to their inorganic counterparts. Nevertheless, given their 

highly tuneable physico-chemical properties [35], ZIF-and MOF-based nanocomposites 

[37, 38] are at the forefront of novel nanocomposite research, targeting gas separation and 

purification processes [39, 40], pervaporation [41], and electrochemical energy conversion 

and storage systems [42]. Particularly, the prevalence of organic ligands intrinsic to the 

framework of ZIFs and MOFs may open up the possibility of bonding with organic 

sub-groups abundant in macromolecular polymers, yielding a good combination of 

malleability, durability, and material stability [43, 44]. These advantages work towards 

making MOFs applicable, both in physically and chemically demanding environments, 

further expanding its possible applications. 

A large proportion of studies reported on polymer/MOF nanocomposites are concerned with 

the functional performance alone, focussing predominantly on selective adsorption and 

diffusion properties that govern the permselectivity of MOF-composites [6, 39, 45]. In 

contrast, corresponding studies pertaining to either the mechanical properties or the 

thermo-mechanical stability of MOF-composites, hitherto, remain remarkably scarce [37]. 

It is imperative that the mechanical, thermal, and (time-dependent) viscoelastic properties 

of MOF-based nanocomposites be studied in greater detail, because a comprehensive 

understanding of these physical properties will enable the prediction, rational design, and 

engineering of bespoke materials for practical applications.  

 

1.1 Motivations and research questions 

 

The recent proliferation of MOFs in a multitude of aforementioned applications is indicative 

of its vast potential for near future upscaling and subsequent widespread commercialisation. 
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Its potential for mass-scale industrial production and applicability in industrial settings is 

currently being vigorously explored by many researchers and organisations (such as MOF 

Technologies) across the world. It should also be pointed out that the rapid development of 

MOFs takes place in tandem with the development of other MOF-based materials, such as 

MOF-based composites. However, it is quite well known that the works involving 

MOF-based composites are tightly focussed on performance enhancement due to the 

synergistic effect between the MOFs and the selected matrix in the composite system, as 

pointed out in the previous section. As a result of this, there is a distinct but noticeable 

knowledge gap between the synthesis/formation of MOF-based composites and its 

subsequent functional performance in terms of materials’ characteristics.   

In order to move beyond the laboratory in the realm of MOF-based composites, it is 

imperative that this aforementioned gap be closed/eliminated. Elucidating the 

physico-chemical characteristics of MOF-based composites and its corresponding 

structure-property relationship represents the first shift towards industrial applications and 

upscaling the production of MOF-based composites. It is reasoned that the data that needs 

to be collected for this purpose can be realised using established techniques such as the 

dynamic mechanical analyses (DMA), uniaxial tensile test, nanoindentation, and various 

other characterisation and imaging methods (XRD, AFM, and SEM, amongst others). The 

determination of the physico-chemical characteristics and the structure-property 

relationship of the MOF-based composites can then be used to rationalise the performance 

data reported in published works, which represents the impetus of linking materials’ 

characteristics and its performance. Importantly, this work intends to answer the following 

research questions: 

• What are the advantages of forming a ZIF-8 (prototypical MOF in this work) ‑ based 

composite system? 
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• What are the effects of the introduction of ZIF-8 nanoparticles (crystalline fillers) 

into a polymer matrix (polymers in this work, glassy: Matrimid, rubbery: PU) in the 

context of quasi-static, thermo-mechanical, and viscoelastic properties of the 

subsequently formed composites? 

• What are the effects (if any) of the polymer matrix upon the subsequent 

polymer/ZIF-8 nanocomposites in the context of the aforementioned properties?   

• Are the polymer/ZIF-8 nanocomposites viable for applications that are viable for 

ZIF-8 nanoparticles (such as gas sorption/separation of C2H4 and liquid adsorption 

of I2), and how well does it compare performance-wise? 

 

1.2 Research objectives 

 

The objectives of this research are: 

• To synthesise two distinct classes of polymer/MOF nanocomposite, with ZIF-8 as 

the prototypical MOF (crystalline fillers) and Matrimid (glassy) and polyurethane 

(rubbery) as the representative matrices.  

• To determine the quasi-static, thermo-mechanical, and viscoelastic responses of the 

two classes of prototypical polymer/Metal-Organic Framework (MOF) composites: 

Matrimid/ZIF-8 and PU/ZIF-8. 

• To develop a structure-property relationship and elucidate the influence of ZIF-8 

nanoparticles (and the matrices) on the performance of the nanocomposite using 

previously published data, while establishing a contrast between glassy (Matrimid) 

and rubbery (PU) matrices vis-à-vis its interactions with ZIF-8 nanoparticles. 
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• To explore the viability of both classes of nanocomposites for the uptake/retention 

of I2 (liquid adsorption) and the reversible uptake of C2H4 (gas adsorption).  

 

1.3 Thesis organisation 

 

This thesis will begin with a quick literature review for state-of-the-art polymer/MOF 

nanocomposites and its reported applications (Chapter 2), followed by detailing the 

techniques and methods that were used to fabricate and determine (Chapter 3) the 

thermo-mechanical, viscoelastic, and quasi-static properties of the glassy Matrimid®/ZIF-8 

nanocomposites (Chapter 4) and rubbery PU/ZIF-8 nanocomposites (Chapter 5), and finally 

the application of the prototypical polymer/MOF nanocomposites for the adsorption and 

retention of I2 (Chapter 6) and reversible uptake of C2H4 (Chapter 7). The structure-property 

relationship between the nanoscale (crystalline) MOF fillers and the (glassy and rubbery) 

polymer matrices and their respective influences on the nanocomposites will be detailed in 

Chapters 4-5, while its viability (and performance) for the aforementioned applications will 

be elucidated in Chapters 6-7.  The work will be concluded in Chapter 8, which will also 

include potential future pursuits.
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CHAPTER TWO 

Literature Review (State-of-the-Art) 

 

This chapter will primarily focus on the definition of MOFs and its corresponding 

(nano)composites, the fabrication routes, the viscoelastic, thermo-mechanical, and 

macro-mechanical characterisation, and reported applications of MOF-(nano)composites in 

literature. The author intends to critically review the current state-of-the-art vis-à-vis 

MOF-(nano)composites in the context of the aforementioned criteria. This chapter will also 

serve as a guideline and explain the theoretical aspects that will be used to explain the 

analyses and results that will be detailed in subsequent chapters of this thesis.   

 

2.1 Introduction 

 

Hybridising materials at the molecular level has altered the playing field, so to speak, 

vis-à-vis composites. The formation of “traditional” macroscale composite systems [46] is 

a well-established endeavour amongst the materials science and engineering community. 

Recent advances in nanomaterials synthesis and processing technology has progressed to 

the point where it is possible to form bespoke composites at the nano/molecular level, 

resulting in remarkable physico-chemical properties that were absent in its respective 

constituent materials. 

Metal-Organic Frameworks (MOFs) [27] is a subclass of hybrid (inorganic-organic) 

materials that has witnessed very intense developments in the last decade [47]. Periodic 

metallic cores (or metal secondary building units, SBUs [48]) coordinated by 
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multifunctional organic linkages (ligands) to form 3-D frameworks, MOFs have vast 

potential to be utilised for gas storage, sorption and separation, energy conversion, catalysis, 

optoelectronics, and sensing applications [49, 50]. MOFs are also renowned for its 

astounding physico-chemical properties, such as its large surface area exceeding 1000 m2 

g-1 and chemical tunability [29], alongside its unprecedented framework flexibility [51] and 

lattice dynamics [50, 52]. However, its porous architecture comprising of organic building 

blocks renders MOFs susceptible to degradation from increased temperatures [34] and 

humidity [53], and when subject to mechanical stresses/strains prevalent in real-world 

applications [13]. The formation of MOF-derived composites or MOF-composite systems, 

in part, are to mitigate these undesirable effects, making MOFs tenable beyond its usual 

remit of mild temperatures and low pressure applications. 

The underpinning concept of MOF-composites, ranging from state-of-the-art synthesis 

methods to create these composite systems, to characterisation techniques that can be 

utilised to unravel their structure-property relationships, will be presented. We shall also 

discuss recent exemplars pertaining to emergent technologies employing MOF-composite 

materials. 

 

2.1.1 What are metal-organic frameworks (MOFs)? 

 

The very term Metal-Organic Framework (MOF) is self-descriptive; MOFs are constructed 

from periodic metallic centres (or SBUs [48]) coordinated by organic linkages, forming a 

3-D framework architecture. MOFs are porous crystalline materials featuring diverse 

structural and chemical variabilities. This combination results in a few unique attributes, 

such as: 
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i) Despite the presence of metals, because of (highly directional) coordination 

bonding of the organic ligands around a metallic core, MOFs lack the 

malleability associated with metallic bonds while possessing the flexibility of its 

organic ligands [51], thus giving 3-D structural compliance at molecular length 

scales [50, 52]. 

ii) Nanoscale porosity and long-range ordered framework dramatically increase the 

accessible surface area of MOFs, with surface areas reported to be 1,000 - 10,000 

m2 g-1 [54], differing on net topology and connectivity [55]. 

iii) Integration of both metallic (inorganic) and organic constituents within the 

extended framework opens up numerous possibilities for tuning a broad range 

of physical properties [49] and chemical affinity [56, 57], which are absent in 

purely inorganic or organic materials alone. 

 

Due to the lack of a formal naming convention for MOFs, neither from the IUPAC [58] nor 

researchers working in the field, most structures are named after the institution or groups 

that first reported them, or by adopting designations of analogous inorganic structures that 

they resemble. A few topical examples are illustrated below:  

i) Zeolitic Imidazolate Framework (ZIFs), named as such due to its framework net 

topologies mimicking those of inorganic zeolites (Si−O−Si aluminosilicates) 

[59]. 
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Fig. 2.1 Molecular building blocks of a topical ZIF structure termed ZIF-8, whose chemical 

formula is Zn(mIm)2, where mIm = 2-methylimidazolate. It is built from tetrahedrally 

coordinated ZnN4 clusters linked by mIm organic ligands to form a sodalite cage. The 

Zn−mIm−Zn bridging linkages in ZIF-8 subtend an angle of 145° at the mIm ring centre, 

analogous to the Si−O−Al angle in conventional aluminosilicate zeolites. Yellow surfaces 

correspond to the solvent accessible volume (SAV) at ~50%; note the narrow aperture 

(window opening) entering the larger internal pore whose size is ~1 nm. Colour code: zinc, 

purple; carbon, grey; nitrogen, blue; hydrogen, white [33]. 

 

ii) HKUST-1 (Hong Kong University of Science and Technology), named as such 

due to the University being the first to report this copper paddle-wheel MOF 

[60].  
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Fig. 2.2 The molecular structure of HKUST-1, whose chemical formula is Cu3(BTC)2 where 

BTC = benzene-1,3,5-tricarboxylic acid. Crystallographic views down the (a) [100], (b) 

[110], (c) [111], and (d) [100] directions displaying its solvent accessible volume (SAV) of 

~60%. Colour code: copper, orange; carbon, grey; oxygen, red; hydrogen, white [52]. 

 

iii) UiO (University of Oslo), named as such due to the research group from the 

University first reporting this zirconium(Zr)-based MOF [61]. 

 

Fig. 2.3 Framework structure of UiO-66, whose chemical formula is Zr6O4(OH)4(CO2)12. 

The inorganic building block is 12-coordinated ZrO clusters. Colour code: zirconia, green; 

carbon, dark grey; oxygen, red. Hydrogen on the organic linkers are omitted for clarity. 



Chapter 2  Literature Review 

12 
 

 

Given the varied chemical and structural nature(s) of MOFs, the permutation of possible 

MOFs is virtually limitless. Whilst thousands of MOF structures have been discovered to 

date, only a small subset of these structures have been identified as potentially useful and 

hence under detailed investigations. These include MOF families depicted in Figs. 2.1-2.3, 

and other popular examples reported in literature such as MILs (Materials Institute 

Lavoisier), IRMOFs (isoreticular metal-organic frameworks) [62], and CPO-27-M (M = 

Mg, Mn, Co, Ni, and Zn) [63]. 

Familiarity with the fundamentals of MOFs is needed to truly appreciate its functionality 

and applicability in a multitude of settings. The next sub-section will discuss the many 

viable routes of synthesising MOF-composites, which is a subclass of hybrid materials that 

are fast gaining traction in the vibrant field of MOF materials. 

 

2.2 MOF synthesis and fabrication routes to yield MOF-composites 

 

The aforementioned advantages of MOFs and its applicability in a myriad of 

scientific/engineering applications also mean that it is not without its shortcomings. Certain 

MOF materials are especially susceptible to high temperatures [64], less-than-inert chemical 

environment [65], and moisture/humidity [66]. The short-term/extended exposure of MOFs 

to these factors would inevitably result in material degradation, amorphisation and loss of 

porosity, and ultimately, structural decomposition. Despite the enormous potential 

applicability of MOFs, its actual applications may be limited to a select few, due to the 

aforementioned susceptibilities. 
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The formation of MOF-composites is partly to address foregoing practical challenges. MOF 

acting as (secondary) filler phases masks its vulnerabilities while remaining accessible, 

which amplifies its applicability. Examples of polymer/MOF composites in literature are 

ubiquitous, such as HKUST-1/PMMA [33] and CuTPA/PVA [67] systems, the former using 

a polymer matrix to form free standing HKUST-1 MOF composites bearing features that 

are similar to the spin-coated PMMA membranes (Fig. 2.4), while the latter was developed 

to improve the gas transport properties of pure PVA membranes via the introduction of 

porous CuTPA MOF fillers. 

 

Fig. 2.4 The HKUST-1/PMMA composite, made up of layers of mesh stainless steel and 

polymer (PMMA) support, followed by an overgrown functional layer comprising 

polycrystals of HKUST-1 [33]. 
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The formation of MOF-composites is divided into two possible approaches depicted in Fig. 

2.5; MOFs as matrices, and MOFs as additives/fillers. These approaches can be further 

divided into subclasses of MOFs, based on their respective methods of synthesis [68]. 

 

 

Fig. 2.5 The subclasses of MOF-composites, where (a) MOFs are fillers, and (b) MOFs as 

matrices [68] 

 

The utilisation of MOFs as matrices is in a class of its own, due to the fact that the functional 

species in the composite is encapsulated within the nanosized cavity/cages or framework of 

the MOFs. Therefore, in situ or bottom-up synthesis seems to dominate processes intending 

to utilise MOFs as matrices. The customisability of MOF vis-à-vis its metallic core and 

organic ligands will allow for bespoke matrices, which is especially useful for specific 

applications such as miniature sensing or opto-electronic devices. Reported examples 

include [69] (Fig. 2.6), [70], and [71]; the reader may also consult recent reviews (e.g. [68, 

72, 73]) for further details. However, for focus and brevity, the discussion of the rest of the 

chapter will be on composites in which MOFs act as fillers. 
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Fig. 2.6 The formation of MOF-composites containing an encapsulated guest species, where 

the MOF serves as a matrix. Molecular self-assembly process was employed to bestow 

luminescent properties to the optically inactive ZIF-8 host framework [69]. 

 

By far the most common approach of MOF-composites involves the introduction of MOFs 

as fillers/secondary phases. The presence of MOFs within the composites introduces 

secondary microstructures, which were previously unavailable in the (neat) matrices 

themselves. This can also be looked upon as introducing a platform where the MOFs can 

realise its full potential without being aggravated by factors such as extended temperatures 

or pressures, which is a real concern for MOFs due to its weaker coordination bond 

strengths. Some of the more commonly reported matrices featuring MOFs as fillers 
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encompass: graphene oxide (GO) [74], Matrimid [75], PVDF [76], and macroporous oxide 

bonded Silicon Carbide (ob-SiC) and Aluminium Oxide [77]. The synthesis route of 

MOF-composites involves a few commonly known methods, such as [68]: 

i) Solution blending 

ii) Electrospinning 

iii) In situ growth 

 

2.2.1 Solution blending 

 

By far the most common route of MOF-composite synthesis, solution blending involves the 

dispersion of MOFs (as-synthesised micro/nanoparticles) in solvents (e.g. THF, CHCl3, 

Acetone) and mixing with blended solvents containing the intended matrix, usually (glassy 

or rubbery) polymers or oxides. The solubility of polymers in organic solvents greatly 

simplifies the processing of MOF-composites, as the matrix (polymers or oxides) can be 

dispersed in miscible solvents via heating, rigorous stirring, or sonication. A similar process 

is also applicable for fine-scale MOF particles, where it can be dispersed in selected organic 

solvents. If both dispersed solvents are miscible, the formation of MOF composites involve 

the simple mixing of both suspensions to form a homogenous MOF-composite solution. 

The addition of a binder or an alkalising agent into the mixture would facilitate the formation 

of the composite and the interactions between the MOFs and matrices [78], however, in 

most cases (depending on the matrix), simple mechanical mixing-and-stirring over a set 

period of time is adequate [79]. Song et al. [80] demonstrated that it is important to retain 

the pre-fabricated MOF nanoparticles as a colloidal suspension (i.e. avoid drying and 
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re-dispersion that cause aggregation) in order to achieve the optimal level of mixing and 

dispersion in a polymer matrix.  

Once a homogenous solution is obtained, it can be moulded or formed into thin membranes 

via a range of established techniques, such as doctor-blade casting [43, 81, 82], dip coating 

[83], and spin coating [72]. Reported works on MOF-composite utilise these approaches 

due to their simplicity and easily controllable processing parameters. However, problems 

associated with solution blending include the difficulty in minimising aggregation of MOF 

particles within the matrix and the poor interfacial adhesion between certain MOF particles 

and the matrix phase, resulting in the formation of defects (e.g. voids and pin holes) and 

free volumes, which might weaken structural stability and affect subsequent material 

performance [84]. 

 

Fig. 2.7 Solution blending approach to produce polymer (matrix)/MOF (filler) solutions, 

which can then be used to produce MOF-composites via techniques such as spin/dip coating, 

electrospinning, and doctor blade casting techniques popular in modern polymer processing. 

 

2.2.2 Electrospinning 

  

This method propels the MOF-composite solution droplets across a strong electric field 

generated through very high voltages (~10s kV) to draw out fine, continuous fibres with 
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diameters ranging from several µm down to 100s of nm [85]. While this is a facile method 

for generating MOF-composite fibres, the processing parameters could be highly sample 

dependent, encompassing applied voltage, solvent type, solution viscosity, and droplet 

discharge rate. A schematic depicting this approach is shown in Fig. 2.8 [86]. 

 

Fig. 2.8 Schematics and images of the MOF-composite electrospun fibres, with (a) 

PAN/ZIF-7 solution prepared via the solution blending method, (b) A single nozzle 

electrospinning setup, and an SEM image of the resulting PAN/ZIF-7 fibres, (c) 

Free-standing MOF-composite textile produced with a mutinozzle electrospinning setup 

equipped with a drum collector [86]. 

 

The formation of MOF-composite fibres greatly expands its realm of potential applications, 

due to the fact that these fibres can be compiled to form nonwoven mats [87] and large-area 

porous membranes [88], which are appealing for gas and liquid separations [89, 90]. The 

electrospinning technique is also amenable to automation and scaling up for manufacturing 

continuous free-standing textiles (Fig. 2.8(c)) [86]. Fig. 2.9 shows scanning electron 
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microscopy (SEM) images of MOF-composites produced by overgrowing MOF crystals 

onto an electrospun PAN fibre mat. It can be seen that the MOF nanoparticles have coated 

the fibres, where in Fig. 2.9(a), the SBET of the electrospun fibres (PAN/ZnO/ZIF-8) were 

reported to be 1760 ± 260 m2 g-1 against the SBET of ZnO, which was reported to be ~10 m2 

g-1, while in Fig. 2.9 (b), the SBET of the PAN/Al2O3/MIL-53-NH2 electrospun fibres was 

reported to be 700 ± 100 m2 g-1.  This marks a significant increase in the accessible surface 

area of the MOF-composite due to its comprehensive distribution across the fibres; this 

microstructure offers ready interaction with its surroundings while being robustly supported 

by the underlying electrospun scaffolding. 

 

Fig. 2.9 SEM images of (a) PAN/ZnO/ZIF-8, and (b) PAN/Al2O3/MIL53-NH2 electrospun 

fibre mats with an overgrown layer of functional MOF crystals [88]. 

 

2.2.3 In situ growth of MOF-composites 

 

The production of MOF-composites via in situ growth involves placing the matrices and 

seed MOF solutions into a common controlled environment; a common approach involves 

immersing the intended matrices (solid substrates) into the MOF starting solutions 

(reactants), thereby precipitating in situ growth of MOF nanoparticles/thin films/nanosheets 

onto the matrix, culminating in the formation of MOF-composites.  



Chapter 2  Literature Review 

20 
 

The adhesion and distribution of MOFs upon the matrix is reliant upon the type of matrices 

(whether metal, polymers, or oxides) and types of MOF (depending on the organic ligands), 

however, the majority of reported works seem to suggest that weak interactions are 

dominant. The adhesion and interactions between the MOFs and its matrices can be 

enhanced via heating or sonication [83, 91]. A schematic of this approach is detailed in Fig. 

2.10. The simple concept behind this approach, where only close contact between MOF 

solutions and its matrix is required, makes for a very versatile technique of producing 

MOF-composites, where it can be adapted into well-established methods, such as 

hydrothermal and solvothermal methods [92, 93], dip coating [94], and electrochemistry, 

amongst others. 

 

Fig. 2.10 A schematic illustrating the in situ growth of MOF-composites onto a chosen 

supporting substrate, such as metal, polymers, or oxides acting as the matrix material.  

 

 

2.2.4 Benefits against conventional nanocomposite systems 
 

Conventional nanocomposite systems are made up of a matrix and a filler; the fillers are 

(usually) mechanically robust and introduced into the composite as a stabilisation and 

strengthening agent. Their presence, although at small concentrations (typically under 5 

wt.%), are reported to result in tremendous improvements towards the stability and 
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mechanical response of the resulting composites [95, 96]. Example of common fillers in 

nanocomposites include silica [97], alumina [98], and carbon nanotubes [99], and more 

recently, GO [100]. 

Similar to conventional fillers, the utilisation of MOFs as fillers may also result in some 

degree of structural stabilisation and modification of the mechanical properties of the neat 

polymer matrix [78]. However, the difference between conventional fillers and MOFs is 

that MOFs are bestowed with unique attributes, such as accessible porosity with specific 

chemical affinity, high surface areas, and high selectivity vis-à-vis certain gas/liquid species. 

Therefore, the presence of MOFs serves a dual purpose; they may mechanically enhance 

the composites (depending on combination of matrix type and filler loading wt.%) while 

also introducing previously unavailable functionalities into the resulting composites.  

It was reported that pure gas permeabilities (e.g. H2, CO2, O2, N2, and CH4) were 

significantly enhanced without sacrificing selectivity, simply by raising the concentration 

of MOF nanoparticles in Matrimid/ZIF-8 nanocomposites (compared with neat Matrimid 

(polymer matrix) with poor permeability) [80]. Another example concerns a PVDF/UiO-66 

membrane, which has been shown to be capable of selective dye separation in a liquid 

solution, which is unattainable by the neat PVDF (matrix) itself [78]. Another interesting 

example involves tuning the frictional coefficient of neat Matrimid polymer by 

incorporating ZIF-8 nanoparticles (up to 30 wt.%) [101] to modify the tribological 

performance of Matrimid/ZIF-8 nanocomposites. 

 

2.3 Physical properties characterisation and structure-property relationships of 

MOF-composites 
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The previous sections present the basics towards understanding MOF-composites; the 

overall scenario encompassing MOFs, its corresponding composites, possible synthesis 

routes, and benefits against conventional composites materials have been briefly discussed. 

An aspect that was touched upon but not elaborated up till this point is the applicability of 

MOF-composites. For it to be applicable, it needs to be mechanically robust and possess the 

coveted characteristics by said applications. It is therefore imperative that its physical 

properties be precisely determined and controlled prior to envisioning design for an 

application; this will ensure that the composite will be up to the rigours of the task. 

By and large, the determination of the physical properties of MOF-composites are a 

consequence of many reported application works; they form an integral part of the work, 

but are rarely the main focus of the study. Nevertheless, there are a number of reported 

works that focussed specifically on the physical properties of MOF-composites. An aspect 

that is often overlooked is the fact that the physical properties of the MOF-composites (in 

the context of its mechanical, thermal, optical, magnetic, and electrical properties) will 

dictate the eventual performance of the MOF-composite systems. The author intends to 

pioneer a more systematic study and detailed investigation of MOF-composite systems in 

this important direction. 

The microstructural and physical correlations of MOF-composites can be determined using 

a variety of established techniques, such as electron microscopy (EM), uniaxial tensile 

testing, nanoindentation, and thermogravimetric analyses (TGA), among others. This 

section will detail the methods that have been used to characterise the physical properties 

of MOF-composites based on recent results reported in literature, and discuss the 

ramifications of these methods vis-à-vis the analyses of physical properties and the 

establishment of structure-property relationship of representative MOF-composite systems. 
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2.3.1 Imaging of microstructures, phases, and interfaces 

2.3.1.1 Electron microscopy (EM) 

 

Electron microscopy (EM) is a powerful imaging tool to visualise the intricate 

microstructural features associated with MOF-composites. EM is effective in resolving the 

fine-scale morphologies of MOF particles and its surrounding matrix, enabling a better 

understanding of the microstructural integrity of the MOFs, matrices, and corresponding 

MOF-matrix interfaces. EM techniques can also be used to study how the composite 

microstructure evolves upon external stimulation and mechanical loading [102]. 

There are numerous examples available in literature where EM have been used to image the 

top surface and cross-sectional morphology of MOF-composites [80]. The most common 

form of EM being used is the scanning electron microscope (SEM) (Fig. 2.11), due to its 

simplicity in sample preparation and excellent images obtainable at high magnifications 

(30,000-50,000×). Given that majority of MOF-composite samples are non-conductive, 

they need to be sputter coated with a thin layer of Au/Pt prior to SEM imaging. Imaging is 

done in high vacuum (~10-4 Pa) and at 5-30 keV, which leaves matrices such as polymers 

vulnerable to electron damage if left uncoated. 

While the transmission electron microscope (TEM) [103] can also be used for imaging 

polymer/MOF composites, relatively fewer examples exist due to its more involved sample 

preparation requirements. However, TEM offers significantly higher magnification 

capabilities (reaching ~1,000,000× or greater), and the capacity to individually image MOF 

nanoparticles embedded inside the composites, as shown in Fig. 2.12. 
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Fig. 2.11 SEM micrographs showing the cross sections of PEK-c/ZIF-8 nanocomposites at 

multiple wt.% loading of ZIF-8 [104]. 

 

SEM images shown in Fig. 2.11 can be used to identify whether the MOF nanoparticles 

(ZIF-8) and matrix are blended or remain as distinct separate phases, the distribution of 

MOF particles throughout the matrix, and the preservation of the morphological features of 

the MOF particles post-blending with the matrix. These factors are directly correlated to the 

performance of these composites, as discussed in Shahid et al. [84], where it was mentioned 

that the agglomeration and uneven distribution of MOF particles within the matrix may 

result in decreased gas separation performance, and Ordoñez et al. [105], where separate 

phases of MOF particles and matrices within a composite resulted in changes to the 

macro-mechanical properties of the nanocomposites, such as the decrease of ductility and 

the increase of yield strength.  

Understanding the nature of the interaction between MOF particles and its matrix will help 

determine whether or not it is viable for its intended applications. An example that could be 

used to illustrate this point is gas separation performance; the accessibility of MOF particles 

and its distribution dictates if gases will be able to come into contact with the MOF particles, 
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which practically guarantees the selectivity of the composite. In the event that access to the 

MOF particles within the composite is restricted, its gas separation performance will be 

adversely affected. TEM characterisation provides a complementary picture pertaining to 

the distribution of MOFs underneath the sample surface, examples are depicted in Figs. 

2.12-2.13, which can be used to detect the presence of any internal defects such as cracks 

or pin holes [103], or indeed to ascertain the development of nanosized phases in an 

individual strand of electrospun MOF-composite fibre [86]. 

 

 

Fig. 2.12 TEM micrograph of a 20 vol.% ZIF-8 nanoparticles integrated in a Matrimid 

matrix [103]. 
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Fig. 2.13 TEM micrographs of PAN/ZIF-7 nanocomposite fibre made by electrospinning 

method, showing ~100 nm crystals of MOF embedded in an individual fibre [86]. 

 

2.3.2 Mechanical properties and structural resilience 

 

Information about the mechanical properties and the physical durability of MOF-composites 

is imperative to afford practical applications. Mechanical behaviour under small and large 

strain deformations need to be quantified as a means of simulating real world loading 

conditions, where MOF-composites will be subjected to a combination of external forces 

and/or cyclic thermo-mechanical loading. Many techniques are available for mechanical 

characterisation at different length scales, and this section will explore these methods and 

its correlation in the context of structure-property relationship and the subsequent 

applications of MOF-composites. 
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2.3.2.1 Uniaxial stress-strain response 

   

The uniaxial tensile test is a well-established engineering method in determining a variety 

of mechanical properties, such as yield (σy) and ultimate tensile strength (σt), elastic moduli 

(E), and fracture energy (Gf).  

Tests are usually conducted using a universal testing machine (UTM), which is made up of 

two crossheads; one to drive the load as per the settings on the sample, the other to record 

the changes in length of the specimens. A highly customisable machine, its gauge length, 

load cells, and grips can be exchanged as per the needs of the experiment. These variables 

are sample-dependent, and imperative towards the determination of the quasi-static 

mechanical properties of small composite specimens (~mm to cm). The samples used for 

the tests are usually rectangular in shape, with the dogbone configuration being a popular 

choice. Uniaxial tensile tests are destructive; the samples will be loaded up till the point of 

failure, upon which the test terminates. This is done in order to obtain the full range of 

mechanical response of the sample and to discern points at which it plastically deforms, its 

maximum strength, and its elongation-at-failure (ductility), all of which are important 

parameters in engineering product design. The simplicity associated with sample 

preparation, repeatability, and straightforward data analysis render the large-strain uniaxial 

tensile test the first choice for the determination of the macro-mechanical properties of 

MOF-composites and electrospun fibres.  

Smith et al. [106] reported that physical aging of the glassy polymer matrices (Matrimid, 

PIM-1, PTMSP) within a MOF-composite membrane could also substantially deteriorate its 

ductility, plausible mechanisms of which are depicted in Fig. 2.14. The large-strain 

mechanical response of MOF-composites was discussed in Denny et al. [78] in the context 
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of dye separation/filtration, where a collection of MOF-composites (UiO-66, MIL-101, 

MIL-53, and ZIF-8 in PVDF matrix) were synthesised, and one such composite system was 

utilised for dye separation applications. Results from the uniaxial tensile test suggested that 

these composites are adequately robust against mechanical stress and the rigours of filtration 

under concentrated pressure. Another study reported by Li et al. [53] proved to be 

interesting in the context of mechanical properties; they immobilised room temperature 

ionic liquid (IL = [bmim][Tf2N]) into the cages of ZIF-8 and incorporated these IL@ZIF-8 

into PEBAX for CO2 separation applications. They reported enhanced ultimate tensile 

strength and ductility for the samples alongside improved CO2 separation properties, as 

detailed in Fig. 2.15. 

 

Fig. 2.14 Possible uniaxial deformation mechanisms controlled by interactions between the 

MOF filler phase and the surrounding matrix phase, taking into consideration potential 

effects of physical aging [106]. 
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Fig. 2.15 (a) Tensile Strength, σt, and (b) elongation-at-break for IL, IL@ZIF-8, and ZIF-8 

particles encased in PEBAX forming the composites, adapted from [53]. The introduction 

of the IL into ZIF-8 resulted in improved performance for CO2 separation abilities and 

increased the tensile strength and elongation of the membrane. 

 

2.3.2.2 Nanomechanical response from nanoindentation 

 

The instrumented nanoindentation method makes measured indents using a calibrated 

diamond tip onto the surface of a sample, and determine its local mechanical response 

(penetration depths 100s nm to several µm), encompassing Young’s moduli (E) and 

nanohardness (H) [107]. Assuming an isotropic response of the samples, then as per the 

Oliver & Pharr method [108]: 

                                                                                                 (2.1) 

where Er is the reduced modulus (derived from contact stiffness recorded by indenter), and 

Ei and νi are Young’s modulus and Poisson’s ratio of the indenter tip, respectively. In the 

1
Er

= 1− v
2

E
+
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case of heterogeneous materials, the magnitude of E derived from Eqn. (2.1) is indicative 

of the stiffness of samples under (fully reversible) elastic deformation [109]. On the other 

hand, the nanohardness (H) provides a measure of the structural resistance of the sample 

against any (irreversible) plastic deformation, which is defined by: 

                                                                                                                 (2.2) 

where P is the normal indentation load and Ac is the contact area established by the indenter 

tip under that applied load. 

The nanoindentation method is a convenient approach in determining the E and H of 

MOF-composites. It is complementary to the uniaxial stress-strain tests which require much 

larger sample sizes. The minute nature of the test will also allow for the probing of specific 

areas to determine interactions between MOFs and its matrix, such as the interface(s) 

between the constituents, or MOF-rich and matrix-only areas, enabling us to discern the 

respective similarities or differences between these respective areas at the micrometre length 

scale. 

The body of work in literature involving the utilisation of the nanoindentation method to 

determine the nanomechanical properties of a range nanocomposites is growing [110], but 

remains scarce for MOF-based composites. However, the applicability of the 

nanoindentation method to probe the nanomechanical properties of other similar and 

analogous composites are widely reported in literature. Zhu et al. [92] reported the use of 

the nanoindentation method to probe the nanomechanical and nanotribological performance 

of a PVA/GO composite, and the method was proven to be sensitive enough to be able to 

discern the improvement in the elastic moduli and hardness changes to the films as a result 

of the introduction of 0.5 wt.% of GO (see Fig. 2.16). Similarly, Lee et al. [111] reported 

H = P
Ac



Chapter 2  Literature Review 

31 
 

probing the nanomechanical properties of a Nafion/sulfonated GO (N/sG) using the 

nanoindentation method, where the Young’s moduli and nanohardness of the polymer 

composite improved upon being annealed (see Fig. 2.17). Both works reported the use of 

GO (inorganic) filler, which can be assumed to be an analogue of MOFs in this case, as 

MOFs may also act as a (relatively against the matrix) hard filler in polymer/MOF 

(nano)composites, allowing us to assume that a technique that can be used to probe the 

aforementioned polymer composites should also be viable for probing the nanomechanical 

response of the polymer/MOF nanocomposites.  

 

 

Fig. 2.16 Young’s modulus and  nanohardness of PVA and PVA/GO (0.5 wt.%) films 

collected using the nanoindentation method, adapted from [92]. 



Chapter 2  Literature Review 

32 
 

Indentation depth (nm) Indentation depth (nm) 
	

	

	

Fig. 2.17 Plots of displacement vs. load of Nafion (N) and N/sG-1, N/sG-2, and N/sG-3 (a) 

before, and (b) after annealing, which are used to derive the (c) Young’s moduli, and (d) 

nanohardness of the polymer composite [111]. 

 

2.3.2.3 Dynamic Mechanical Analysis (DMA) 

 

Viscoelastic properties [112] represent the core mechanical characterisation of polymeric 

materials and soft matter, the majority of whose deformation are time-temperature 

dependent due to its inherent viscous behaviour. The incorporation of MOFs into 

polymeric/soft matrices have been shown to affect the linear viscoelastic response of the 

composite at small strains (<0.5%). These changes can be quantified by the determination 

of the viscoelastic responses of the composite via its storage (E’) and loss (E”) moduli, 

dissipation factor (tan δ = E”/E’), and the accompanying relaxation temperatures (Tα, Tβ, 
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Tγ). These viscoelastic responses are representative of what is called the dynamic modulus 

(E*), as detailed by Eqn. (2.3): 

                                                          (2.3)                                                   

where σ* and ε* are the time-varying oscillatory stress and strain, respectively, while  

is designated as the imaginary loss modulus term E”. The major difference between the 

Young’s modulus (E) and dynamic modulus (E*) is that, the latter captures the ratio of 

dynamic stress (σ*) with respect to an oscillatory strain (ε* adopting a sinusoidal waveform), 

as opposed to a steadily increasing deformation imposed in nanoindentation measurements 

(see §2.3.2.2).  

In the context of MOF-composites, E’ is representative of the amount of (recoverable) 

elastic strain energy stored within samples during oscillatory deformation of polymeric 

chains, while the E” corresponds to the amount of energy dissipated through inelastic 

processes due to entropic motions or rotations of polymeric chains. The determination of 

the real and imaginary parts of the dynamic modulus [Eqn. (2.3)] by means of Dynamic 

Mechanical Analysis (DMA) experiments provide us insights into the molecular behaviour 

of the MOF-composites as a function of frequency and temperature.  

The amount of reported work in literature pertaining to the viscoelastic response of 

MOF-composites is scarce, with only a few reported examples. However, similar to 

§2.3.2.2, it is assumed that the hybrid nature of MOFs (inorganic and organic) will allow us 

to use inorganic and organic filler representations to determine the viability of the DMA 

technique in analysing polymer/MOF nanocomposites [113]. Inorganic fillers are especially 

favoured, where Gardea et al. [114] used the DMA technique to determine the applicability 

of a PEEK/CNT composite as an energy dampener. They reported that the introduction of 

E* = σ *

ε *
= E ' + iE"

  i = −1
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the CNT into the PEEK matrix resulted in a significant decrease in the storage modulus (E’) 

of the composite (40%), confirming its viability as an energy dampener. The E’ and tan δ 

plots reported in their work is shown in Fig. 2.18. Ridzuan et al. [115] investigated the 

thermo-mechanical response of a Pennisetum purpuruem (PP)/glass-reinforced epoxy 

hybrid composite (grass fibre filler), where the DMA technique was used to determine the 

Tg of the composite. The introduction of the PP grass fibres increased the E’ of the 

composite, which is further increased at a 5% alkali treatment of the composite, attributed 

to increased stiffness and improved interfacial interactions between the constituents of the 

composite. Concurrently, the loss modulus (E”) was lowest for the neat epoxy, while it is 

highest for the alkali-treated composite (see Fig. 2.19).  

 

 

Fig. 2.18 (a) Storage Modulus (E’), and (b) tan δ for the neat PEEK samples annealed at 

240 °C at 1, 10, and 120 mins, while (c) comparison of E’ of the neat PEEK and 1 wt.% 

CNT/PEEK, and (d) comparison of tan δ of the neat PEEK and 1 wt.% CNT/PEEK [114]. 
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Fig. 2.19 The E’ and E” of the neat epoxy, untreated PP/glass-reinforced epoxy hybrid 

composite, and 5 and 10% treated PP/glass-reinforced epoxy hybrid composite, adapted 

from [115]. 

 

As reported by these aforementioned works, the DMA technique allow us to probe the 

molecular interaction and response of the composites as a function of frequency and 

temperature. The hybrid nature of MOFs and the intricate and interwoven interactions 

between the MOFs and its matrices will result in a dynamic response of the composite 

towards external stimuli, and it is assumed, based on these reports, that the DMA technique 

is indeed viable for probing and determining the thermo-mechanical response of 

polymer/MOF nanocomposites.  

 

2.3.3 Thermal stability 

 

The physical properties of MOF-composites, detailed in the previous sections, are highly 
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reliant upon its response to temperature fluctuations. In effect, both fillers and potential 

matrices (metals, polymers, and oxides) are susceptible to temperature fluctuations, 

especially MOFs, where the organic ligands will decompose at high temperatures (typically 

beyond ~200-300°C). Polymers also exhibit phase changes at increased temperatures. The 

thermal profile of MOF-composites will provide a unique insight into whether 

decomposition occurs simultaneously between the MOFs and matrices, or whether the 

MOFs and matrices act as separate entities within one bulk structure. Determining the nature 

of the response of MOF-composites towards temperature effects will elucidate the strength 

of the molecular interactions between its constituent materials, which will be immensely 

helpful in materials design in the context of its application. 

 

2.3.3.1 Thermogravimetric Analysis (TGA) 

 

Thermogravimetric analysis (TGA) is a method that quantifies the physical (and chemical) 

changes of samples as a function of temperature. Typically, it involves subjecting a sample 

to a set temperature range and recording changes to its weight relative to the temperature 

increase (or decrease). This method is commonly used to acquire a thermal decomposition 

profile of a sample and to determine the temperatures at which a certain constituent of the 

samples decomposes. It is an established and common method that is frequently used to 

determine the thermal decomposition temperature of various MOFs, such as ZIF-8 [116], 

HKUST-1, and MILs [117]. In the case of MOFs, it is also useful to establish the 

temperature at which entrapped solvents or specific guest molecules in MOF could be 

removed from the pores by means of heating, but without collapsing the MOF (host) 

framework. 
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Within this context, the TGA method could also be utilised to determine the thermal 

decomposition profile of MOF-composites, with examples being the work of Feijani et al. 

[118], who reported the thermal decomposition profile of PVDF/MIL-53(NH2-MIL-53) 

nanocomposites, and Zhang et al. [119], who reported the thermal decomposition profile of 

ZIF-8/6FDA-DAM. The thermal decomposition profile of both composites showed that the 

presence of MOF particles somewhat altered the thermal decomposition profile vis-à-vis the 

matrices, where the onset of decomposition varies based on the concentration of MOF 

particles in the composite. This could be attributed to the ‘pinning’ or ‘displacement’ effect 

of the MOF particles upon the matrix; combined weak interactions between the MOF 

particles and the matrix will either prevent it from degrading, thus extending its thermal 

decomposition profile, or quicken its decomposition, thus shortening its thermal 

decomposition profile. Whether the thermal decomposition profile is extended or shortened 

is dependent upon the nature of the matrix and the combined interactions between the MOF 

fillers and the matrix. Example thermal decomposition profiles depicting both cases are 

shown in Fig. 2.20. 

 

 

Fig. 2.20 TGA plots of MOF-composites, with (a) ZIF-8/6FDA-DAM composites, and (b) 

M-PVDF/NH2-MIL-53 (Al) [118, 119]. 
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2.4 Potential technological applications of MOF-composites 

 

MOFs are potentially useful for applications such as gas storage and separations [120], 

sensors [121], semiconductors [122], biomedicine [123], and catalysis [124]. However, real 

world applications of MOFs beyond the laboratory may result in its degradation and 

subsequent decomposition, especially at high temperatures, mechanical stresses, and 

humidity. The applicability of MOFs is then incumbent upon the ability of the matrix to 

shield them from direct exposure to the environment while simultaneously making them 

accessible to a select few species. Robust MOF-composites remains the best choice, and the 

prospective benefits of encasing MOFs in other matrices (especially polymers and oxides) 

or by encapsulating another functional guest molecule into MOF pores have been elucidated 

in this chapter. 

This section will discuss reported works on the applicability of MOFs for gas separations, 

sensors, and biological applications. It should also be pointed out that the potential 

applications of MOF-composites are not only limited to these applications, however for the 

sake of context and brevity, only the aforementioned applications will be focussed upon. 

The structure-property relationship and its subsequent effect on the applicability of 

MOF-composites will also be touched upon in this section. 
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Fig. 2.21 A graphical summary of the diverse potential utilisation of multifunctional MOF 

materials, including MOF-composites [125]. 

 

2.4.1 Gas capture and separation using polymer/MOF composites  

 

MOF is synonymous with gas separation, with a variety of reported works pertaining to 

separation of combined CO2/CH4, amongst others [126]. Song et al. [80] discussed the use 

of Matrimid/ZIF-8 nanocomposites for this very purpose, due to the affinity of both 

Matrimid and ZIF-8 towards CO2, while Dong et al. [127] reported the usage of a 

MIL-68(Al)/Matrimid nanocomposites for combined CO2/CH4 separation as well. The 

properties governing the separation properties of MOF-composites seems to be the 

accessibility of the MOF particles within the matrices, and the pore size/aperture of the 

MOFs itself, where the size of the gas molecules needs to be relatively smaller than the 

accessible pores in the matrix and the pores within MOFs. However, by virtue of its 

framework flexibility the collective vibrational dynamics in MOFs (e.g. gate-opening mode 

in ZIF-8 and breathing mode in ZIF-7 [50]), it could allow passage of molecules whose size 

is slightly bigger than that of its pore aperture. Gas permeability and selectivity can be 
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modified and enhanced by incorporating MOF nanoparticles into neat polymer matrices 

[128, 129].  

 

Fig. 2.22 CO2/CH4 selectivity vs. the permeability of CO2 of Matrimid/ZIF-8 

nanocomposites in terms of the weight fraction of ZIF-8. The upper bound trade-off lines 

refer to Robeson’s upper bound summarised in 1991, and updated in 2008 [80]. 

 

Works on gas separation using MOF-composites are ubiquitous in literature [130-132], and 

a common theme across these works is the fact that the gases that are to be separated needs 

to share a certain level of chemical affinity with the MOF particles. The selectivity of gases 

pertaining to MOF particles are by and large governed by pore sizes, geometry, and 

functional group interactions and polarisation between the gases and the MOFs (since 

certain gases might prefer certain chemical groups such as the methyl group of ZIF’s organic 

linkers). Since the permutation of possible MOFs is, in theory, essentially limitless, it is 

conceivable that the design of MOFs [133] and its corresponding matrix can be optimised 

for a bespoke composite that target specific gas species (CO2, H2, CH4, and N2).  
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Bachman et al. [134] discussed the utilisation of a M2(dobdc)/6FDA-DAM nanocomposites 

for the selective uptake of ethylene (C2H4). They posited that the presence of the M2(dobdc) 

(M = Mg, Mn, Fe, Co, Ni, and Zn) fillers resulted in a few added advantages over a neat 

6FDA-DAM: decreased plasticisation of the polymer matrix (via framework-matrix 

interactions reducing the polymer chain mobility), increased selectivity of C2H4 over ethane 

(C2H6), and increased permeability (for C2H4) and nanocomposite stability against added 

pressure and increased temperature. It was also established that the uptake of C2H4 scales 

with the amount of M2(dobdc) in the composite membrane, where the 25 wt.% Ni2(dobdc) 

and 33 wt.% Co2(dobdc) corresponded to increased selectivities of C2H4 of 2.7 

(6FDA-DAM) to 4.6 for the former, and 2.7 (6FDA-DAM) to 5.0 for the latter. This is not 

surprising, as there are reports in literature pertaining to the use of MOF for the separation 

of acetylene from ethylene/acetylene mixtures [135], and it is assumed that MOFs are 

capable of capturing/separating other hydrocarbon mixtures as well. It was concluded that 

this significant increase in the uptake of C2H4 is due to the excellent synergy between the 

polymer matrix (6FDA-DAM) and the MOF fillers (M2(dobdc)), which allows for the C2H4 

gas molecules to diffuse interchangeably between the polymer chain molecules and the 

MOF fillers, increasing the limit of gas molecules that can be retained within the 

nanocomposites (see Fig. 2.23).  
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Fig. 2.23 (a) Membrane performance at 2 bar feed pressure and 35 °C relative to the upper 

bound for polymers. Membrane loadings by weight are 10 % and 33 % for Co2(dobdc), 6% 

and 25% for Ni2(dobdc), and 13% for Mn2(dobdc). Uncertainty in selectivity represents 

propagation of uncertainty in permeability based on two independent membrane samples, 

and each sample was measured twice to ensure that no plasticisation or conditioning effects. 

Grey circles represent neat polymers from the literature, (b) TEM images of 33 % 

Co2(dobdc) and 23 % Mg2(dobdc) membrane cross-sections and corresponding illustrations 

of the proposed transport mechanisms, where purple hexagons represent Co2(dobdc) or 

Ni2(dobdc) nanocrystals and red hexagons represent Mg2(dobdc) or Mn2(dobdc) 

nanocrystals [134]. 

 

Ploegmakers et al. [136] studied a collection of polymer/MOF composites for 

ethylene/ethane (C2H4/C2H6) separation. The polymer matrix in this case was P84, while 

the MOF fillers include Cu3BTC2, FeBTC, and MIL-53 (Al). The loadings of the composites 

were 20 wt.% MOF fillers against 80 wt.% of the polymer matrix. It was established in their 

work that the sorption capabilities (vis-à-vis C2H4) of the Cu3BTC2 was significantly higher 

(390 cm3 (STP) cm-3 at 11 bar) than that of FeBTC (170 cm3 (STP) cm-3 at 11 bar) and 

MIL-53 (Al) (150 cm3 (STP) cm-3 at 11 bar). They attributed this significant difference to 



Chapter 2  Literature Review 

43 
 

the large surface area of Cu3BTC2 and the affinity between copper ions and the C2H4 gas 

molecules.  The addition of these MOF fillers to form P84/M (M = Cu3BTC2, FeBTC, and 

MIL-53 (Al)) composites resulted in a few marked difference in terms of sorption capability 

of the resulting membranes: permeability fluctuated (non-significant increase/decrease) in 

relation to C2H4/C2H6, although it did not differ much from that reported by P84, proving 

the presence of non-selective voids in the composite due to the introduction of MOF fillers. 

However, C2H4/C2H6 selectivity almost doubled for the P84/ Cu3BTC2 composites (from 4.1 

to 7.1, see Fig. 2.24). 

 

 

Fig. 2.24 (a) average C2H4 permeability, and (b) C2H4/C2H6 selectivity of native P84 and 20 

wt.% Cu3BTC2, FeBTC, and MIL-53 (Al) MMMs at 5, 10, and 15 bar mixed gas feed 

pressure [136].
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2.4.2 Opto-electronics, sensors, and host-guest interactions 

 

Reported works on MOFs as sensors and opto-electronic devices are currently growing 

[137]. Many reported encapsulating guest molecules within the MOFs itself; in effect, the 

MOFs will act as matrices instead of fillers. The interactions between the encapsulated guest 

molecules and the metal core or organic ligands in the presence of a stimulant (gases, 

electrons, and heat, for example) and the internal interactions between the metal cores and 

organic ligands of the MOFs with the encapsulated guest molecules induce physical 

responses that can be interpreted as a reaction to external stimuli (e.g. photonic excitation, 

thermal load, mechanical strain, and chemical uptake). 

 

 

Fig. 2.25 A representation of a light emitting device fabrication involving MOFs, in this 

case, ZJU-88⊃Perylene (20-80 °C), with EnT: Energy Transfer; and Em: Emission; blue: 

ZJU-88 and green: perylene [125].  
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The porosity and accessible active sites (metallic core and organic linkers) of MOFs make 

it suitable for entrapment/encapsulation of guest molecules. Unique host-guest interactions 

within nanoscale pore confinement have been demonstrated using novel MOF-composites. 

This gives way to devices such as microelectronics, lighting, and sensors. Previous 

approaches on encapsulating guest molecules such as the ex situ approach (e.g. 

post-synthetic infiltration of functional guests) is limited by extended processing times and 

size dependent encapsulation, where only molecules that are significantly smaller than the 

pore openings will have a chance of infiltrating the MOF’s cages. Instead, the bottom-up 

approach, or in situ self-assembly approach, seems to circumvent these limitations, where 

the MOFs forms around the guest molecules. 

 

 

Fig. 2.26 In situ encapsulation of an electroluminescent guest molecule (ZnQ) in ZIF-8, 

resulting in formation of ZnQ@ZIF-8 composite. (a-c) Exposing the MOF-composite to UV 

irradiation results in the emission of yellow light (visible) due to the π-π interactions 

between ZnQ and ZIF-8. (d-e) Encapsulated guest also show enhanced photostability when 

shielded within the MOF pores [69]. 
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Host-guest interaction(s) is representative of a case when the MOFs act as matrices instead 

of fillers. The close proximity and electronic interactions between the MOFs and the guest 

molecules facilitate energy transfer between the porous host and the functional guest 

species. This may occur in the presence of external stimuli such as under the irradiation of 

UV-light, or when subject to pressure or an electrical potential. Fig. 2.26 shows an example 

of this phenomenon; electroluminescent ZnQ complex (Zn-(bis-8-hydroxyquinoline)) is 

encapsulated into ZIF-8, forming ZnQ@ZIF-8 composite. Upon exposure to UV-light, the 

composite emits visible yellow colour, rendering it suitable for photonic applications. 

 

2.4.3 Biomedical and biological applications 

 

Given the numerous chemical and structural variability of MOFs, it is possible to synthesise 

bio-compatible MOFs, aptly called bio-MOFs. Bio-MOFs are especially useful in the 

context of drug delivery and medical diagnosis, due to their aforementioned 

bio-compatibility, high surface area, and accessible porosity to transport and deliver small 

drug molecules. The flexible nature of the pores of MOFs allow for the design of bio-MOFs 

to house a very specific drug; this encapsulated drug will then be transported to the target 

area, and the drug will be released via a trigger mechanism, such as ultrasound or pH, which 

acts to dissociate the organic linkers making up the MOFs, thus releasing the encapsulated 

drug (cargo) [138]. This process is summarised in Fig. 2.27. 
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Fig. 2.27 The mechanism pertaining to the drug delivery of MOFs, with (a) loading of drugs 

into the MOFs, and (b) the release of the drugs at designated sites [139].  

 

There are limited reports in literature pertaining to bio-MOFs or bio-compatible MOFs. 

Adhikari et al. [140] utilised Zn-BTC and Fe-BTC (both bio-compatible MOFs) as a loading 

vehicle for doxorubicin (dox), which is an anti-cancer drug. Loading dox into Zn/Fe-BTC 

was done in situ to form a MOF-drug composite, and the release of dox was achieved via 

reduced pH (acidic), which decomposes the organic ligand of the MOFs. Zhao et al. [141] 

took a dual approach vis-à-vis MOF-composites; they fabricated a Fe3O4/UiO-66 core-shell 

composite, where UiO-66 was loaded with dox, while Fe3O4 acts as a contrasting agent for 

magnetic resonance imaging (MRI). The core-shell composite demonstrated excellent drug 

loading capabilities and sustained drug release rates, and produces outstanding MRI images.  

Despite the aforementioned examples and others, Li et al. [68] pointed out that study on 

MOF-composites, as opposed to MOFs, for biomedical applications, are limited to MOFs 

acting as a matrix. However, if our assumptions are based on the previously mentioned 

works on bio-MOFs, it can be assumed that the reverse would also hold true; compatible 
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MOFs, loaded with drugs, can be used as fillers and incorporated into matrices to form MOF 

(drug-loaded)-composites. These composites would be extremely useful for external 

applications; as similar trigger mechanisms can be used to trigger the release of the drug 

from the MOFs. The robustness of the matrix would also serve to allow transport and 

widespread distribution of these simple and effective MOF-composites.   

 

2.5 Chapter summary 

 

This chapter discussed the advent of metal-organic framework (MOF) materials, focussing 

on its corresponding composites (with MOFs as fillers), physico-chemical characterisations, 

and viable applications. Advances made in the field of MOF-composites are well reported 

in recent literature, and the fast paced nature of MOFs and the ongoing development of 

MOF-composites makes it an exciting and worthwhile endeavour. The next chapter will 

detail the fabrication of the polymer/MOF nanocomposites, its physico-chemical 

characterisation using the methods and techniques detailed in this chapter, and the 

experimental setup for using these polymer/MOF nanocomposites for adsorption 

applications.  
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CHAPTER THREE 

Materials & Methods 

 

This chapter will detail the experimental procedures employed throughout this work. The 

experimental work is divided into four distinct stages; the synthesis of ZIF-8 nanoparticles 

and the fabrication of the polymer/ZIF-8 nanocomposites, the thermo-mechanical, 

viscoelastic, and macro-mechanical characterisation of these nanocomposites, its utilisation 

for I2 adsorption and reversible uptake of C2H4 gas molecules. The details pertaining to each 

method will be elucidated throughout this chapter in the following subsections.  

 

3.1 Synthesis of Metal-Organic Framework (MOF) nanoparticles: Zeolitic 

Imidazolate Framework (ZIF)-8 

 

 

Fig. 3.1 The synthesised ZIF-8 nanoparticles, with (a) FEG-SEM images taken at ~30,000× 

magnification, and (b) TEM images taken at ~80,000-120,000× magnification. The particle 

size was determined to be 147.26 ± 7.05 nm (see Appendix A.1) 
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ZIF-8 nanoparticles shown in Fig. 3.1 were prepared in accordance to a previously reported 

rapid room-temperature synthesis approach [142]. 2.61 g of Zn(NO3)2·6H2O and 5.74 g of 

2-methylimidazole (purchased from Fisher Scientific and used as is without any further 

purification) were dissolved in 87 ml of methanol (CH3OH), respectively. The resulting 

solutions were mixed and vigorously stirred for an hour, forming a milky white solution 

after a few minutes. The resulting ZIF-8 nanoparticles were then separated from the solution 

via centrifugation at 8,000 rpm for 10 minutes, and then (without drying) re-dispersed as a 

colloidal suspension in chloroform (CHCl3). Another set of ZIF-8 nanoparticles was also 

prepared, but dispersed in tetrahydrofuran (THF) instead of CHCl3, which is then stored for 

future use. A sample of these nanoparticles were imaged with FEG-SEM and TEM, and the 

images are shown in Fig. 3.1, exhibiting multi-faceted crystal structures, speculated to be 

rhombic dodecahedron [143]. 

 

3.2 Fabrication of polymer/MOF nanocomposites  

 

This section and its subsequent subsections will detail the fabrication of two classes of 

polymer/MOF composites: Matrimid/ZIF-8 (glassy polymer matrix) and PU/ZIF-8 (rubbery 

polymer matrix). Although the methods of fabricating both nanocomposites share distinct 

similarities, differences are also apparent, especially in the types of solvents used and the 

vacuum curing temperature, which is reliant on the nature of the matrix.  

 

3.2.1 Fabrication of Matrimid/ZIF-8 nanocomposites 
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The Matrimid polymer solution was prepared by dissolving Matrimid® 5218 flakes (a fully 

imidized thermoplastic polyimide supplied by Huntsman Corp.) in CHCl3 for a total of 

24-48 hours, until the flakes were visually determined to have completely dissolved in the 

CHCl3-laden solution. Subsequently, the previously synthesised ZIF-8 nanoparticles 

dispersed as colloids were added in stages to the Matrimid solution, corresponding to Eqn. 

3.1: 

                                                                  (3.1)                                            

 

where mZIF-8 is the weight of the ZIF-8 nanoparticles dispersed in CHCl3 and mMatrimid is the 

weight of the Matrimid flakes dissolved in CHCl3. This results in the production of three 

distinct samples of nanocomposites, featuring varied ZIF-8 loadings (see Fig. 3.2) of 10, 20, 

and 30 wt.%. These distinct nanoparticle loadings for the nanocomposites were selected to 

coincide with the works reported by Song et al. [80] and Ordonez et al. [105]. The 

performance data reported by Song et al. (capture and separation of CO2, CH4, H2, and N2) 

will also be used as a comparison with the structure-property data collected from this work, 

therefore, it is prudent that the nanoparticle loadings and synthesis conditions closely match 

those reported in that work to ensure a proper and accurate comparison between both sets 

of data. The volume fraction data corresponding to these weight percent loadings are shown 

in Fig. 4.8. Also, it is important to point out that the application of the colloidal solution 

mixing approach may significantly reduce the possibility of nanoparticle agglomeration, 

otherwise witnessed in nanocomposites produced by re-dispersion of dried ZIF-8 

nanoparticles [105]. 

ZIF-8 wt.% = 
mZIF-8

mZIF-8 +mMatrimid

⎛

⎝⎜
⎞

⎠⎟
×100%



Chapter 3  Materials & Methods 

52 
 

 

 

Fig. 3.2 Matrimid/ZIF-8 nanocomposites prepared by colloidal-based solution mixing 

approach [80], followed by casting via the doctor-blade technique, and annealing at 180 ºC 

for ~24 hours in vacuum. 

 

To fabricate the nanocomposites depicted in Fig. 3.2, the resulting Matrimid/ZIF-8 solutions 

were cast using the doctor-blade method at a speed of 10 mm s-1 onto a cleaned (acetone) 

glass substrate, resulting in an average thickness of ~135 µm for the nanocomposites. The 

resultant nanocomposites were then transferred to a glove bag saturated with CHCl3 vapour, 

and left to slow-cure for 24 hours, after which they were removed from the glove bag and 

placed in a vacuum oven, and cured for an additional 24 hours at 60 ºC (one batch) and 180 

ºC (one batch). After 24 hours, the nanocomposites were removed from the glass substrate 

(via submersion in water), had its thickness measured (see Fig. 3.3), and stored for 

subsequent studies. 
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Fig. 3.3 The average thickness of taken from 5 strip samples of the Matrimid/ZIF-8 

nanocomposites (5 mm × 60 mm). 

 

3.2.2 Fabrication of Polyurethane (PU)/ZIF-8 nanocomposites  

 

The polyurethane (PU) polymer solution was prepared by dissolving Poly 

[4,4’-methylenebis(phenyl isocyanate)-alt-1,4-butanediol/di(propylene glycol)/polycaprol

actone] beads (purchased from Sigma Aldrich and used as is without further alterations) in 

THF for a total of 24-48 hours, until the pellets were visually determined to have completely 

dissolved in the THF-laden solution. Fig. 3.4 details the chemical structure(s) of the PU 

molecular building blocks. 
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Fig. 3.4 The chemical structure of the PU used in this work. The hard segment (marked R 

in the main structure) could form secondary (weak) chemical bonds with the ZIF-8 

nanoparticles via its carbonyl and amine groups. 

 

The previously synthesised and dispersed colloidal ZIF-8 nanoparticles (THF) were added 

in stages to the PU solution, corresponding to Eqn. 3.2: 

 

																																											                                            (3.2)                                        

 

where mZIF-8 is the weight of the ZIF-8 nanoparticles dispersed in THF, and mPU is the weight 

of the PU beads dissolved in THF. This results in the production of four distinct 

nanocomposites, featuring varied ZIF-8 loadings (Fig. 3.5): 10, 20, 30, and 40 wt.%. As per 

§2.3.1, the nanoparticle loadings were selected to match those of the Matrimid/ZIF-8 

nanocomposites (up to 30 wt.%) to simplify the subsequent comparisons between both 

classes of nanocomposites. The 40 wt.% sample was synthesised due to the absence of the 

risk of sample failure, hence allowing the study of highly loaded (ZIF-8) samples, and also 

ZIF-8 wt.% = 
mZIF-8

mZIF-8 +mPU

⎛

⎝⎜
⎞

⎠⎟
×100%
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due to the supposition of Song et al. [80] that higher loadings of ZIF-8 nanoparticles results 

in significantly improved (gas separation) performance. The corresponding volume fraction 

of the nanocomposites are shown in Fig. 5.4. 

 

 

Fig. 3.5 The PU/ZIF-8 nanocomposites. Notice the increased opacity of the nanocomposites 

with increased ZIF-8 nanoparticle wt.% loading. 

 

The PU/ZIF-8 nanocomposite solutions were cast using the doctor-blade method at a speed 

of 15 mm s-1 onto a PTFE substrate, resulting in an average thickness of ~100 µm (see Fig. 

3.6). The (greater) variability of the thicknesses seen in Fig. 3.6 is the result of the casting 

and drying process: the nanocomposite solution was casted onto a PTFE substrate instead 

of glass substrate as it was more difficult to remove the dried nanocomposite from the latter 

(due to the favourable surface interactions between the dried PU and PU nanocomposite and 

the glass substrate). The PU and PU nanocomposites remained stubbornly stuck to the glass 

substrate, and significant and careful effort is needed to remove the nanocomposite to avoid 

the creation of micro-damages in the nanocomposite that could serve as stress risers. PTFE, 

on the other hand, is an ideal choice as a substrate due to its poor and almost non-existent 

interactions with the surface of PU. PU and its nanocomposites detached themselves upon 

drying from the PTFE substrate with minimal (almost no) effort. However, the poor surface 
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interactions also resulted in the greater variance of the thickness of the nanocomposites: 

when drying, the nanocomposite will shrink as it has no ‘anchor’ (ie. surface interactions) 

to hold it in place in its original casted shape, size, and thickness, and this shrinkage resulted 

in a relatively smaller (size-wise) nanocomposite, as the bulk of the casted solution will 

gravitate towards the centre of the nanocomposite, which creates a thickness gradient across 

the samples. Also, relatively greater amounts of THF was used to disperse the nanoparticles 

and PU beads (compared to the Matrimid solutions), especially for the PU nanocomposites, 

therefore, despite casting almost similar amounts of PU nanocomposite solution (~20-40 

ml), the rate of evaporation of the solvents vary from sample to sample. The more viscous 

solutions resulted in thicker (0, 30, and 40 wt.%) nanocomposites, as the small amount of 

THF will quickly evaporate, culminating in the shrinkage of the samples as it did not have 

the time to settle into a fix shape and configuration prior to the THF being removed. This 

results in a thicker sample overall. Less viscous solution means that it contains more THF, 

which will take a relatively longer time to evaporate compared to its more viscous 

counterpart. This slower evaporation of THF allows for the nanocomposite solution to settle 

into a fixed shape and configuration before the complete evaporation of THF, and once it 

evaporates, the chances of this semi-dry solution to shrink is a lot less compared to its more 

viscous counterpart. This subsequently results in a thinner and larger sample (10-20 wt.%).  

The resultant nanocomposites were then transferred to a glove bag saturated with THF 

vapour, and left to slow-cure for 24 hours, after which they were removed from the glove 

bag and placed in a vacuum oven, and dried for an additional 24 hours at 85 ºC to remove 

any remaining occluded THF solvents. After 24 hours, the nanocomposites were detached 

from the PTFE substrate via submersion in water, and stored for subsequent studies. 
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Fig. 3.6 The average thickness of taken from 5 strip samples of the PU/ZIF-8 

nanocomposites (5 mm × 60 mm). 

 

3.3 Materials characterisation 

 

The characterisation methods in this work were selected for their respective capabilities to 

determine the morphological, mechanical, thermal, and viscoelastic properties of the 

polymer/ZIF-8 nanocomposites. The settings pertaining to these methods will be detailed in 

the following subsections. 

 

3.3.1 The determination of the morphological features and chemical 

characteristics of the polymer/MOF nanocomposites  

 

The first step in characterising the polymer/MOF nanocomposites is to determine its 

morphological, physical, and chemical characteristics. Methods that can be used to realise 

this include electron and probe microscopy and X-ray methods. The results reported by 
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these methods can be used to establish a common feature related to the polymer/MOF 

nanocomposites, and allow us to carefully study its microstructural makeup.  

 

3.3.1.1  Scanning Electron Microscope (SEM) 

 

The cross-sectional morphology of the nanocomposites was examined using a Field 

Emission Gun Scanning Electron Microscope (TESCAN LYRA3 FEG-SEM/FIB 

apparatus). The nanocomposite samples (Matrimid and all the PU samples) were immersed 

and fractured in a bath of liquid nitrogen (LN2 at 77 K) and mounted at a 90º angle on a stub 

using adhesives, exposing the through-thickness surface. Each sample was coated with gold 

(Au) using a sputter coater for a period of 30 seconds, prior to imaging at 5-15 kV under 

high vacuum. 

 

3.3.1.2  Transmission Electron Microscope (TEM) 

 

TEM was used to image the ZIF-8 nanoparticles reported in §3.1. A small sample of the 

ZIF-8 nanoparticles was taken from the dispersion (< 1 ml) and re-dispersed and sonicated 

in CH3OH (~10 ml). A drop of this sonicated solution was placed onto a copper specimen 

support grid. This droplet was allowed to dry prior to being imaged in the TEM (JEOL USA 

JEM-2100Plus). The sample was then imaged at ~200,000-500,000× at high vacuum.  

 

3.3.1.3  Atomic Force Microscopy (AFM) 
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Atomic force microscopy (AFM) surface characterisation was conducted using the MFP-3D 

AFM (Asylum Research, Oxford Instruments) in tapping mode and AC-air topography 

settings. The samples, each measuring 5×10 mm2, were mounted on stainless steel coupons 

(using carbon tapes and adhesives) to reveal the top surface of nanocomposite for imaging. 

Two samples were prepared for each class of nanocomposite, and imaging was conducted 

from 20 µm × 20 µm to 1 µm × 1 µm for an all-encompassing surface topography of the 

samples. 

 

3.3.1.4  X-Ray Diffraction (XRD) 

 

X-ray diffraction (XRD) was conducted using the Rigaku-2250 setup, operating at 45 kV 

and a tube current of 200 mA using the CuKα source (1.5418 Å). The scanning rate was set 

to 0.5º min-1 with a continuous scanning range of 2θ = 5-30º (where all the major peaks for 

MOFs are expected to be present). 

 

3.3.2 Thermo-mechanical properties characterisation 

 

The determination of the thermo-mechanical and viscoelastic properties of the 

polymer/MOF nanocomposites is crucial in establishing its response to multiple external 

stimuli, in effect giving us a glimpse into its applicability to real world settings as detailed 

in §2.3.2.3 and §2.3.3.1. This sub-section will describe the methods used to characterise and 

analyse the samples prepared for this work. 

 

3.3.2.1  Thermogravimetric Analyses (TGA) 
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The thermal stability and decomposition of the nanocomposites was investigated using the 

TGA-Q50 (TA Instruments), equipped with an induction heater (maximum temperature of 

1000 ºC) and a platinum (Pt) sample holder. Samples weighing an average of ~4 mg were 

loaded onto the sample holder and heated from 50-1000 ºC at a rate of 10 ºC min-1, to the 

point of complete decomposition. The raw data was collected and plotted using TA 

Analyser, which is TA Instrument’s propriety software. 

 

3.3.2.2  Dynamic Mechanical Analyses (DMA) 

 

Temperature-dependent viscoelastic measurements were performed using the TA 

Instruments Q800 Dynamic Mechanical Analyser (DMA) equipped with an LN2 dewar 

attachment. The experiments were performed at a heating rate of 3 ºC min-1 from -100 to 

400 ºC (for Matrimid and Matrimid-based nanocomposites), and -80 to 120 ºC (for PU and 

PU-based nanocomposites). The DMA was calibrated to a pair of tension film clamps and 

fixed to a gauge length of 12.5 mm, with all samples tested under multi-frequency strain 

uniaxial tensile mode. The static force was set to 0.1 N, and the force track was set to 125% 

at an oscillatory strain of 0.1 %. The oscillating frequency was cyclically alternated between 

5, 10, 15, 20, and 25 Hz (Matrimid-based nanocomposites) and 2, 5, 10, 15, 20, 25, 30, 35, 

40 Hz (PU-based nanocomposites) as the temperature was steadily increased throughout the 

experiments. 
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3.3.2.4 Differential Calorimetric Scanning (DSC) 

 

The melt behaviour of the nanocomposites was analysed using a DSC (Q2000, TA 

instruments) instrument. Hermetically-sealed Al pans were used to house the samples, set 

to ~2.5 mg per sample for the Matrimid-based composites, and ~1.5 mg for the PU-based 

composites (the difference in weight is due to the much lower density of the polymers and 

the fixed dimensions of the Al pan). The weights of the samples and the pans were recorded, 

and the DSC was calibrated to an empty hermetically-sealed Al pan prior to the experiments. 

The Matrimid-based nanocomposites were heated from 0 - 400 ºC at a rate of 10 ºC min-1, 

while the PU-based nanocomposites were heated from -70 – 350 ºC at a rate of 10 ºC min-

1. The samples were held at their starting temperatures (0 ºC for Matrimid-based composites 

and -70 ºC for PU-based composites) for 5 minutes prior to the start of the experiments (all 

conducted under nitrogen flow) to stabilise the temperature gradient between the samples 

and the Al pans. The raw data was collected from the machine and subsequently plotted to 

study the melt behaviour, phase changes, and interactions between the ZIF-8 nanoparticles 

and its polymer matrices. 

 

3.3.3 Quasi-static mechanical response 

 

The quasi-static mechanical response is important in this work to establish the intrinsic bulk 

mechanical properties of the polymer/MOF nanocomposites, such as the elastic moduli, 

hardness, toughness, and ductility. Details pertaining to these experiments are explained 

below.  
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3.3.3.1 Nanoindentation 

 

Quasi-static nanomechanical properties, particularly the Young’s modulus (E) and 

indentation hardness (H) were determined via nanoindentation experiments using the MTS 

NanoIndenter XP (Agilent Technologies, USA), equipped with a Berkovich three-sided 

pyramid diamond tip. We made a series of 15-20 indentations in a rectangular grid (50 × 30 

µm) for each sample being probed (three samples tested per wt.%). The Poisson’s ratio in 

this study is assumed to be ~0.2 (Matrimid-based nanocomposites at compression strain of 

less than ~5%) and ~0.5 (PU-based nanocomposites at compression strain of less than ~5%, 

assuming incompressibility typical of a rubbery polymer material) [144]. The 

load-displacement plots generated for each indentation was used to derived the E and H 

values (see §2.3.2.2) for the samples, and the reported values are the average of 45-60 

indents. 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 3  Materials & Methods 

63 
 

3.3.3.2 Large-strain uniaxial tensile test 

 

 

Fig. 3.7 The experimental setup for the uniaxial tensile test employing the universal testing 

machine (Instron Model 5582) with a PU/ZIF-8 nanocomposite (40 wt.%) nanocomposite 

sample (centre strip), where (a) initial loading of the sample, and (b) the sample at failure. 

The test was conducted at an elongation rate of 10 mm min-1 using a 100-N load cell. The 

samples are speckled with fine black paint for Digital Image Correlation (DIC) analysis, 

while the left and right strip is a paper frame that was glued onto the sample to prevent the 

sample from slipping during loadings while also serving as a dimensional guidance (gauge 

length of 30 mm). 

 

The stress-strain plots were determined using the Instron universal testing machine (Model 

5582), equipped with a 100-N load cell. The width and gauge length of the test coupons 

were 5 mm and 30 mm, respectively. The samples were securely clamped to the rigs, and 

were subjected to a tensile load applied at 0.5 mm min-1 (Matrimid-based nanocomposites) 

and 10 mm min-1 (PU-based nanocomposites) until fracture/failure. The load-displacement 

plots were converted to nominal stress-strain plots using Digital Image Correlation (DIC), 

where images of speckled test coupons undergoing tensile deformation were taken at 5 fps 

(Fig. 3.7), and these images were later processed using DaVis® software to calculate the 
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uniaxial strain profile of the test coupons from the previously captured images. These strain 

profiles were then matched to the stress values calculated from the gauge length and cross 

sectional area using MATLAB® to produce a nominal stress-strain plot for the 

polymer/ZIF-8 nanocomposites (see Appendix A.2). In the case of the PU/ZIF-8 

nanocomposites, the generated stress-strain profile were also fitted using the Ogden model 

[145] via Abaqus®, employing its built-in hyperelastic function fitting module. 

   

3.4 Iodine (I2) capture 

 

A solution of 10 mM of I2 was prepared with cyclohexane (C6H12) as its base; both were 

purchased from Sigma Aldrich and used as is without further modifications or purification. 

The previously synthesised PU/ZIF-8 (30 wt.%) and Matrimid/ZIF-8 (30 wt.%) 

nanocomposites were dried in a vacuum oven for 24 hours at 85 °C prior to the I2 uptake 

experiments to remove any moisture or solvents remaining on the surface of or within the 

nanocomposites. These nanocomposites were then carefully weighed, and the weight was 

recorded for each sample. The nanocomposites were then placed in a 5 mL glass vial, and 

1 mL of the aforementioned I2 solution were pipetted into the vials and hermetically sealed 

using an airtight cap. The vials were kept away from direct exposure to sunlight in order to 

prevent UV degradation from influencing I2 uptake. Photos of the vials were taken at 

designated intervals of 0, 1, 2, 4, 6, 24, 48, 72, and 96 hours. At the end of the uptake 

experiments, the nanocomposites were removed from the solution, washed, and 

subsequently weighed. A control experiment was designed using the polymers and its 

corresponding nanocomposites submerged in C6H12 for 96 hours, and subsequently weighed 

afterwards to compare the weight of the samples before and after (96h) submersion. This 
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control experiment was carried out to ensure that the uptake demonstrated by the samples 

was not influenced by the uptake of C6H12. 

The samples exhibiting the highest level of capture and retention of I2 was used for 

desorption experiments, where the sample was submerged in ethanol and allowed to desorb 

for a set amount of time (~ 4h). Photos were taken of the desorption experiments to visually 

monitor the level of I2 released from the samples. The I2-adsorbing nanocomposite were 

subjected to multiple characterisation techniques to confirm its uptake and retention 

capabilities. 

 

3.4.1 Thermogravimetric Analysis (TGA) for Iodine (I2) capture study 

 

The influence of I2 uptake towards the thermal and structural modifications of the pristine 

nanocomposites was determined using the TGA technique. The device used in this work is 

the TGA-Q50 (TA instruments), which comes with its own induction-heating chamber and 

Pt sample holder. A portion of the nanocomposites were carefully sectioned from the main 

sample (~1.5 mg), and placed onto the platinum (Pt) sample holder. Prior to the experiments, 

the sample holder was calibrated to zero weight in order to prevent any foreign particles or 

objects from influencing the readings. The samples were then subjected to the heat treatment 

outlined and programmed into the software: heating rate of 10 °C min-1, initial temperature 

of 50 °C and final temperature of 800 °C. These parameters and temperatures were selected 

in order to guarantee that the samples (which includes Matrimid, PU, and ZIF-8) undergo 

the total range of thermal phase change and decomposition. The weight percent (wt.%) 

variation of the samples were recorded at every temperature interval, and these data were 

then used to construct thermal decomposition plots of the polymer matrices and their 

corresponding nanocomposites, with and without I2 guest molecules. 
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3.4.2 Nanoindentation (I2 capture study) 

 

The settings and experimental setup described in §3.3.3.1 were also used for this 

experiment, the only difference being that the samples were indented as quickly as possible 

after being removed from the I2 (C6H12) solution to avoid evaporation or interaction with its 

surroundings from influencing the quasi-static nano-mechanical properties of the polymers 

and polymer/MOF nanocomposites.  

 

3.5 Reversible uptake of ethylene (C2H4) with the polymer/MOF 

nanocomposites  

 

This part of the work was carried out as a collaboration with the Department of Inorganic 

Chemistry of the University of Alicante, Spain, where the samples prepared in this work 

was sent to confirm its viability for the reversible uptake of C2H4 gas molecules.  

A total of four samples were selected for the reversible uptake C2H4 experiment due to time 

and equipment access limitations. The selected samples were Matrimid, PU, and their 

corresponding 30 wt.% nanocomposites (Matrimid/ZIF-8 30 wt.% and PU/ZIF-8 30 wt.%). 

The samples were cut into small rectangular pieces (1 mm × 3 mm) up to a total of ~200 mg 

of samples. The samples were then outgassed at ultra-high vacuum conditions at 358 K (85 

°C) for 24 h prior to the experiments in a 9 mm sample bulb. A custom-built manometric 

equipment was used to measure the adsorption/desorption isotherms of C2H4 vapour at 278 

K (5 °C) and 308 K (35 °C). 
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3.6 Chapter summary 

 

This chapter detailed the synthesis, fabrication, characterisation, and application of the 

polymer (glassy or rubbery)/MOF nanocomposites. The methods were carefully selected to 

elucidate material properties such as the morphology, thermo-mechanical, and quasi-static 

mechanical response of the nanocomposites to external stimuli such as quasi-static and 

dynamic loads and a wide range of temperatures. Its viability vis-à-vis its physical and 

chemical characteristics was also tested by having the nanocomposites used for I2 adsorption 

reversible uptake of C2H4. The next chapter will detail the collected and analysed results 

pertaining to Matrimid/ZIF-8 nanocomposites. 
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CHAPTER FOUR 
 

Matrimid®/ZIF-8 nanocomposites: The influence of thermo-mechanical 
stability and viscoelasticity upon separation performance 

 

This chapter will predominantly focus on one class of polymer/MOF nanocomposite; the 

Matrimid/ZIF-8. This class of polymer/MOF nanocomposite represents the glassy 

polymer/MOF combination, which comes with its own unique set of features and challenges 

due to the nature of glassy polymers and its interactions with the organic features of ZIF-8 

(in this case, deprotonated 2-methylimidazole (mIm)). The pristine Matrimid and its 

corresponding ZIF-8 nanocomposites (10 wt.%, 20 wt.%, and 30 wt.%) were prepared in 

accordance to the methods and techniques described in the previous chapter (§3.2.1), and 

were characterised using the techniques detailed in §3.3. The following subsections will 

describe the results reported by these tests, and the implications on its usage in applications 

such as gas capture and separations reported in literature.  The works and results discussed 

in this chapter has been published in Mahdi et al. [146].   

 

4.1 Rationale 

 

The applicability of MOFs for gas capture and separation is well documented in literature 

[147-149]. Examples of MOFs reported in literature for gas capture and separation 

applications include ZIF-8 [150] and HKUST-1 [148] corresponding to CO2/CH4 capture 

and separation and Xenon (Xe)/Krypton (Kr) separation, respectively. The large reactive 

surface area and the intrinsic porosity of MOFs render selective gas capture and separation 

possible [29].  
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ZIF-8, in particular, is especially favoured for CO2 capture and separation applications. The 

high surface area of ZIF-8 (1650 m2 g-1), its large pore size (5.6 Å vs. the molecule size of 

CO2 of 2.3 Å) and solvent accessible volume (SAV~0.5), and its chemical affinity with CO2 

(via its mIm ligands) render ZIF-8 particularly suitable for CO2 capture and separation [59].  

Despite successful lab-scale experimentation vis-à-vis gas capture and separation of CO2 

using ZIF-8 (nano)particles, the fact remains that the previously reported works utilised 

ZIF-8 in powder form, which might not translate well into real world applications due to 

deliverability issues, where dispersing and retaining powders for gas capture and separation 

applications might require a more elaborate setup (such as a mould to hold the powders in 

place) to contain the powders while being used for gas capture and separation. There are 

also a few problems associated with loose powders of ZIF-8 nanoparticles; they tend to 

agglomerate when dried, susceptible to high temperature, and are also quite reactive towards 

moisture in the air (H2O adsorption), all of which negatively affect its subsequent 

performance [151].  

The benefits of forming MOF-nanocomposites, as per the problems mentioned above, have 

been detailed in §2.2.4. Basically, the introduction of MOFs into a viable, accessible, and 

robust matrix will protect the MOF (nano)particles from its surroundings while allowing for 

its full functionality without compromising its structural integrity. The works of Song et al. 

[80] and Ordonez et al. [105] are testaments to this approach, where ZIF-8 nanoparticles 

were introduced into a Matrimid (glassy) matrix, which is a robust and durable glassy 

polymer used for aerospace applications. The nanocomposites in their works are used for 

CO2/CH4 gas separation applications, with positive results reported by both authors in terms 

of permselectivity of the nanocomposites for CO2, which both attributed to the presence of 

ZIF-8 nanoparticles in the nanocomposite and its intrinsic affinity for CO2 gas molecules.  
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The approach of forming polymer/MOF (nano)composite to enhance the gas capture and 

separation of CO2 is not limited to the aforementioned authors, in fact, it has been explored 

rigorously by other authors using other polymer/MOF combination for the capture and 

separation of CO2 from CO2/CH4 gas mixture. Smith et al. [152] reported the 

Ti-UiO-66/PIM-1 composite for the separation of CO2 from flue gases (combined 

hydrocarbons), while Rodenas et al. [153] combined CuBDC nanosheets and polyimide to 

form CuBDC/PI composite for CO2/CH4 separation. All of these works have something in 

common: they posited that the formation of nanocomposites via the addition of nano-sized 

MOFs into polymers produced promising improvements; for instance, an ~150% increase 

in permeability for Ti-UiO-66/PIM-1 composites (5 wt.% loading) was reported as opposed 

to its neat PIM-1 matrix, accompanied by an increased in separation selectivity of 30-80% 

vis-à-vis CO2/CH4.  

The polymer/MOF combination approach, besides improving the gas capture and separation 

performance of the resulting nanocomposite, also has the added advantage of improving the 

deliverability of the MOFs. The MOFs are now encased within a durable, robust, and 

accessible polymer matrix that allows it to capture and separate CO2 while remaining 

unperturbed by the presence of moisture and high temperatures in its surroundings, elements 

that might result in damaged MOFs.  

However, it should be pointed out that there is a crucial gap in the aforementioned works, 

and in fact, in literature pertaining to polymer/MOF (nano)composites: they lack a detailed 

study on the physico-chemical characteristics of the formed nanocomposites. The 

aforementioned studies focussed on the improved performance and deliverability of the 

polymer/MOF composites while neglecting to characterise its subsequent mechanical 
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performance such as its (tensile and yield) strength or thermal behaviours. In the context of 

real-world applications, it is imperative that the thermal and mechanical characteristics be 

detailed and quantified, as it plays a major role in subsequent materials’ design. Elucidating 

these characteristics will also help determine the viability of polymer/MOF combination 

towards CO2 (and any other gases) gas capture and separation, especially in the context of 

materials durability against factors such as temperature and continuous vibrations. It will 

also be useful when intending to upscale the production of the nanocomposites.  

This chapter is predicated on closing the knowledge gap between the nanocomposites’ 

performance and its physico-chemical properties. For this purpose, the Matrimid/ZIF-8 

nanocomposite combination was selected. This particular system was selected as it has been 

reported twice in literature for the same application (capture and separation of CO2/CH4) by 

different authors [80, 105], thus establishing its distinct viability for the capture and 

separation of CO2/CH4. Both authors also agree that the introduction of ZIF-8 into Matrimid 

resulted in enhanced gas capture and separation performance, due to Matrimid’s intrinsic 

affinity for CO2 itself being amplified by the presence of ZIF-8. Importantly also, Matrimid 

is a glassy polymer (Tg >300 C) at room temperature, and it was selected to form a contrast 

to works of polymer/MOFs involving rubbery polymer as its matrix (see Chapter 5). Its 

performance data is readily available in published form, which will be used in this chapter 

to establish a correlation between the structure-property characteristics developed in this 

chapter and the reported gas capture and separation performance (CO2, H2, CH4, and N2) of 

the nanocomposites.  

This chapter will discuss the systematic thermo-mechanical and viscoelastic 

characterisation of a prototypical ZIF-8 glassy polymer nanocomposite, in this case 

represented by Matrimid/ZIF-8 nanocomposite system. It is expected that the 

methodologies developed herein can be adopted to characterise a broad range of existing 
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and upcoming MOF-based nanocomposite systems, regardless of the nature of the MOFs or 

matrices [45]. 

 
 
 
4.2 Microstructural features of Matrimid/ZIF-8 nanocomposites 

 

Figs. 4.1 and 4.3 present SEM images revealing the representative microstructures observed 

at the cross section of the Matrimid and its corresponding nanocomposites (unannealed and 

annealed). It can be seen that there is excellent dispersion and homogeneity of ZIF-8 

nanoparticles embedded within the Matrimid matrix (further confirmed by XRD analyses, 

see Fig. 4.5). However, the lower loadings of ZIF-8 nanoparticles (~10 wt.%) appear to 

produce a better overall dispersion and blending of ZIF-8, as opposed to those incorporating 

higher loadings. Despite the visual observation, it should be pointed out that there are 

‘empty’ regions within the nanocomposites, which are regions that lack the presence of 

ZIF-8 nanoparticles. This is evident in Fig. 4.2 (a-c), where there are grid numbers (defined 

as the 1 µm2 of an equally divided grid in a FEG-SEM image of the nanocomposite) that 

shows 0 frequency of ZIF-8 nanoparticles. These concentrations of ZIF-8 nanoparticles 

within certain regions could be construed as the occurrence of (slight) aggregation and 

agglomeration, although visual observation discounted this for the 10 wt.% sample due to 

its lack of clumps of ZIF-8 nanoparticles in the images. The usage of the solution mixing 

approach [80] did not preclude the prevalence of agglomeration and aggregation in the 

higher loaded samples, however, as the 20 wt.% and 30 wt.% samples (Fig. 4.1 (c)-(d)) 

show regions with concentrated clumps of ZIF-8 nanoparticles. This is further evident in 

the particle distribution analyses of the 30 wt.% sample shown in Fig. 4.2 (b)-(c), where 

there are quite a few regions that show increased concentrations of ZIF-8 nanoparticles 

beyond the average ZIF-8 nanoparticles per grid stipulated in the distribution analyses. 



Chapter 4  Matrimid/ZIF-8 

73 
 

This observation indicates that there is an optimal wt. % loading for the blending of 

Matrimid and ZIF-8 nanoparticles, where both phases could be seamlessly integrated. In 

fact, the rhombic dodecahedron crystallographic habit [143] characteristic of ZIF-8 is 

indistinguishable from the micrographs (see Fig. 4.1), confirming that the nanoparticles are 

indeed very well encapsulated (by a thin layer of Matrimid) and assumed an approximately 

spherical shape, which is energetically more favourable [154].  

 

 
 
Fig. 4.1 SEM cross-sectional microstructures of Matrimid/ZIF-8 nanocomposites 

unannealed samples (cured at 60 °C in vacuum), showing (a) Matrimid, (b) 10 wt.%, (c) 20 

wt.%, and (d) 30 wt.% of ZIF-8 nanoparticles. White dashed markers indicate representative 

areas where the polymer-encapsulated ZIF-8 nanoparticles are visible. 
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Fig. 4.2 The quantitative distribution of the ZIF-8 nanoparticles throughout the 

nanocomposite, where (a) Matrimid/ZIF-8 10 wt.%, (b) Matrimid/ZIF-8 20 wt.%, and (c) 

Matrimid/ZIF-8 30 wt.%. Each grid number represents an area of 1 µm2, sectioned equally 

from the SEM images of the samples (see Appendix B.1) [155]. 

 
 
It should be emphasised that the micron-sized cavities and pores visible in the SEM images 

(Fig. 4.1(b)) are reminiscent of the classic ‘cup-and-cone’ ductile fracture mode, as the 

cross-sectional samples were prepared by the freeze-and-fracture technique in an LN2 

medium. Interestingly, the SEM micrographs reveal that the nanocomposites actually 

experienced a reasonable degree of ductile failure at the microscopic length scale under 

77 K. In light of this, we may infer that ZIF-8 nanoparticles embedded in Matrimid disrupt 

the molecular packing of the polymeric chains; while this effect improves the overall gas 

permeability [80], it also gives rise to microscopic defects acting as stress risers [43] that 

are susceptible to localised deformation under load (see Appendix B.2). 
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Fig. 4.3 SEM cross-sectional morphology of Matrimid/ZIF-8 nanocomposites subjected to 

an annealing heat treatment at 180 °C in vacuum. (a) Matrimid, (b) 10 wt.%, (c) 20 wt.%, 

and (d) 30 wt.% ZIF-8 nanoparticles. White-dashed markers highlight the presence of the 

polymer-encapsulated ZIF-8 nanoparticles. 

 

The microstructures of the corresponding annealed Matrimid and its nanocomposites are 

shown in Fig. 4.3. Similar to the unannealed nanocomposites, higher loadings demonstrate 

increasing agglomeration and aggregation, as evidenced by the close packing and 

prominence of ZIF-8 nanoparticles within the nanocomposites, reminiscent of the 

microstructures found in the unannealed nanocomposites (Fig. 4.1). The primary difference 
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between the unannealed and annealed nanocomposites is that the trapped solvents within 

ZIF-8 and Matrimid have been completely evacuated, as the annealing temperature of 

180 ºC is substantially higher than the boiling point of CHCl3 (~60 °C), which is the solvent 

used for materials processing. Moreover, Matrimid undergoes secondary relaxation (β) at 

80-90 ºC [156], leading to the molecular stretching of the polymer bonds accompanied by 

rotations of the side groups, both of which help in accelerating the removal of CHCl3. As a 

consequence of annealing, the fracture surfaces in Fig. 4.3 suggest that a predominantly 

brittle failure mechanism is at play, where relatively fewer ductile deformation events can 

be identified, particularly at higher wt.% loadings. The quantitative evaluation of the 

distribution of ZIF-8 nanoparticles within the annealed nanocomposite in Fig. 4.4 

demonstrated similar feature as the ones shown by Fig. 4.2, where ZIF-8 nanoparticles 

distribution throughout the nanocomposite improved with increased loading (from an 

average of 4 ZIF-8 nanoparticles per µm2 for the 10 wt.% sample, to 17 ZIF-8 nanoparticles 

per µm2 for the 30 wt.%). In the annealed samples, the regions with high concentration of 

ZIF-8 nanoparticles are more evident, as seen in Fig. 4.4 (a), where there are many regions 

that lack ZIF-8 nanoparticles, while in Fig. 4.4 (c), there are regions that have significantly 

lower number of ZIF-8 nanoparticles.  
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Fig. 4.4 The quantitative evaluation of the distribution of ZIF-8 nanoparticles within the 

annealed nanocomposites, where (a) Matrimid/ZIF-8 10 wt. %, (b) Matrimid/ZIF-8 20 

wt.%, and (c) Matrimid/ZIF-8 30 wt.%. The grid number represents marked area that 

measures 1 µm2 each. For the images used to derive these numbers, see Appendix B.1 [155]. 

	

 

Fig. 4.5 The X-Ray Diffraction (XRD) diffractograms of the a) unannealed and b) annealed 

Matrimid, Matrimid/ZIF-8 nanocomposites, and simulated ZIF-8 XRD patterns, from which 

it was determined that crystallinity is directly proportional to both ZIF-8 nanoparticle 

loadings and annealing conditions (see Appendix B.3). 
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Fig. 4.6 AFM 3-D scans showing top surface topography of the unannealed (left panel) and 

the annealed (right panel) Matrimid/ZIF-8 nanocomposites, incorporating (a) 10 wt.%, (b) 

20 wt.%, and (c) 30 wt.% of ZIF-8 nanoparticles. The (d) Matrimid surface topography 

serves as a baseline to the changes caused by the presence of the ZIF-8 nanoparticles. All 

images show the same height topography scale (±200 µm). 

 

(d) Matrimid 
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Fig. 4.6 shows the AFM images acquired from the vicinity of the top surface of the 

unannealed and annealed nanocomposites, respectively. Both sets exhibit distinctive height 

topography, which can be linked to the embedded nanoparticles and the corresponding 

wt.%. Nominally, the size of the protruding topographic features lies in the range of 150-200 

nm across, thereby consistent with Matrimid-coated ZIF-8 nanoparticles, for which the size 

of the as-synthesised nanoparticles is relatively smaller, see Fig. 3.1(a). Therefore, it is clear 

that ZIF-8 is not only embedded inside the nanocomposites (as revealed by SEM cross 

sections, Figs. 4.1 & 4.3, and XRD in Fig. 4.5), but also present near the top subsurface 

layers, suggesting that a homogeneous dispersion of ZIF-8 nanoparticles was achieved 

throughout the matrix. The presence of the ZIF-8 nanoparticles and annealing of the 

nanocomposites also resulted in the altered surface roughness of the samples, as seen in Fig. 

4.7. The surface roughness of the nanocomposites increases when the ZIF-8 nanoparticles 

loading increases, while annealing seems to decrease the overall roughness of the 

nanocomposites. 

 

Fig. 4.7 The Ra (roughness average) and Rq (root mean square roughness) plots of the 

unannealed and annealed Matrimid/ZIF-8 nanocomposites derived from the AFM scans (3 

sets of scans were used for average values). The roughness plots these values were derived 

from can be found in Appendix B.4.  
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Our SEM and AFM studies highlight the presence of a complex microstructure that stems 

from the two major composite constituents: ZIF-8 and Matrimid. It is envisaged that the 

multiple phases in the nanocomposites react differently to external stimuli, such as pressure 

and/or temperatures, creating stress risers and temperature gradients alongside competing 

responses within the nanocomposites, all of which underpins its mechanical performance. 

On this basis, information on mechanical properties, ranging from elastic moduli and yield 

strengths to viscoelasticity, toughness and ductility, and how they change with temperature 

will prove to be important to enable a wide range of challenging technological 

implementations [37, 39, 45]. 

 

4.3 Quasi-static mechanical properties determined from nanoindentation studies 

 

Fig. 4.8 summarises the nanoindentation results obtained from the unannealed and annealed 

Matrimid/ZIF-8 nanocomposites. Using the indentation load-displacement raw data (see 

Appendix B.5), the Young’s modulus (E) of the nanocomposites, assuming an isotropic 

response, were determined in accordance with the Oliver & Pharr method described in 

§2.3.2.2 (Eqns. 2.1 & 2.2), where the Ei and νi are Young’s modulus and Poisson’s ratio of 

the diamond indenter tip were taken to be 1141 GPa and 0.07, respectively. The Poisson’s 

ratio of the sample (ν) was assumed to be ~0.2.  

Intriguingly, it can be seen that the Young’s modulus (E) property (Fig. 4.8(a)) is inversely 

proportional to the ZIF-8 nanoparticle content, although their hardness (H) response 

(Fig. 4.8(b)) is demonstrating an upward trend. At 30 wt.%, the stiffness of the unannealed 

nanocomposites decreased by ~8% with respect to the E of neat Matrimid, while that of the 
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annealed nanocomposites decreased by ~7%. Conversely, the H of the unannealed 

nanocomposites increased by ~5%, while the annealed nanocomposites increased by ~8%.  

In fact, this counterintuitive phenomena can be elucidated by invoking the simple Rule of 

Mixtures (RoM) — the Voigt and Reuss models [46], which respectively predicts the 

upper- and lower-bounds of E and H values on the basis of the volume-fraction-weighted 

contributions of the composite constituents. Herein for the RoM calculations, ZIF-8 

nanoparticles correspond to: EZIF-8 = 3.3 GPa [33] and HZIF-8 ~500 MPa [32]; and for neat 

Matrimid unannealed: EMatrimid = 4 GPa and HMatrimid ~270 MPa [101]. Because EZIF-8 < 

EMatrimid, introducing a higher volume fraction of ZIF-8 into neat Matrimid yields, in effect, 

a more compliant composite (i.e. reduction of E). Given that the differential stiffness of the 

two constituents is relatively small (∆E/EMatrimid ~0.18), it follows that the deviation between 

the upper-and lower-bounds of E becomes equally insignificant. 

In contrast, it is recognised that HZIF-8 >> HMatrimid (specifically, hardness of ZIF-8 is about 

double that of neat Matrimid); the resultant composite therefore exhibits an improvement in 

hardness due to the higher wt.% of ZIF-8. It can subsequently be seen from Fig. 4.8(b) that 

the upper bound significantly overestimates the hardness; by comparison, the lower bound 

(Reuss model) is better at projecting the measured values. This outcome is expected as the 

Reuss model is derived assuming a non-continuous particulate-based composite system 

(assuming perfect interfaces), which better resembles the microstructural features seen in 

the nanocomposites (Figs. 4.1 & 4.3), though the discrepancies observed might also be 

associated with imperfections present at the interfaces of the nanoparticles and the matrix, 

thus decreasing load transfer. 
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Fig. 4.8 Nanoindentation data plotted as a function of ZIF-8 nanoparticle loading (in wt.% 

and volume fractions φZIF-8), where (a) Young’s modulus (E), and (b) nanohardness (H). 

Each experimental data point corresponds to averaged measurements conducted on three 

different samples, each subjected to an array of 15-20 indents to a maximum surface 

penetration depth of 2 µm. The error bar represents standard deviations derived from 60 

individual indents. The upper and lower bounds were computed based on the Rule of 

Mixture relationships [46], which are expressed in terms of the nanoparticle volume 

fractions (φZIF-8) and elastic moduli or hardness of the composite constituents. The upper 

bound (UB Voigt) and lower bound (LB Reuss) for Young’s modulus of nanocomposites 

presented in (a) are determined from Ec = φZIF-8EZIF-8 + (1 − φZIF-8)EMatrimid and Ec = 

[(φZIF-8/EZIF-8) + (1 − φZIF-8)/EMatrimid]-1, respectively. Likewise, the two bounds for hardness 

in (b) were established using a corresponding set of relationships, where the moduli terms 

(E’s) are substituted by the hardness terms (H’s). 
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Turning to the annealed nanocomposites, it was established that the abovementioned trends 

persist. Following the annealing treatment, the magnitudes of E and H have both increased 

by up to ~9% and ~18%, respectively. Such a behaviour can be understood by scrutinising 

the nature of the secondary chemical bonding [157] that exists in the nanocomposites, as 

illustrated in Fig. 4.9. The evacuation of entrapped solvent molecules is assumed to enhance 

hydrogen bonding between hydroxyl groups by eliminating competition from other 

elements vying to form hydrogen bonds, in conjunction with π-π stacking interactions 

between the benzene rings that are ubiquitous in the polyimide chains (of Matrimid) and the 

mIm (of ZIF-8). It is anticipated that such combined molecular effects produce a stiffer and 

harder, yet more brittle nanocomposites. This is especially evident with annealed 

nanocomposites at higher wt.% loading, for example it was observed that the 30 wt.% 

nanocomposite cracked immediately upon removal from glove bag after curing for 24 hours 

at room temperature.  
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Fig. 4.9 Schematic illustrating the nature of molecular interactions in the Matrimid/ZIF-8 

nanocomposites. (a) Polyimide monomer constituting the Matrimid matrix, and (b) ZIF-8, 

where yellow surface represents the internal porosity (ca. 11 Å diameter); mIm = 

[2-methylimidazolate] ligands. Secondary bonding sites comprise of hydrogen bonding 

established by the methyl groups (CH3) of ZIF-8’s organic linkers and the carbonyl and 

hydroxyl groups prevalent in polyimides, in addition to auxiliary π-π stacking interactions 

due to delocalised electrons of adjacent benzene rings. The presence of carbonyl and 

hydroxyl groups in polyimide enables the formation of hydrogen bonds [158] between 

Matrimid and ZIF-8, giving intimate adhesion between the two constituents. The strength 

of the H-bonds depends upon the acidity of the proton donor, suggesting that the strength 

of hydrogen bonds between the aldehyde and methyl group in Matrimid/ZIF-8 would be 

akin to weak interactions such as the van der Waals (vdW) forces. 
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Fig. 4.10 DSC plots for the (a) unannealed and (b) annealed Matrimid/ZIF-8 

nanocomposites. 

Fig. 4.10 shows the DSC plots of the unannealed and annealed Matrimid/ZIF-8 

nanocomposites. There are two distinctive shifts that can be observed in both plots; the 

glassy shifts in the region of 250-300 ºC, and the crystallization peaks in 300-350 ºC region. 

Uniquely, in the unannealed DSC plots, slight peaks can be observed near the crystallization 

peaks (secondary peaks), which can be attributed to the release of the occluded solvents 

(CHCl3 in this case) upon heating and the occurrence of glass transitions (see Figs. 4.11 & 

4.12 for similar occurrence and further explanations). These peaks are notably absent in the 

annealed samples due to the occluded solvents already being removed when annealing at 

180 ºC for 24 h, resulting in only one distinctive peak (crystallisation) in the annealed DSC 

plots.  
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Table 4.1 The Tg and heat of fusion (ΔH) of the unannealed and annealed Matrimid/ZIF-8 

nanocomposites, derived from the DSC plots in Fig. 4.10. 

Samples Tg (ºC) Heat of fusion, ΔH (J g-1) 

Matrimid 227 0 

Matrimid/ZIF-8 10 wt.% 241 32 

Matrimid/ZIF-8 20 wt.% 255 33 

Matrimid/ZIF-8 30 wt.% 252 42 

Matrimid annealed 246 0 

Matrimid/ZIF-8 10 wt.% annealed 232 14 

Matrimid/ZIF-8 20 wt.% annealed 234 46 

Matrimid/ZIF-8 30 wt.% annealed 236 64 

 

The Tg of annealed Matrimid is slightly higher than the unannealed Matrimid, but in the 

case of the nanocomposite samples, the unannealed samples have higher Tg compared to 

their annealed counterpart. This can be explained by the presence of occluded solvents in 

the unannealed samples, which delays the onset glass transition due to its simultaneous 

interactions with the ZIF-8 nanoparticles and the Matrimid polymeric chains. The glass 

transition can only take place after the removal of the solvents via heating and chain and 

bond rotations, upon which the occluded solvent is released, allowing the polymeric chain 

(matrix) to freely move and finally undergo phase transition. The lack of occluded solvent 

in the annealed samples allowed the phase transition to take place sooner, which is explained 

by the lower Tg in this case. The presence of only one Tg proves that the nanocomposite, 

unannealed and annealed, behave as one unified structure instead of two independent 

phases, and this could only be observed if there ZIF-8 nanoparticles and the Matrimid 

polymeric chains are bonded (via a collection of secondary interactions, posited in Fig. 4.9, 
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due to the reactive mIm ligands of the ZIF-8 nanoparticles).  These collective bonds within 

the nanocomposite function as minor anchors that interrupt the phase transition of the 

samples [152, 159, 160].  

The integration of the crystallisation peak in Fig. 4.10 results in the heat of fusion values 

tabulated in Table 4.1. The noticeable lack of a crystallization peak in the Matrimid samples 

(annealed and unannealed) signifies that the Matrimid itself did not undergo crystallization 

upon increased uptake of heat, instead the samples began decomposing beyond 400 ºC. 

However, the nanocomposite samples, both annealed and unannealed, exhibited significant 

crystallization peaks, which is proportional to the ZIF-8 nanoparticle loadings. The higher 

loadings of the nanoparticles resulted in increased heat of fusion in both the unannealed and 

annealed samples. The heat of fusion represents the amount of energy absorbed to break the 

intrinsic bonds between the samples and the energy released when these broken bonds are 

reconstituted to form new materials (recrystallization). The increased values of heat of 

fusion seen in Table 4.1 alongside increased ZIF-8 nanoparticles contents can be explained 

by the fact that the presence of collective secondary bonds (H-bonds, van der Waals, and 

π-π stacking) between Matrimid and ZIF-8 is reinforcing the covalent bonds between the 

Matrimid polymeric chains, resulting in increased energy requirement not only to break the 

polymeric covalent bonds between the Matrimid polymeric chains, but also the bonds 

between Matrimid polymeric chains and the mIm ligands of ZIF-8 nanoparticles (see Fig. 

4.9) [118]. The bond strengths, lengths, and constituents, can be further probed using X-Ray 

photoelectron spectroscopy (XPS) [161] and Fourier Transform Infrared Spectroscopy 

(FTIR) [162]  however, the lack of access to the former, and the (chemical) similarity 

between the interactions between the polymeric chains of Matrimid and the organic ligand 

(mIm) of the ZIF-8 nanoparticles precluded both methods from this work. The types of 

bonds and bond strength can also be determined using Density Functional Theory (DFT) or 



Chapter 4  Matrimid/ZIF-8 

88 
 

its derivatives [163], however, as per the aforementioned experimental methods, this 

approach is beyond the scope of this thesis. 

 
4.4 Viscoelastic properties of unannealed and annealed Matrimid/ZIF-8 

nanocomposites  

 

Details pertaining to viscoelasticity and its importance in elucidating the thermo-mechanical 

properties related to polymer nanocomposites (with MOF fillers) have been described in 

§2.3.2.3, while the experimental parameters pertaining to testing the Matrimid/ZIF-8 

nanocomposites have been explained in §3.3.2.2. This section will discuss the results 

garnered from DMA tests and highlight the importance of its viscoelastic behaviour.  
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Fig. 4.11 Storage modulus (E’ - top panels, note log scales) and loss modulus (E” - bottom 

panels) as a function of temperature and ZIF-8 nanoparticle wt.% for the (a & c) unannealed, 

and (b & d) annealed nanocomposites. All DMA measurements were conducted at a 

frequency of 10 Hz (see Appendix B.6 for additional frequency associated data). The insets 

in (a) and (b) highlight the variations of E’ approaching the glass transition temperature, Tg 

~345 °C. The primary relaxation is denoted as α, which corresponds to Tg. Secondary 

relaxations consist of β-transition due to bond rotations in polyimide chains [156], while the 

ζ-transition identified in this work can be linked to the dynamics associated with the 

extraction of residual solvent molecules. 
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Fig. 4.11 compiles the storage and loss moduli data for the nanocomposites as a function of 

temperature and nanoparticle wt.% loading. It was established that the increased addition of 

ZIF-8 decreased the storage and loss moduli of the nanocomposites before reaching its 

secondary β-relaxation temperature (80-100 ºC). Overall, the order of storage and loss 

moduli values for the nanocomposites are: Matrimid > 10 wt.% > 20 wt.% > 30 wt.%. 

However, such differential behaviour becomes negligible upon reaching the primary 

α-relaxation temperature (~345 ºC) [156], which is known as the glass transition 

temperature (Tg). It was observed that the introduction of ZIF-8 nanoparticles into Matrimid 

has an insignificant impact on the Tg of the resulting nanocomposites (see Appendix B.7). 

For instance, the variation in Tg between Matrimid and 30 wt.% nanocomposite was +0.4% 

and +0.6% for unannealed and annealed nanocomposites, respectively. Our data show that 

for temperatures at and beyond Tg, the transition region of the storage and loss moduli of 

the nanocomposites, whether annealed or not, essentially overlaps one another. Moreover, 

it was found that in the vicinity of the α-transition (~Tg), the annealed nanocomposites 

display relatively higher storage and loss moduli, as shown in Fig. 4.11(b, d). 

The Tg of the nanocomposites can be determined using two approaches; the first, when the 

storage modulus drops by three orders of magnitude, and the second, when the loss modulus 

is at its maximum peak. The Tg is clearly visible in Fig. 4.11 (also see Appendix B.7), 

signifying the switch from a (stiff) glassy-to-rubbery (pliant) mechanical response. Notably, 

it can be pinpointed from Fig. 4.11(c) that the unannealed nanocomposites undergo an 

additional relaxation when approaching the Tg region, named in this thesis as ζ-relaxation. 

The presence of multiple transition peaks is especially striking in the unannealed samples, 

including neat Matrimid; however, it is absent in all the annealed samples (Fig. 4.11(d)). It 

should also be pointed out that the Tg reported using the DMA method is regarded as 
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significantly more quantitatively accurate than the Tg values reported by the DSC method, 

which explains the discrepancy between the Tg value reported here and in Fig. 4.10/Table 

4.1. 

The ζ-transition can be attributed to the residual solvent molecules (CHCl3) trapped within 

Matrimid and ZIF-8 nanoparticles during processing, which were only partially removed in 

curing. During materials processing, ZIF-8 was dispersed in CHCl3, while Matrimid flakes 

were dissolved in CHCl3. The cage size (11.4 Å, see Fig. 4.9(b)) and pore volume (0.485 

cm3 g-1) of ZIF-8 nanoparticles allow for the CHCl3 molecules to enter the porous sodalite 

cage [32, 164]. This is facilitated by the gate-opening dynamics of the mIm organic linkers 

[50]. Solution casting of the nanocomposite solution will result in trapped solvents, and 

although dried in a vacuum furnace for 24 hours at 60 °C (evaporation temperature of 

CHCl3), a small amount of solvents was invariably present, which accounts for the presence 

of multiple peaks towards the Tg of the unannealed nanocomposites (Fig. 4.11(c)). Indeed, 

it was confirmed that annealing the nanocomposites at higher temperatures (180 °C for 24 

hours) can eliminate the occurrence of ζ-relaxation, endorsed by the presence of only a 

characteristic peak (α at Tg) for the annealed nanocomposites (Fig. 4.11(d)). Annealing at a 

higher temperature (secondary relaxation temperature) initiates bond rotations in 

polyimides, which could aid in the removal of CHCl3 trapped within the cages of ZIF-8 

nanoparticles bonded to Matrimid by weak interactions (Fig. 4.9). Approaching Tg, there 

will be major intermolecular sliding amongst the polyimide chains, freeing any trapped 

CHCl3. It is conceivable that the combined movement of Matrimid polymeric chains and 

the evaporation of CHCl3 (from pores of Matrimid and cages of ZIF-8) cause major 

fluctuations in dynamic moduli, resulting in multiple peaks detected near Tg of the 

unannealed nanocomposites. 
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Fig. 4.12 TGA data of individual unannealed and annealed nanocomposites, with a) 

Matrimid, b) 10 wt.%, c) 20 wt.%, and d) 30 wt.%. As mentioned previously, the wt. % 

decrease in the unannealed nanocomposites is attributed to occluded solvents, 

corresponding to the ζ-phase seen in Fig. 4.11(c). Increased ZIF-8 nanoparticle loadings 

also increased the wt. % of the occluded solvents being removed from the nanocomposites, 

suggesting that solvents might not only be occluded in Matrimid, but in the pores of ZIF-8 

as well. 

 

The supposition that the solvents are occluded in the unannealed nanocomposites is further 

supported by the results reported by the TGA method (Fig. 4.12). Each of the unannealed 

nanocomposite show a slight wt.% drop at T ~300 °C, which corresponds to the ζ-phase 

shown in Fig. 4.11(c) and the slight pre-crystallisation peaks evident in Fig. 4.10. 
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Comparatively, the annealed nanocomposites lack this slight weight decrease prior to T ~ 

400 °C. Major decomposition of the nanocomposites (both annealed and unannealed) began 

taking place at T ~ 500 °C, showing that once the occluded solvents were removed from the 

samples, the unannealed and annealed nanocomposites began acting similarly (evident by 

the almost overlapping peaks at T ~ 550-600 °C), in effect, making the unannealed and 

annealed nanocomposites almost similar. It should also be pointed out that the introduction 

of ZIF-8 nanoparticles resulted in an earlier initiation of degradation of the nanocomposites 

due to the loss of continuity in the polymer (see Appendix B.2) and the introduction of stress 

risers, however, the presence of ZIF-8 nanoparticles also helped maintain structural 

integrity, where it is seen that the nanocomposites are semi-intact at T ~ 600 °C (albeit 

rapidly decomposing), speculated to be due to the weak interactions between Matrimid (char 

at 345 °C) and the ZIF-8 nanoparticles. Both the unannealed and annealed nanocomposites 

undergo complete decomposition at T > 650 °C [165].  
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Fig. 4.13 Time-temperature superposition (TTS) master curves of the unannealed and 

annealed Matrimid/ZIF-8 nanocomposites, with (a) E’ unannealed, (b) E’ annealed, (c) E” 

unannealed, and (d) E” annealed. Note the log scale for (a) and (b). Also note the large (and 

small) lg (t) values, which are inaccessible by the DMA method (see Appendix B.8 for the 

master curve with temperature markers, lg (aT) vs. T plots, and the WLF approximations 

plots associated with these data). 

 

Fig. 4.13 (a-d) shows the time-temperature superposition (TTS) master curves for the 

storage (E’) and loss (E”) moduli of the annealed and unannealed Matrimid/ZIF-8 

nanocomposites. It is assumed that the samples (both Matrimid and its corresponding 

composites) are thermorheologically simple [166, 167], due to the fact that Matrimid makes 

up the structural majority of the nanocomposites. The assumption of thermorheological 

simplicity is particularly crucial towards TTS analyses, as it allows us to construct the 
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master curves shown in Fig. 4.13. At temperatures that are lower than the glass transition 

temperatures (T<Tref (also g)) and shorter time spans (t<0 in the lg(t) axes), the samples are in 

a glassy state, where its energy storage capacity is high and energy dissipation low. 

Annealing the samples (Fig. 4.13 (b,d)) slightly increased its energy storage capability, 

although it also slightly increased the energy dissipation of the samples.  It should be pointed 

out that the introduction of ZIF-8 nanoparticles in Matrimid, especially in the annealed 

samples, resulted in decreased energy dissipation overall, and it was surmised that the ZIF-8 

nanoparticles within the nanocomposites and the presence of solvents molecules (CHCl3) 

are responsible for this phenomenon (both acting as dampeners, which reduces energy 

dissipation). However, Matrimid did not exhibit a rubbery phase at T>Tg, and the sample 

was not recoverable post-testing (a trend that persist for both annealed and unannealed 

nanocomposites), leading us to conclude that the nanocomposites’ structural breakdown at 

T>Tg resulted in the loss of energy storage and dissipation capabilities. This is also reflected 

in the TTS master curves, where at t>0, the E’ and E” values were almost zero. It should 

also be pointed out that the TTS master curves enable us to access behaviours at frequency 

regions that are either much too high or too low to be practically measured using the DMA 

test apparatus (limited between 1-100 Hz). TTS master curves are useful for materials 

modelling purposes, for example to derive constitutive models for finite-element 

simulations of engineering components.
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4.5 Large-strain tensile deformation, ductility, and fracture behaviour of the 

Matrimid/ZIF-8 nanocomposites  

 

The uniaxial tensile tests were performed to ascertain the macro-mechanical behaviour of 

the Matrimid/ZIF-8 nanocomposites when subjected to a ‘large’ deformation, i.e. exceeding 

the linear elastic limit. Fig. 4.14 (a, b) shows the nominal stress-strain (σ-ε) curves of the 

unannealed and annealed samples, respectively, while Fig. 4.15 (a-d) summarises the 

mechanical properties derived from the nominal σ-ε data. Most significantly, it can be seen 

that the introduction of ZIF-8 nanoparticles into Matrimid resulted in a ductile-to-brittle 

transition of the resulting nanocomposites. This trend is even more pronounced for the 

annealed samples, where all, including neat Matrimid, exhibiting appreciably brittle 

behaviour with an elongation-to-failure (εf) that is smaller than ~5%. While neat unannealed 

Matrimid undergoes substantial strain hardening after yielding (beyond σy ~40 MPa) due of 

plastic deformation, this trait has been drastically suppressed in annealed nanocomposites 

due to poor ductility (fast cracking). 
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Fig. 4.14 Representative nominal stress-strain (σ-ε) curves for the Matrimid/ZIF-8 

nanocomposites under uniaxial tension loadings: (a) unannealed (60 °C for 24 hours in 

vacuum) and (b) after annealing at 180 ºC for 24 hours in vacuum. The inset shows the small 

strain region, where linear elastic, yielding, and plastic deformation (strain hardening) are 

apparent for the unannealed samples. 

 

 

It was demonstrated that at higher ZIF-8 wt.% loading, the nanocomposites are becoming 

increasingly brittle, and thus vulnerable to cracking and breakage under tension and bending 

deformation. Likewise, poor ductility is apparent for the annealed nanocomposites, see 

Fig. 4.14 (a), except for the fact that fracture occurs at a considerably lower strain value 

compared to its unannealed counterparts. To be able to compare differential 

nanocomposites’ toughness property, the fracture energy (Gf) per unit volume of 

nanocomposites material can be utilised using the following relationship [168], which 

literally sums up the area encompassed by the σ-ε curves: 



Chapter 4  Matrimid/ZIF-8 

98 
 

                                                                                                   (4.1)                                                           

 

 

Fig. 4.15 Mechanical properties derived from the nominal stress-strain (σ-ε) plots (Fig. 4.14) 

against ZIF-8 wt.% loading and annealing condition. (a) Ductility, corresponding to the 

elongation-to-failure (%), (b) fracture energy, (c) yield strength, and (d) tensile strength. 

Each standard deviation was derived from three test pieces. The dotted lines serve as guides 

for the eye. 
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Fig. 4.15 (b) shows that there is a rapid fall in fracture energy of unannealed nanocomposites 

as a function of nanoparticle loading. Overall, Gf is inversely proportional to both the 

annealing condition and nanoparticle loadings. In practice, because of a sharp 80~90% 

decline in fracture energy (thus nanocomposites’ toughness), the annealed samples with 

higher ZIF-8 wt.% are extremely brittle and easily fractured post-curing. Nevertheless, Gf 

was found to be relatively comparable for the annealed nanocomposites, suggesting that 

after the removal of entrapped solvents (and accompanying molecular rearrangements), the 

large-strain mechanical response of the Matrimid/ZIF-8 nanocomposites are controlled by 

the intrinsically brittle matrix phase, and in principle are becoming less sensitive towards 

wt.% of embedded nanoparticles. Clearly this behaviour is mirrored by ductility (Fig. 4.15 

(a)), where annealing stabilised the values of elongation-to-failure (εf), while there is a larger 

variation determined for the unannealed counterparts. 

The yield strength (σy) and tensile strength (σ*) of the unannealed nanocomposites are also 

strongly affected by the ZIF-8 wt.% (Fig. 4.15 (c)-(d)). For example, the strengths dropped 

to ~50% level of that of the neat Matrimid when exceeding 20 wt.% loading. Below ~10 

wt.%, however, it was discovered that the strengths of neat Matrimid can be improved by 

annealing. While the trend observed in the annealed nanocomposites are less systematic 

(challenging to measure accurately due to fast fracture), the embrittled nanocomposites after 

annealing show matching values of σy and σ* since the initiation of plastic yielding do 

coincide with the point of fracture.
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4.6 Practical implications of current findings to the future trends of glassy MOF-based 

nanocomposites developed for separation applications 

 

Given that the vast majority of MOF-based nanocomposites are in fact developed with gas 

separations in mind [6, 45, 128], it is now timely to elucidate how the mechanical properties 

and viscoelastic information established in this work could offer new insights to the 

underpinning functional performance of nanocomposites incorporating MOF fillers. 

Importantly, this work intends to serve as a guidance to future rational design of next 

generation nanocomposite materials to yield an optimal combination of mechanical 

resilience and separation characteristics. Indeed, latest review articles have already 

recognised that there is a “gap” in literature [2, 5, 37], correlating the aforementioned factors 

to the real-world industrial performance of MOF-based nanocomposites. As a matter of fact, 

the focus of the great majority of work on MOF-based nanocomposites concerned the 

(positive) influence of MOF fillers towards separation performance vis-à-vis neat polymer 

membranes [6, 39, 169]. Summarised below are the key practical implications of this part 

of our work. 

First, the presence of residual solvents affecting the overall permeability of nanocomposites 

can be unambiguously pinpointed by characterising its viscoelastic response. Specifically, 

it was shown how entrapped solvents in nanocomposites account for the relaxation 

anomalies highlighted in Fig. 4.11 (a, c). Despite the fact that the drying temperature was 

set to the boiling point of the solvent, it was demonstrated that the solvent was not fully 

removed from the nanocomposites, although this will only be evident when the 

nanocomposites are subject to cyclic-loading mechanical tests via dynamic mechanical 

analysis (DMA). By comparison, it should be noted that quasi-static techniques are 

insensitive to these effects, for example the application of conventional uniaxial tensile 
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testing on the nanocomposites [43, 105] cannot reveal such an intrinsic phenomenon 

associated with residual solvents. By means of DMA, however, strain energy storage and 

dissipation of the nanocomposites are rendered unstable (near Tg) due to occluded solvents, 

which can be perceived as a ‘dampener’ interfering with the polymer’s attempt to retain or 

dissipate energy (quantified by E’ and E”) under a coupled thermo-cyclic mechanical 

loadings. In light of this, the viscoelastic anomalies elucidated above will be prominent for 

many other composite systems built from glassy polymeric matrices (Tg > room temperature 

(RT)), e.g. polybenzimidazole (PBI) [40], polyacrylonitrile (PAN) [37], polyethersulfone 

(PES), and a wide variety of polyimides (Ultem, 6FDA-DAM, etc) [170]. Significantly, here 

the universal methodology proposed using DMA is extremely powerful and it could be 

adopted for future studies encompassing a broad family of polymer and nanocomposites, 

independent of the type of solvents employed for processing. 

Second, it was confirmed that the efficacy of employing nanoindentation as a viable 

micromechanical approach to determine the surface and sub-surface (~2 µm) Young’s 

modulus (E) and hardness (H) behaviour of nanocomposites, featuring thicknesses to the 

order of 10-100s µm. It was shown that the variation of mechanical properties can be 

relatively small for the Matrimid/ZIF-8 nanocomposites (ΔE < 0.5 GPa, ΔH < 50 MPa), but 

remains discernible. Both properties E and H also scale reasonably well in accordance to 

the simple Reuss (inversed) Rule-of-Mixtures [46, 112], by assuming an idealised 

particulate-based filler dispersion in a continuous matrix. Furthermore, because 

nanoindentation measurements signify the localised fine-scale mechanical characteristics, 

the corresponding standard deviations provide an additional quality indicator about the 

homogeneity of nanoparticle dispersion at the top surface of the nanocomposites. 

Interestingly, combining a stiffer matrix (majority of glassy polymers) with a relatively 

compliant MOF as filler phase [171] will effectively reduce the E of the resultant 
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nanocomposite; but there might be an opposing trend in H, for the latter is dictated by the 

relative magnitude of the hardnesses [32] of the composite constituents. Informed by these 

outcomes, it can be projected that nanocomposites made from ‘rubbery’ polymer matrices 

(e.g. polyurethane (PU), polydimethylsiloxane (PDMS), polyisobutylene (PIB)), all of 

which with a Tg < RT and typical E values of the order of 10-100s MPa [171] can gain 

improvements in both the stiffness and hardness properties with increasing MOF wt.% (will 

be explored in Chapter 5). 

Third, it is essential to highlight that annealing of Matrimid (Fig. 4.14 - 4.15) is detrimental 

to its overall ductility (reducing stretchability and bendability), thus leading to a substantial 

fall in damage tolerance and mechanical resilience (toughness). Likewise, unannealed 

nanocomposites show a rapid decline in ductility and toughness due to the inclusion of 

ZIF-8 nanoparticles, which can be explained from the introduction of microscopic stress 

risers in an otherwise undisrupted polyimide matrix. The impact on mechanical strengths, 

however, is far more complicated. Prior to annealing, there is evidence of improvement in 

yield and tensile strengths as a function of ZIF-8 inclusion of up to ca. 20 wt.% loading, 

beyond which it is likely that nanoparticle aggregation triggers premature nanocomposite 

cracking and brittle fractures. Nominally, annealing resulted in improved strength of the 

nanocomposite with up to ~10 wt.% nanoparticle loading, before the onset of brittle failure 

linked to reduced ductility (Fig. 4.14 (a) inset). Our findings demonstrate that additional 

emphasis must be given to the characterisation of material toughness [172], especially from 

the viewpoint of ductility and fracture energy. To reach practical engineering applications, 

it is therefore no longer sufficient to consider only elastic modulus and tensile strengths [37, 

105] to adequately assess the overall mechanical performance of nanocomposites. 

Noteworthy, this precise need has also recently been recognised in the emergent field of 
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organic solar cells [173], whose structural requirements (of thin films and coatings) are 

reminiscent to the mechanical challenges facing nanocomposites. 

Fourth, useful insights can be gained by considering the mechanical properties information 

presented alongside recently reported gas permeation and selectivity data of Matrimid/ZIF-8 

nanocomposites [80], corresponding to the (annealed) nanocomposites engaged in this 

study. Fig. 4.16 summarises the selectivity vs. mechanical behaviour relationships, 

suggesting that the optimal Matrimid/ZIF-8 nanocomposites may well contain up to ~10 

wt.% ZIF-8 nanoparticles, and is preferably annealed to maximise selectivity against CO2, 

CH4, and H2. From the microstructural perspective, it can be seen in Fig. 4.3(b) that the 10 

wt.% blend of Matrimid/ZIF-8 is uniform, while XRD characterisation showed distinctive 

peaks (Fig. 4.5) matching that of the ZIF-8 nanoparticles, corroborating its crystallinity and 

intrinsic porosity. Moreover, viscoelastic analysis showed that the 10 wt.% annealed 

nanocomposite is thermo-mechanically stable under an elastic deformation, extending to a 

relatively high temperature of ~300°C (Fig. 4.11(b, d)). When subjected to a large tensile 

deformation, it was established that the 10 wt.% annealed nanocomposite retains a 

respectable level of damage tolerance and mechanical robustness, without compromising its 

toughness relative to (annealed) neat Matrimid (Fig. 4.15), rendering us to recommend the 

application of up to 10 wt.% annealed sample for prospective technological applications. It 

is worth highlighting that recent exemplars of nanocomposites, such as the 15 wt.% 

ZIF-90/6FDA-DAM [170] features major enhancements of CO2 permeability and CO2/CH4 

selectivity performance; here the matrix termed 6FDA-DAM is a glassy polyimide akin to 

Matrimid, but the former is appreciably more permeable (higher flux). Yet the 

corresponding thermo-mechanical performance of the ZIF-90/6FDA-DAM system has not 

been considered to date. 
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Fig. 4.16 Comparison of the gas selectivity data of Matrimid/ZIF-8 nanocomposites 

reported by Song et al. [80], derived from pure gas permeation properties of annealed 

nanocomposites. The mechanical properties of annealed membranes measured in this work, 

especially fracture energy and strengths (mean values), are plotted alongside the selectivity 

data to highlight the common downward trend as a function of nanoparticle wt.% loading; 

the dotted lines are guides for the eye. Note that during brittle fracture of annealed samples, 

tensile strengths are approximated by yield strengths due to the limited ductility. 
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While the advent of MOF-based nanocomposites represents an improvement to the 

performance of many polymeric membranes, there is an underlying trade-off between 

separation performance and mechanical robustness, which industrial practitioners will have 

to rationalise based on the data such as those we have reported in this study. Alas, detailed 

mechanical properties information such as this is still scarce, and might be system specific 

depending upon the polymer/MOF combination being considered. Follow-on studies in the 

fashion of the current proposed methodology will thus be fundamental to build up a larger 

picture. Ultimately, if MOF-based nanocomposites are to be successful in real-world 

engineering applications, the qualitative and quantitative determination methodology of the 

thermo-mechanical properties of the nanocomposites needs to be initiated and developed at 

this critical stage. In light of this, it is imperative that the findings are discussed in the wider 

context of current industrial practices, such as gas separation and pervaporation, due to the 

fact that the literature is abundant with examples of MOF-based nanocomposites developed 

for these applications, albeit limited at lab-scales, some showing high potential of eventual 

large-scale industrial utilisation. 

Commercial polymer membranes are currently employed in less rigorous gas separation 

industrial processes, such as hydrogen separation and CO2/CH4 separation to afford natural 

gas purification [37]. Typical exposure conditions for industrial gas separation involving 

polymeric membranes operates at temperatures of 100-200 ºC (depending on the gas) [174] 

and pressures of ca. 10-60 bars (inlet pressure of compressed gas) [175]. Our DMA results 

proved that Matrimid-based nanocomposites (high Tg) containing ZIF-8 are stable up to 

temperatures of 300 ºC, which makes it a viable industrial candidate for gas separation. It 

was further demonstrated that the Matrimid/ZIF-8 nanocomposites are capable of 

withstanding stresses in the range of up to 60 MPa (depending on ZIF-8 nanoparticle 

loadings), which is important as these nanocomposites will need to be operable at high 
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pressures that will inevitably induce biaxial deformations (caused by pressure-differential 

force of the fluids/gases). For high-throughput industrial installations [176], polymeric 

membranes are typically stacked on top of one another within a cylindrical or ceramic 

module, offering additional structural support to the membranes while enhancing separation 

performance by subjecting the feed stock to multiple separation cycles. The nominal 

viability of a standalone MOF-based nanocomposite that was successfully studied in a 

small-scale lab setting could be translated into an up-scaled industrial setting, where a 

combination of multiple nanocomposites stacked in a spiral-wound module [177] may be 

used (instead of one single nanocomposite for the entire process). There are a few 

commercial gas separation polymeric systems found on the market that were designed based 

on this operational concept. Likewise, this configuration applies to commercial 

pervaporation systems utilising polymeric membranes, where operational temperature 

ranges are ca. 60-150°C, depending on the solvent mixture used, and the pressures involved 

are significantly smaller (~few kPa) [178]. These temperature and pressure ranges lie within 

the range of contemporary MOF-based nanocomposites such as Matrimid/ZIF-8. 

Additionally, future assessments of mechanical resilience and stability of the 

nanocomposites should also consider hazards associated with ageing effects, long-term 

thermo-mechanical degradation, and moisture tolerance, amongst others [106] (beyond the 

scope of this thesis).		

	

4.7 Chapter summary 

 

This chapter discussed the pioneering attempt at systematic mechanical characterisation 

study of a prototypical polymer/MOF nanocomposites, specifically, Matrimid/ZIF-8. The 

quasi-static nanoindentation behaviour, temperature-dependent dynamic properties, and 
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large-strain deformation beyond the elastic limit were investigated. The objective here was 

to gain new insights of the effects of ZIF-8 nanoparticle inclusions on the mechanical 

properties and the viscoelastic response of free-standing nanocomposites, which have been 

developed for emergent gas separation applications.  

The next chapter will discuss the utilisation of the methods and analyses developed in this 

chapter to study a prototypical rubbery polymer/MOF nanocomposite. The combinatorial 

analyses of this chapter and the next will serve as an outline when intending to study the 

interactions of polymers and MOFs in a composite, and the subsequent effect of these 

interactions on its performance(s).  

 

 

 

 

 

 

 

 

 



Chapter 5  PU/ZIF-8 

108 
 

CHAPTER FIVE 
Dynamic molecular interactions between PU and ZIF-8 in a nanocomposite: 

microstructure, thermo-mechanics, and viscoelastic effects 

 

This chapter details the investigation into the intricate dynamics underpinning the molecular 

interactions between ZIF-8 nanoparticles and a hyperelastic polymer matrix (polyurethane, 

PU), representing a prototypical rubbery polymer/MOF nanocomposite. These interactions 

are expected to produce unique responses that differ from the ones exhibited from the glassy 

polymer/MOF nanocomposites detailed in Chapter 4. The results reported in this chapter 

will also serve as a contrast to the ones reported in the previous chapter due to the drastically 

different nature of the matrix (hyperelastic (rubbery) vs. glassy). Certain aspects pointed out 

in the previous chapter will serve to further refine our analyses: the nanocomposites will be 

annealed at a temperature that is 25 °C higher than the boiling point of its solvent, the AFM 

method will not be used to characterise these nanocomposites as the FEG-SEM has been 

shown to be effective enough for that purpose, and the ZIF-8 nanoparticle loadings will be 

increased to 40 wt.% due to the non-existent risk of brittle cracking of the nanocomposites. 

The results from this chapter, along with the previous chapter, will serve as a general outline 

when characterising (and projecting) the response and interaction of polymer/MOF 

nanocomposites in the context of industrial applications. The data presented and the works 

discussed in this chapter has been published in Mahdi et al. [179]. 
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5.1 Rationale 
 

Polymers, especially rubbery polymers (elastomers), are valued for their strechability [180], 

extended ductility (hyperelasticity) [181], and incompressibility [182]. They are made up of 

extremely long and loose molecular chains that are intertwined and loosely associated with 

one another via a collection of weak interactive bonds, with extended freedom of movement, 

mostly manifesting itself in the form of internal continuous motions of primary and 

secondary molecular polymeric chains [183]. This result in their distinctive and highly 

recognisable responses to external stimuli and malleable and highly extensible (ductile) 

nature [184]. They are also known for low to non-existent water absorption [185] and being 

electrically insulating (good dielectrics) [186]. This makes them perfect for applications 

such as food packaging [187] and protective clothing [188], tires for automobiles and 

aeroplanes [189], and heat shields [190]. This class of polymers could be synthesised via a 

variety of techniques, ranging from vulcanisation [191] to electrospinning [192].  

The benefits and advantages offered by both nanosized MOFs and rubbery polymers could 

be brought together under one systematic purview via the formation of composites. 

Composites, by definition, constitute two or more significantly different constituents, with 

the resulting properties differing significantly from either [193]. Combining the 

malleability, ease of processability, and scalability of polymers [194], and the porosity and 

accessibility of hybrid inorganic-organic materials [30, 195] makes for a unique composite, 

exhibiting the adaptability and durability of polymeric structures [196], and the enhanced 

porosity [197], high surface areas [198], and multi-functionality [199] of hybrid 

inorganic-organic materials, all within one continuous structure [200]. 

The previous chapter set out to utilise and refine a few established characterisation methods 

to explicate the thermo-mechanical, viscoelasticity, and macro-mechanical properties of a 
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prototypical glassy polymer/MOF nanocomposites, in this case, Matrimid/ZIF-8. In this 

chapter, a detailed characterisation will be presented (adopted from the previous chapter) to 

elucidate the dynamic molecular interactions underpinning a polyurethane (PU)/ZIF-8 

nanocomposite system, pertaining to the aforementioned factors. This approach is unique in 

that the structure-property relationship or the performance study of this particular 

combination of polymer/MOF has hitherto not been reported, and although their respective 

structural analogues were [201, 202], most are limited to chemical synthesis and 

non-mechanical performance studies. The correlation established in this work will also 

serve as a model for other rubbery polymer/MOF composites, allowing us to elucidate and 

predict their respective responses within a single system and pinpoint suitable applications 

vis-à-vis the established parameters.   

 

5.2 Microstructural evaluation of the PU/ZIF-8 nanocomposites with the 

FEG-SEM method 

 

Fig. 5.1 shows the cross-sectional images of the PU/ZIF-8 nanocomposites. The dispersion 

of the nanoparticles within the matrix appears to be uniform, similar to §4.2, although at 

lower wt.% loadings, they tend to form dispersed clusters within the matrix, as opposed to 

being dispersed as individual, isolated nanoparticles [203, 204], which drastically differed 

from their Matrimid/ZIF-8 counterparts. However, at higher loadings, this trend is 

supplanted by the more uniform and regular dispersion of the nanoparticles everywhere 

throughout the matrix. It is also evident that the majority of ZIF-8 nanoparticles retained its 

original configuration (rhombic dodecahedron) [205] even within the PU matrix, suggesting 

that the nanoparticles are nominally attached to the rubbery polymeric chains of the PU as 

opposed to being encapsulated/embedded within the matrix (see §4.2). Quantitative 
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assessment of the FEG-SEM images also agrees with these suppositions. The frequency of 

ZIF-8 nanoparticles within the nanocomposite increases with increased loadings (from an 

average of 12 ZIF-8 nanoparticles per µm2 for the 10 wt.% sample, to an average of 20 

ZIF-8 nanoparticles per µm2 in the 40 wt.% sample), although there is a clear concentration 

of ZIF-8 nanoparticles within certain regions for lower loaded nanoparticles, as per Fig. 5.2 

(a) & (b). These concentration of nanoparticles could mean agglomeration and aggregation, 

although the image resolution showed distinct, distinguishable nanoparticles in Fig. 5.1 (b)- 

(c), suggesting that even if agglomeration/aggregation did occur, it was not on a massive 

scale. The distribution of the ZIF-8 nanoparticles at higher loadings, as per Fig. 5.2 (c) & 

(d), seems to be a lot more uniform, where the frequency of the ZIF-8 nanoparticles is more 

consistent from grid to grid, which agrees with Fig. 5.1 (d) & (e). It should also be pointed 

out that the amounts of ZIF-8 nanoparticles per µm2 is a lot higher in the case of PU/ZIF-8 

as opposed to Matrimid/ZIF-8 (for example, the Matrimid/ZIF-8 10 wt.% has an average of 

3 particles per µm2 as opposed to the 17 nanoparticles on average for the PU/ZIF-8 10 wt.%) 

due to the ZIF-8 nanoparticles in the PU not being encapsulated by the matrix.   

 

 

 

  



Chapter 5  PU/ZIF-8 

112 
 

 

Fig. 5.1 Cross-sectional FEG-SEM images of PU/ZIF-8 nanocomposites, with (a) PU, (b) 

10 wt.%, (c) 20 wt.%, (d) 30 wt.%, and (e) 40 wt.% ZIF-8 nanoparticles, at ~30,000× 

magnification. The yellow dashed markers are used to highlight the presence of ZIF-8 

nanoparticles, and it is quite evident that they form a distinct and distinguishable phase from 

the PU matrix. 
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Fig. 5.2 The quantitative analyses of the distribution of ZIF-8 nanoparticles within the 

PU/ZIF-8 nanocomposite, where (a) PU/ZIF-8 10 wt.%, (b) PU/ZIF-8 20 wt.%, (c) 

PU/ZIF-8 30 wt.%, and (d) PU/ZIF-8 40 wt.%. The grid number represents an equally 

distributed grid that measures 1 µm2 each [155] (see Appendix C.1).  

 

The microstructures suggest that there is a lack of dedicated interfacial layers between the 

PU primary (hard) and secondary (soft) polymeric chain (see Fig. 3.4) and ZIF-8 

nanoparticles, and that the interactions are limited to nanoparticle surface interactions, 

which are associated with secondary molecular interactions such as vdW forces, π-π 

stacking, and H-bonding [157, 158] with the ‘hard’ group of the PU. Due to the fact that a 

spherical configuration is thermodynamically favourable [206] and the well-known 

tendency for nanoparticles to form agglomerates/aggregates [207], it is reasoned that instead 

of disrupting the polymeric chain packing of PU, the ZIF-8 nanoparticles attached 
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themselves to the polymeric molecular chains in a manner similar to secondary groups, or 

in some cases, form new distinct (relatively shorter) chains (in the form of clusters) 

altogether within the matrix, resulting in new molecular chains of ZIF-8 or combined 

molecular chains of PU and ZIF-8. In fact, this interaction is evident in the PXRD scans 

(Fig 5.3), showing distinctive and identifiable peaks of ZIF-8 against an amorphous 

background of the PU matrix; at room temperature, PU is rubbery and amorphous, therefore, 

its molecular chains are free to slide and reconfigure themselves when subjected to external 

stimuli such as thermal energy (heat) or mechanical stresses/strains [208-210].  

 

Figure 5.3 XRD diffractogram of PU, simulated (sim) ZIF-8 patterns, and PU/ZIF-8 

nanocomposites. The amorphous PU matrix was converted into semi-crystalline 

nanocomposites, although the crystallinity increase is not significant up till 40 wt.% loading 

of ZIF-8 nanoparticles (see Appendix C.2). 
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The introduction of ZIF-8 nanoparticles will only induce (minimal) 

rearrangement/reformation of the polymeric molecular chain with minimal interruption of 

the inter-and intra-chain interactions between PU primary and secondary molecular chains, 

thus allowing the newly formed nanocomposites to retain its rubbery configuration despite 

the introduction of filler phases (herein ZIF-8 nanoparticles) within the matrix. However, at 

increased filler loadings, as seen in Fig. 5.1 (d)-(e), the more dominant presence of ZIF-8 

nanoparticles began to underpin and curtail free slippage and movements of PU polymeric 

molecular chains via interactions between the mIm of ZIF-8 and PU molecular primary 

chains, stiffening the usually compliant PU matrix [75, 211]. This is believed to be the 

function of filler quantity; higher loadings of ZIF-8 nanoparticles meant increased amounts 

of ZIF-8 nanoparticles per volume within the nanocomposites, resulting in more and more 

PU (soft) molecular chains being pinned and becoming immobilised. The quantification of 

this molecular alteration and its qualitative effects upon the structural behaviour of 

nanocomposites will be discussed and detailed in §5.3-5.6 of this work via quasi-static and 

thermo-mechanical characterisation approaches.  
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5.3 Nanoindentation study 

 

 

Fig. 5.4 The compilation of the nanoindentation data determined from the PU and PU/ZIF-8 

nanocomposites, with (a) Young’s modulus (E) and (b) nanohardness (H). The results are 

the average of a total of 45 indents from 3 samples upon a surface penetration depth of 2 

µm. The theoretical values are determined using the simple rule of mixture, EUB = φZIF-8・

EZIF-8 + (1 − φZIF-8)・EPU and ELB = [(φZIF-8 / EZIF-8) + (1 − φZIF-8) / EPU]-1, where EZIF-8 = 3.3 

GPa [33] and HZIF-8 = 500 MPa [32], and EPU = 65 MPa and HPU = 15 MPa (established 

from measured PU samples at 0 wt.%). Notably, the major over-estimation from the upper 

bound (UB) model indicates that the intra-molecular interface between the ZIF-8 filler phase 

and the PU matrix is particularly weak, such that there has been a significant reduction in 

load transfer compared with the idealised (UB) equal strain model [46]. 
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Fig. 5.4 summarises the results from the nanoindentation studies of the PU/ZIF-8 

nanocomposites. The Young’s modulus (E) and nanohardness (H) were calculated by 

assuming an isotropic response within the area being indented and using the 

load-displacement data derived from the indentation load-displacement curves (see 

Appendix C.3). This approach has been adopted in other studies on PU-based composites, 

where Cai et al. [212] reported that the incorporation of 4.4 wt.% of Graphite Oxide 

Nanopalletes (GONP) resulted in an increase of E by 900% and H by 327% due to the strong 

chemical interactions between the hard segment of the PU and the GONP, which allows for 

an effective load transfer. 

The results indicate that the E and H are directly proportional to ZIF-8 nanoparticle loadings 

(wt.%). As a matter of fact, the increase of both values are quite significant vis-à-vis the 

ZIF-8 nanoparticle loadings. This is evident from looking at PU (0 wt.%) to PU/ZIF-8 (10 

wt.%), where the E and H value increased from ~65 MPa to ~137 MPa (increase of ~110%) 

and ~13 MPa to ~18 MPa (increase of ~40%), respectively, and from PU/ZIF-8 (10 wt.%) 

to PU/ZIF-8 (20 wt.%), where the values increased from ~137 MPa to 233 MPa (increase 

of ~70%) and ~18 MPa to ~19 MPa (increase of ~4%), respectively. Overall, an increase of 

over 760% in E and 185% in H is observed at peak ZIF-8 loading (40 wt.%) from neat PU 

samples, indicating a significant increase in the relative stiffness and hardness of the 

nanocomposites. It could therefore be surmised that the increased ZIF-8 nanoparticle 

loadings are enhancing the mechanical stability of the nanocomposites while simultaneously 

introducing accessible porosity and active sites [78, 105]. 

  

5.4 Thermal stability analyses 
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Thermal stability is crucial towards the applicability of the nanocomposites, as rubbery 

polymers in general are known to be extremely susceptible to heat [213]. In this case, the 

matrix (PU), which forms a structural majority, will be greatly affected by heat, however, 

the ZIF-8 nanoparticles is known to be stable up till ~500 °C [32]. Establishing the thermal 

stability of these nanocomposite will allow us to predict, and subsequently model, their 

behaviour when exposed to higher temperatures, which is especially crucial if these 

nanocomposites are to be used for any practical applications [152, 214]. 

TGA analysis involves the determination of thermal stability of the samples; basically, the 

samples are heated at a constant rate within a set temperature range, with its subsequent 

relative weight decrease (%) recorded as a function of temperature (see §3.3.2.1). This 

results in a thermal decomposition plot, which will allow us to pinpoint the temperatures 

that are associated with phase changes, loss of solvents, and outright decomposition, 

amongst others [215]. 

 

 

Fig. 5.5 TGA plots of the PU, PU/ZIF-8 nanocomposites, and ZIF-8 nanoparticles from 

room temperature (RT) to 700 °C (see Appendix C.4 for the breakdown temperature regions 

associated with the observed weight changes). 
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Fig. 5.5 shows the compilation of the TGA thermograms of the PU, PU/ZIF-8 

nanocomposites (10-40 wt.%), and ZIF-8 nanoparticles (100 wt.%). It can be seen that the 

decomposition trend of the PU and its corresponding nanocomposites are characteristically 

similar, which can be attributed to the fact that PU forms the structural majority (100 wt.% 

to 60 wt.%) of the nanocomposite, hence dominating the internal structural makeup of the 

samples. The PU sample began decomposing at ~250 °C, losing 80 wt.% up till 420 °C. A 

slower decomposition rate was observed from 420 °C to 580 °C (20 wt.% - 0 wt.%), upon 

which the sample completely decomposes. The ZIF-8 nanoparticle sample began 

decomposing at 350 °C, which is a full 100 °C later than the PU sample, and continue to 

steadily decompose up to ~600 °C, which is coincidentally the temperature region where 

the PU sample completely decomposes. The decomposition behaviour of PU and ZIF-8 

differs; the former shows two distinct decomposition phase regions (250 °C - 420 °C and 

420 °C - 580 °C), while the latter shows only one (350-600 °C). The thermal decomposition 

temperature of PU, as per literature, is ~200 °C [216], while for ZIF-8, it is ~500 °C [116]. 

However, these reported decomposition temperatures can only serve as guidelines, as these 

values can vary based on the experimental conditions and settings and the synthesis methods 

employed to produce the samples itself. 

Speculation can be made as to the decomposition mechanism of PU and ZIF-8 nanoparticles 

based on their respective physico-chemical features. As per Fig. 3.4, PU is made up of ‘hard’ 

and ‘soft’ segments, the former forms the core of the PU polymer, while the latter provides 

malleability, flexibility, and mobility that PU is known for. PU is also incompressible and 

has a low Tg (see Appendix C.5), making it extremely susceptible to temperature. As the 

temperature increases, the ‘soft’ segments (polymeric chains) of the PU, due to its weak 

inter-and intra-molecular bonds with each other (a collection of weak surface interactions 
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not amounting to H-bonds) and links to the ‘hard’ segment (covalent bonds), will began 

static vibrations, and eventually, large-scale rearrangements of its chains. This phenomenon 

will continue with greater intensity beyond the Tg, resulting in an increasingly pliant sample 

as the ‘soft’ segments are fast disassociating itself from each other and also from the ‘hard’ 

segment, but remained tenuously held together by a collection of weak secondary and 

covalent bonds, hence exhibiting (limited) structural integrity, although it is rapidly 

becoming quite weak (mechanically). This occurrence is associated with the temperature 

region between Tg – 250 °C. Physically, the PU becomes extremely stretchable, and its 

ductility may well exceed 100%. At a high enough temperature, the increased energy uptake 

by the PU would be adequate to overcome the tenuous bonds (weak secondary and covalent 

bonds) of the already weakened PU due to the disassociation of the ‘soft’ segments. This 

will result in the ‘soft’ segment disassociating completely from the PU structure and the 

structural breakdown of the sample. This occurrence is represented in the TGA thermogram 

in the form of the drastic weight decrease from 100 wt.% - 20 wt.% in the region of 250 - 

420 °C. At the end of this process, the structure will be made up of a very small amount of 

remaining ‘soft’ segment of the PU, with the rest made up of the ‘hard’ segment of the PU. 

However, further increasing the temperature and energy uptake at this point between the 

region of 420-580 °C will inevitably result in the bond breakage of any remaining ‘soft’ 

segment of the PU bonded to the ‘hard’ segment, and the breakdown of the ‘hard’ segment 

of the PU itself, culminating in a complete decomposition seen at T>580 °C.  

The thermal decomposition of ZIF-8 is less complex. ZIF-8 is made up of a Zn core 

coordinated by mIm linkers that forms repeated cells and 3-D cage-like structures. The Zn 

core remains inaccessible due to its coordinated bonds with mIm ligands, and external 

contact/bonds with the molecule is primarily facilitated by the mIm ligands due to its 

chemically active sites and ready accessibility (methyl groups, benzene rings) that allow for 
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the formation of H-bonds (and other weak secondary bonds) with other elements that are in 

close proximity (see Figs. 2.1 & 4.9). Compared to PU, ZIF-8 is significantly more 

thermally stable, only beginning to decompose at 350 °C. The initiation of decomposition 

takes place when the ZIF-8 nanoparticles, upon increased temperature, receives enough 

energy to overcome the bond energy between Zn (metal) and mIm linkers (organic). The 

bond breakage between the Zn core and the mIm ligands is a gradual process, which is 

represented in the TGA thermogram in the temperature region between 350 – 600 °C.  

The presence of active sites in ZIF-8 and the ‘hard’ segment of the PU is expected to result 

in the formation of H-bonds between the ‘hard’ segment of the PU and the mIm ligands of 

the ZIF-8 nanoparticles due to chemical affinity between the two constituents [217, 218]. 

The speculated nature of the molecular interactions between the PU matrix and its ZIF-8 

fillers is shown in Fig. 5.6.  
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Fig. 5.6 The chemical interactions between the ZIF-8 nanoparticles (porous framework) and the 

active (‘hard’) groups of the PU (labelled as {} in the schematics). The bonds being shown in 

the schematic are hydrogen bonds (between the N in ZIF-8 and H in PU, designated as ----), π-π 

stacking (N-rings in ZIF-8 and benzene rings in PU, encompassing regions marked with ----- 

ellipses), and van der Waals (vdW) forces (represented by the colour grey).  The strength of 

these bonds are relatively stronger than the bonds between primary and secondary PU polymeric 

chains, due to its different constituents (N as opposed to C, and the hydrogen of methyl groups), 

as discussed in Jensen et al. [158]. The yellow surface represents the solvent accessible volume 

(SAV) of the ZIF-8 sodalite cage. Colour scheme adopted: blue - nitrogen, light grey - carbon, 

dark grey - zinc, gold - oxygen, white - hydrogen. 

 

In order to explain the TGA thermogram of the nanocomposites, it is important to elucidate 

the types and collection of bonds present in the structure as a whole. Based on previous 

explanations, the nanocomposites will intrinsically possess a collection of bonds originating 

from its matrix due to the dominance of the PU: covalent bonds between the ‘soft’ and ‘hard’ 

segments, and the collection of weak inter and intra-molecular bonds between ‘soft’ and 

‘hard’ polymeric chains. The introduction of ZIF-8 nanoparticles and its active and 

accessible sites via its mIm linkers will result in the formation of H-bonds between the 

methyl group of the mIm linkers and the carbonyl/amine groups in the ‘hard’ segment of 
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the PU due to chemical affinity, and a collection of other weak secondary bonds, such as 

π-π stacking between the benzene rings in PU and ZIF-8, and van der Waals forces. It should 

be pointed out that although the discussion encompasses the formation of bonds between 

ZIF-8 and the ‘hard’ segment of the PU, it is not impossible for ZIF-8 to form links (bonds) 

with the ‘soft’ segment of the PU. However, these bonds would be very weak, and would 

not significantly influence the thermo-mechanical response of the nanocomposites.  

Collectively, the formation of nanocomposites using PU and ZIF-8 would result in a higher 

collective internal bond strength between the constituents, and higher strength material as a 

whole (the thermo-mechanical response and quasi-static mechanical properties of the 

nanocomposites will be explored in the subsequent sub-sections). In the context of TGA 

thermogram of the nanocomposites, the effect of the introduction of ZIF-8 nanoparticles is 

gradual. In the 10 wt.% and 20 wt%. samples, it can be seen that the thermal decomposition 

is initiated at a slightly lower temperature (~230 °C), and the decomposition in the 230 - 

420 °C range is slightly more severe (down to ~18 wt.%) in the case of the 10 wt.% sample. 

This can be attributed to the ‘displacement’ effect of the ZIF-8 nanoparticles within the 

nanocomposite. At low loadings such as 10 wt.%, the ZIF-8 nanoparticles will displace the 

soft segment and compete with the soft segment to form bonds with the hard segment of the 

PU. Therefore, the structure as a whole will lack some of the intrinsic bonds formed between 

the soft and hard segments of the PU, a small portion of which is replaced by the H-bonds 

formed between ZIF-8 and the hard segment of the PU. As per the TGA thermogram in Fig. 

5.5, it can be assumed that collectively, the strength of these bonds are slightly inadequate 

to compensate for the loss of the ‘soft-hard’ segment bonds in the PU [80]. However, the 

small amount of ZIF-8 that are present in the nanocomposite proves to be quite thermally 

stable, and remained structurally semi-intact alongside its decomposing PU matrix within 

420-580 °C (via its H-bonds and other weak interactions with the ‘hard’ segment).  
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The thermal stability of the nanocomposite starts increasing once the amounts of ZIF-8 

nanoparticles increase. At 40 wt.%, it can be seen that despite the (slightly) lower initiation 

temperature of decomposition of the nanocomposite, the decomposition of the ‘hard’ 

segment is significantly delayed compared to the one exhibited by PU. At this point, the 

collective bonds formed between the ‘hard’ segment of the PU and the mIm linkers of ZIF-8 

exceeded the amount needed to compensate for the loss of the bonds between the ‘soft’ and 

‘hard’ segments of the PU. It can be said that the combined bond strength in the 

nanocomposites, due to the presence of ZIF-8, is significantly increasing. At this point, the 

decomposition of the 40 wt.% nanocomposite mimics that of the ZIF-8 nanoparticles, where 

it steadily decomposes (alongside the hard segment of the PU) from 350 -600 °C, making it 

a more thermally stable structure [219]. The pattern of thermal decomposition of a PU/SiC 

composite was discussed in Guo et al. [220], where it was posited that the introduction of 

SiC into the PU had a synergistic effect that strengthened the overall strength of the 

composite via the surface interactions between the SiC particles and the PU. They 

underlined the fact that the surface interactions (i.e. weak bonds) are responsible for the 

increased thermal stability and increased mechanical strength of the PU/SiC composite. This 

is mirrored in this work as well, as seen in Fig. 5.5 for thermal stability, and Fig. 5.11, where 

the macro-mechanical properties of the nanocomposite increases with increased ZIF-8 

nanoparticle loadings (further discussion in §5.6).  This is also evident in the DSC scan of 

the nanocomposites in Fig. 5.7.  
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Fig. 5.7 The compilation of the DSC plots for the PU and PU/ZIF-8 nanocomposites, from 

-70 °C to 250 °C. 

Fig. 5.7 shows the compilation of the DSC plots of the PU and its corresponding ZIF-8 

nanocomposites. At higher loadings of ZIF-8 nanoparticles, the corresponding DSC 

thermogram is more exothermic as the temperature increases. The prevalence of H-bonds 

(and other collective weak interactions) between the ‘hard’ segment of the PU and the mIm 

ligands of the ZIF-8, on top of the covalent bonds and weak interactions of the PU, will 

result in samples that will require and release more energy for the breakage of the 

aforementioned bonds (exothermic reaction), which will entail the release of increased 

amounts of heat (increased heat flow). Thus, as per Fig. 5.7, the level of exothermicity of 

the samples are in the order of PU<10 wt.%<20 wt.%<30 wt.%<40 wt.%. Comparisons have 

to be made using the exothermic profile of the samples as opposed to the usual method of 

using the Tg from the DSC [118, 152] as the Tg peaks of the nanocomposites are almost 

impossible to detect in the DSC thermogram. However, the Tg of these samples have been 

determined using the DMA (see Appendix C.4), which is universally regarded as being more 

accurate at the detection of Tg than DSC. Looking at the Tg values in Appendix C.4, it can 
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be surmised that the slight increase in the Tg of the nanocomposite samples as opposed to 

neat PU is proof of bond formation (relatively weak) between ZIF-8 and PU. 

The previous discussion focussed on the qualitative assessment of the bonds and bond 

strengths within the nanocomposites. The lack of a quantitative assessment of these bonds 

is attributed to the lack of access to equipment such as X-ray photoelectron spectroscopy 

(XPS), which enables the determination of the types of bonds in a sample and the 

quantification of those bonds’ strength, and Fourier Transform Infrared Spectroscopy 

(FTIR), which allows for the determination of the types of bonds present in the sample and 

its corresponding vibration states at specific wavelengths (wavenumbers) [161, 162]. The 

lack of these equipment places the quantification of the bonds between PU and ZIF-8 firmly 

beyond the scope of this thesis. It should also be mentioned that there are theoretical 

approaches towards the quantification of the types of bonds and bond strength between the 

constituents in the nanocomposite, such as Density Functional Theory (DFT) and its 

corresponding derivatives or analogues, however its undertaking is a itself a subject of deep 

study with its own sets of assumptions and theoretical challenges, which places it beyond 

the scope of this work [163]. 

 

5.5 Viscoelastic studies 

 

Polymeric materials in general, and rubbery polymers in particular, are known to 

demonstrate linear viscoelastic characteristics at small oscillatory strains. The study of 

viscoelasticity makes up the core fundamentals of polymeric materials; this is especially 

true for rubbery polymers [112]. It is vital that the viscoelastic response of the 

nanocomposites be determined, due to the structural dominance of PU in the 
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nanocomposites. This will help us analyse the molecular influence of ZIF-8 on the 

viscoelastic response of PU, and also model and predict the thermo-mechanical response of 

the subsequent PU/ZIF-8 nanocomposites. The structural and chemical changes within the 

internal configuration of the matrix can be quantified accurately using the dynamic modulus 

(E*, Eqn. 2.3), constituting the storage modulus (E’), representing the elastic strain energy 

stored within the polymeric chains while undergoing oscillatory motions, and the loss 

modulus (E”), representing the energy dissipated by the polymer during chain or bond 

rotations or phase changes [112] (see §2.3.2.3).  

 

Fig. 5.8 Representative plots of (a) Storage modulus, E’ (log-scale) and (b) Loss modulus, 

E”, of the PU/ZIF-8 nanocomposites (f = 10 Hz, see Appendix C.6 for data reported by other 

frequencies). The insets in both (a) and (b) represent the initial loadings during the 

experiments, while α denotes the primary relaxation regions of the nanocomposites, which 

corresponds to the Tg of the nanocomposites, where the primary (hard) molecular chains of 

the PU and the nanocomposites are experiencing molecular shifts (deformation and 

modification) simultaneously throughout the nanocomposites. 
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The study of the viscoelastic properties of the PU/ZIF-8 nanocomposites represents an 

in-depth study of the molecular interactions between two distinct phases within one 

structure, due to the fact that polymeric materials undergo multiple phase changes at 

different temperature levels, the most common of which are ‘glassy’ and ‘rubbery’ regions. 

These phase changes are characterised by the aforementioned molecular interactions; where 

the glass transition temperature (Tg) marks the initiation of phase changes. The glassy region 

is characterised by high stiffness and interlocking bonds, with restricted molecular flows 

and close interactions between the molecular chains (T < Tg), while the rubbery region is 

characterised by a major shift in the polymeric primary and secondary chains and the ability 

of these chains to freely flow and slip past one another when exposed to external stimuli (T 

> Tg). Phase changes are termed ‘relaxation’ and Tg is the temperature where the polymeric 

chains will undergo major relaxation (also known as the primary relaxation temperature, or 

Tα), which explains the subsequent major shift in its physical and chemical characteristics. 

Fig. 5.8 shows the (a) storage (E’) and (b) loss (E”) moduli of the PU/ZIF-8 nanocomposites. 

Although Tg remains relatively unaffected by the introduction of ZIF-8 nanoparticles, it is 

immediately noticeable that the relaxation modes are very much affected by the introduction 

of ZIF-8 nanoparticles. It is observed that the nanocomposites experience relaxations at 

relatively higher values of E’ and lower values of E” as the wt.% of ZIF-8 nanoparticles 

increases, which is especially evident in the rubbery region (T > Tg). This is attributed to the 

increased presence of ZIF-8 nanoparticles within the nanocomposites and the pinning and 

‘locking’ effect the nanoparticles have on the primary and secondary PU polymeric chains; 

these polymeric chains will become immobilised and have difficulty in undergoing 

complete relaxation (E’, E” < 10 MPa) due to its association with ZIF-8 nanoparticles, which 

forces the occurrence of relaxation at much higher stiffness levels to accommodate the ZIF-8 

nanoparticles, as seen in Fig. 5.8 (a) & (b).  
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Increased loadings of ZIF-8 nanoparticles translate into lesser amounts of PU polymeric 

chains per unit volume in the nanocomposites, which means that the polymeric chains that 

are loosely associated with the ZIF-8 nanoparticles undergo relaxation at a level that is 

common for PU. However, the hard segment of the PU is still bound to the soft PU segment 

and the ZIF-8 nanoparticles, and these combined bonds prevents the occurrence of 

relaxation at levels common to PU. The nanocomposites as a whole still undergo relaxation 

at higher levels, and it is speculated that at this point, the mechanical response is dictated by 

the ZIF-8 nanoparticles as opposed to the already relaxed PU polymeric chains.  

Notably the DMA data (Fig. 5.8(a)) demonstrate that ZIF-8-loaded composite is 

mechanically more resilient than PU, and this is evident in the fact that the nanocomposites, 

at higher loadings of ZIF-8 nanoparticles, begin to exhibit more robust mechanical response 

as opposed to neat PU. The ability of the nanocomposites to retain, distribute, and dissipate 

energy (from external stimuli) also improved with the presence of ZIF-8. For instance, it 

was determined that the loss moduli, E”, peaked at 225 MPa for the PU, while it dropped to 

150 MPa for the PU/ZIF-8 40 wt.% nanocomposite, corresponding to a decrease of strain 

energy dissipation by over 33%. 
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Fig. 5.9 Time-temperature superposition (TTS) master curves of the PU/ZIF-8 

nanocomposites at Tref = -15 °C for the (a) Storage (E’) and (b) Loss (E”) moduli, note the 

log scales for both the E’ and time, t. The insets show the earlier time scales for E’ and E”. 

The TTS master curves allow us to access frequency (f) and time (t) ranges that are beyond 

the capabilities of the DMA experiments (see Appendix C.7).  

 

It was assumed that in this case, as per literature, that PU is thermorheologically simple 

[166, 167]. Another assumption being made here is that the thermo-mechanical behaviour 

of the PU/ZIF-8 nanocomposites closely mirrors that of neat PU, due to the fact that PU 

forms the structural majority (> 60 wt.%), and henceforth, the assumption of PU being 

thermorheologically simple extends to the nanocomposites as well. These assumptions 

allowed for the construction of a corresponding master curve for both the neat PU and its 

ZIF-8 nanocomposites, and the plots are shown in Figs. 5.9 (a) & (b). Generally, at lower 

temperatures (T<Tg) and shorter time spans, the PU and ZIF-8 nanocomposites exhibit 

lower losses and dissipations while retaining higher energy storage capabilities (E’ > 1000 
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MPa and E” = 30 MPa). The neat PU and the PU/ZIF-8 nanocomposites are physically stiff 

and exhibit behaviour analogous to glassy polymers (~3.5 GPa). However, at longer time 

spans and higher temperatures (T>Tg), energy retention decreases; this is reflected in the 

values of E’ (500-1000 MPa) and E” (150 – 230 MPa) of the master curve. At this stage, 

the neat PU and the ZIF-8 nanocomposites exhibit behaviours that are consistent with 

rubbery polymers. As previously discussed and also seen here, the presence of ZIF-8 

nanoparticles decreases the dissipation and increase energy retention by ~30%. Simply put, 

the introduction of ZIF-8 nanoparticles increases the operational capability of the 

nanocomposites by dampening the initiation of the complete degradation mechanism 

induced by constant exposure to heat (-70 to 120 °C) and vibrations (2, 5, 10, 15, 20, 25, 30, 

35, 40 Hz).  

Another characteristic that can be derived from the TTS plots of the PU and its 

nanocomposites is its activation energy (Ea) as it changes phase from glassy-to-rubbery, via 

Eqn. 5.1 [221]. The values derived from the formula are shown in Fig. 5.10. 

                                     
                              (5.1)  

where f are the frequencies garnered from the DMA test, Ea is the activation energy (in 

kJ/mol), R is the gas constant (8.3145 J mol-1 K-1) and Tg is the reference temperature (also 

known as Tref). 

ln( f ) = ln(A)−
Ea
RTg
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Fig. 5.10 The activation energy (Ea) of the PU/ZIF-8 nanocomposites at Tg, derived from 

their respective shift-factor plots using Eqn. 5.1. Herein the focus is on the general trend 

instead of the absolute magnitudes of Ea, as the magnitude is larger than those reported in 

literature (in the range of 10-100 kJ mol-1) (see Appendix C.7 for the plots used to derive 

these values). 

 

Similar to the Tg of the PU and its corresponding nanocomposites, the trend of the Ea remains 

somewhat close to one another, with small discernible differences, at PU (690 kJ mol-1), 10 

wt.% of ZIF-8 (640 kJ mol-1), 20 wt.% of ZIF-8 (700 kJ mol-1), 30 wt.% of ZIF-8 (697 kJ 

mol-1) and 40 wt.% of ZIF-8 (697 kJ mol-1).  Previous sections detailed the influence of the 

presence of ZIF-8 nanoparticles within the nanocomposites affecting its thermo-mechanical 

responses, however, as seen in Fig. 5.9, Ea remains almost unaffected. This observation can 

be used to assume that at T<Tg, the thermo-mechanical response of the PU matrix and its 

corresponding nanocomposite are quite similar, with marked differences between the two 

class of materials only evident at T>Tg. The interactions between the primary and secondary 

polymeric chains in the PU matrix is rather weak and the polymeric chains are flowing and 
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slipping freely amongst one another, rendering the PU membrane fluid, incompressible, and 

pliant [222], while interactions between PU and ZIF-8 in the nanocomposite are dominated 

by weak secondary bonds (H-bonds), which are collectively weaker than the bonds between 

the ‘hard’ and ‘soft’ segments of the PU. Although these weak interactions are discernible 

using methods such as DMA via TTS plots and the determination of its Ea, it is nowhere 

near significant enough to influence the Ea required for a glassy-to-rubbery transition within 

the nanocomposite, which, in all of the cases, is dominated by the PU matrix (>60 wt.% 

PU). The influence of ZIF-8 towards the thermo-mechanical response and quasi-static 

mechanical properties of the nanocomposite does not seem to influence the Ea of the sample, 

which is also the case in the Tg of the sample, further confirming the supposition that at 

T<Tg, the behaviour of the PU matrix and its nanocomposite are rather similar.  

 

5.6 Large strain deformation and mechanical toughness of PU/ZIF-8 nanocomposites  

 

The previous sections dealt with the elastic deformation of the nanocomposites at small 

strains (ε < 1%), which allowed them to retain their original configuration with the cessation 

of strain loading. For a complete assessments of the thermo-mechanical response of 

nanocomposites, it is vital that they be tested at extended deformation ranges, preferably up 

till the point of fracture, which will allow us to analyse the corresponding behavioural 

responses related to structural failure [105]. This is not without precedent in the context of 

PU-based composites, where Xiong et al. [223] synthesised PU/CNT composites and 

determined its mechanical properties via uniaxial tensile testing. They reported that the 

addition of 2 wt.% of CNT into the PU improved both E and σ* of the composite, which is 

attributed to the strong chemical interactions between the PU and CNT (proven via FTIR) 
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in their work. The uniaxial tensile test was adopted for this purpose, due to the fact that it is 

a very well established method for determining the quasi-static mechanical response of 

materials towards large strain deformations. Figs. 5.11 - 5.12 show the representative 

nominal stress-strain (σ-ε) plots and the corresponding compilation of mechanical properties 

derived from the aforementioned plots. 

 

 

Fig. 5.11 Representative nominal stress-strain (σ-ε) plots for the PU/ZIF-8 nanocomposites 

derived from the uniaxial tensile tests and normalised using the Digital Image Correlation 

(DIC) technique via DaVis®. The inset shows the 30 wt.% and 40 wt.% nanocomposites, 

where its characteristics are more evident. The built-in hyperelastic model in Abaqus® was 

used to calculate the material constants associated with the Ogden model (see Table C.7 in 

the Appendix) and generate the corresponding σ-ε (Ogden) plots based on the experimental 

data. See Eqn 5.2-5.3 for the formula used to fit the experimental data to the Ogden model.  
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The nominal σ-ε plots clearly showed that the elongation of the samples exceeded 100% up 

to 30 wt.% sample, and its elongation (hence ductility) is severely reduced (<<100%) for 

the 40 wt.% sample. The samples seem to behave in a non-linear manner and appear to 

strengthen upon increased loading of ZIF-8 nanoparticles. Although this material is elastic, 

it behaves in a non-linear manner, which means that it cannot be assumed that this material 

is linear elastic as its elongation is not directly proportional to strain with a constant E. 

Instead, the PU and its nanocomposites can be regarded as being hyperelastic, where its σ-ε 

relation is not defined by a constant E, but is rather defined by a strain energy density 

function (U) and is independent of strain rates. There are many viable model for 

hyperelasticity that can be used to represent the stress-strain behaviour of materials, such as 

Neo-Hookean, Mooney-Rivlin, Arruda-Boyce, and the Ogden models. Nominally, materials 

that experimentally demonstrated low strain elongations can be accurately represented using 

the Neo-Hookean model, however, materials that experimentally demonstrated much higher 

values of strain elongations (>>100%) needs to be represented by more elaborate models 

due to their more complex mechanical response. Due to the fact that the strain elongation of 

the PU and its nanocomposites being ~300%, the Ogden model was selected to represent 

and be fitted to the samples. The strain energy density function of the Ogden model (taken 

directly from the Abaqus manual) is shown in Eqn. 5.2 [145]:   

                                                     (5.2)                                                     

where λi are the principal stretches, J is the volume ratio, and µi (MPa) and αi (dimensionless) 

describe the shear behaviour of the materials, and Di its compressibility (assume that it is 

incompressible, thus ). 

U =
2µi
α i
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α i + λ 2
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⎝
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⎠ +
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The strain energy function can then be used to derive the σ-ε relationship as a function of 

principal stretches (λn) shown in Eqn 5.2. The steps needed to derive this function are 

detailed below: 

In the event that the principal stretch, λ, is parallel to the uniaxial tensile stress (σ), then: 

λ = λ1, and 

λ2 = λ3 

The incompressibility implied in Eqn 5.2 results in: 

λ2 = λ3 = λ0.5 

Inserting these terms into Eqn. 5.2 yields:  

 

Differentiating this function with respect to stretch yields: 

                                                                          (5.3) 

where µi (MPa) and αi (dimensionless) represent the shear behaviour of the material 

(constants derived from Eqn. 5.2), λ is the principal stretch parallel to the uniaxial 

application of stress (σ).  

The σ-ε relationship derived from the strain energy function (U) of the Ogden model (Eqn 

5.2 & 5.3) from Abaqus® hyperelastic Ogden model are shown in Fig. 5.11, with the uniaxial 

experimental tests as inputs. The σ-ε plots (Ogden) closely match that of the experimental 

σ-ε plots, although the σ-ε plots (Ogden) for the nanocomposites closely resemble their 

experimental counterparts compared to the σ-ε plot (Ogden) for the PU. Again, the retention 

U (λ) =
µ p
α pp=1

n

∑ (λα p + 2λ −0.5α p − 3)

σ (λ) = ∂U (λ)
∂λ

= µ p
p=1

n

∑ (λα p−1 − λ −0.5α p+1)
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of the physical response of the nanocomposites, experimentally and theoretically, proves 

that the rubbery matrix exerts considerable influence upon the macro-mechanical response 

of the nanocomposites despite the significant presence of the ZIF-8 nanoparticles. 

 

 

Fig. 5.12 The mechanical properties of the PU/ZIF-8 nanocomposites derived from the σ-ε 

plots (Fig. 5.11), with (a) ductility (εf), (b) fracture energy (Gf), (c) ultimate tensile strength 

(σ*), and (d) yield strength (σy). The values were calculated and averaged from a total of 

three test coupons, and the corresponding standard deviations for each sample are reflected 

in the error bars. 

 

It is rather obvious that the introduction of ZIF-8 nanoparticles into the PU matrix influence 

the mechanical properties of the resulting nanocomposites. It is immediately apparent that 

the elongation-to-failure (εf), fracture energy (Gf), and ultimate tensile strength (σ*) are all 
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inversely proportional to the addition of ZIF-8 nanoparticles, while the yield strength (σy) is 

directly proportional to it (consistent with increase in hardness showed in Fig. 5.4(b)). The 

nanocomposites, up till 30 wt.%, retain the hyperelasticity inherent in PU (Fig. 5.12). 

Substantial and noticeable changes to the nanocomposites are however, more pronounced 

at loadings exceeding 20 wt.%. 

The pinning and nominal immobilisation effect introduced by the ZIF-8 nanoparticles to the 

PU polymeric molecular chains are not as significant at lower loadings (< 20 wt.%), due to 

the scarcity of the particles within the PU matrix. This is also reflected in the FEG-SEM 

images of the PU/ZIF-8 nanocomposites, where the ZIF-8 nanoparticles tend to be evenly 

dispersed clusters throughout the matrix (Fig. 5.1 (b) – (c)). However, this changes when 

the ZIF-8 nanoparticle loadings are higher (> 20 wt.%), where it is noticed that ZIF-8 

nanoparticles begin to dominate the structure and are more pronounced, as evident in Fig. 

5.1 (d) – (e). Pinning and nominal immobilisation begin to dominate the interactions 

between the ZIF-8 nanoparticles and the polymeric molecular chain of the PU, resulting in 

loss of hyperelasticity (extended ductility), and with it, fracture energy and tensile strength. 

With the loss of hyperelasticity, the nanocomposites become stiffer and less stretchable 

(more brittle), resulting in higher yield strengths, as shown in Fig. 5.12 (d). It should also 

be pointed out that the Young’s moduli (E) and nanohardness (H scales with yield strength 

σy), as measured by the nanoindentation technique, is directly proportional to ZIF-8 

nanoparticles loading, further lending credence to this supposition. All in all, the results 

from nanoindentation and uniaxial tensile tests are in excellent agreement, while the 

chemical interaction model being proposed in Fig. 5.6 can be used to explain the pinning 

and immobilisation effects introduced by the ZIF-8 nanoparticles (filler phase). 
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5.7 Practical implications  

 

This chapter focuses on the development and optimisation of the thermo-mechanical 

properties and resilience of PU/ZIF-8 nanocomposites. This particular composite has yet to 

be reported in literature, and this work represent the first attempt in characterising and 

optimising its design. Furthermore, the combination of a hyperelastic matrix (PU) and a 

structurally flexible MOF (ZIF-8) [33, 35] represent an interesting opposing mixture, which 

resulted in unique and distinctive thermo-mechanical and viscoelastic properties. Our 

supposition and discoveries will be summarised and detailed in the following manner. 

It was confirmed that ZIF-8 and PU are linked via tenable collection of secondary 

interactions and remained semi-independent of each other at lower loadings of ZIF-8 

nanoparticles (Fig. 5.1). Unlike glassy polymer matrices (e.g. Matrimid, Chapter 4) [80], 

ZIF-8 nanoparticles are nominally attached to the primary polymeric molecular chain of PU, 

as posited in Fig. 5.6. This basically implies that the free volume and ZIF-8 nanoparticles 

are not fixed, they are assumed to be a function of external stimuli; the polymeric chain of 

PU will deform and elongate as per stimuli such as temperature and pressure, and the 

location of free volume within the rubbery polymer itself will be shifted based on the motion 

of the polymeric chain. The ZIF-8 nanoparticles, which are nominally attached to the 

polymeric chains of PU, will shift alongside these motions, or will be debonded from the 

polymeric chain, sometimes forming independent clusters of ZIF-8 nanoparticles not-

attached to the PU matrix. However, at higher loadings of ZIF-8, the nanocomposites, 

despite retaining a respectable elongation-to-failure (>~40%) and structural integrity, is now 

quickly becoming dominated by the combined secondary bonds formed between mIm 

(organic ligands) of ZIF-8 and the hard segments of the PU, introducing the ‘locking’ effect 

discussed previously, resulting in fixed free volume and ZIF-8 nanoparticles, and polymeric 
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chains that are not as free to deform or elongate compared with their lower loaded 

counterparts. This notion of filler-to-matrix pinning effects is supported by the large strain 

mechanical deformation data presented in Fig. 5.11.  

Up till now, the formation of free volume and placement of nanofillers in polymer 

nanocomposites are speculated to be a random occurrence, however, the phenomenon 

observed with these robust PU/ZIF-8 nanocomposites open up an avenue that might lead 

into bespoke free volume and nanofillers within nanocomposites post-fabrication instead of 

pre-fabrication. This would especially be salient to the realm of certain applications (gas 

capture and separations, desalination), as this would also mean that the mechanical 

properties are tuneable and thermal properties customisable [224].  

It was demonstrated that the PU/ZIF-8 nanocomposites are able to withstand significant 

deformation before failing; this is attributed to the hyperelastic nature of the PU matrix. 

Energy and heat, at moderate levels, are evenly distributed and dissipated throughout the 

nanocomposites via a combination of properties, such as viscoelasticity (elastic region; ε < 

1%) and hyperelasticity (ε >>100%) [225]. This is evident from the results garnered from 

DMA and quasi-static uniaxial analyses, and discussed in §5.5 & 5.6, respectively. Under 

oscillatory elastic strains, the nanocomposites are capable of retaining its original 

configuration post-load removal at an oscillatory stress of 2 GPa. Dissipated energy, in the 

form of E”, falls between 180-250 MPa, implying that only ~10 % of energy is lost per 

oscillatory cycle, while the remainder is dampened within the nanocomposites. The 

introduction of ZIF-8 also increased the Ea of phase change (glassy-to-rubbery); the Ea 

increased by 40 % when loaded at 40 wt.% of ZIF-8 nanoparticles. This is especially useful, 

as the Tg < RT, while operationally speaking, Top would fall between RT-100 °C experienced 

during gas separation and pervaporation processes. 
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It was also determined that the addition of ZIF-8 did not significantly affect the 

macro-mechanical properties of the resulting nanocomposites, where it was seen in Figs. 

5.11 - 5.12 that the nanocomposites exhibited macro-mechanical properties that are 

relatively similar to that of neat PU (hyperelastic), such as the fracture energy (a difference 

of 10% between PU and PU/ZIF-8 20 wt.%), elongation-to-failure (a difference of 5% 

between PU and PU/ZIF-8 20 wt.%), and tensile strength (a difference of 15% between PU 

and PU/ZIF-8 20 wt.%). The relatively small difference in these macro-mechanical 

properties bodes well for the nanocomposites, as literature had proven that increased content 

of ZIF-8 nanoparticles greatly increase the performance of nanocomposites in terms of gas 

separation [80], ionic/proton conductivity [161], and pervaporation [178]. By retaining 

hyperelasticity and the viscoelastic characteristics of the PU matrix despite the addition of 

ZIF-8 at unprecedented levels, it can be assumed that the performance of these 

nanocomposites, should it be utilised for the aforementioned applications, would result in 

significant improvements. 

 

5.8 Chapter Summary 

 

A systematic effort at understanding the thermo-mechanical and viscoelastic properties of a 

new system of PU/ZIF-8 nanocomposites was presented, which can be readily prepared in 

the form of ~100-µm thick nanocomposites. Despite the lack of this particular grade of 

nanocomposite in literature, i.e. rubbery polymer matrix combined with MOF nanoparticles 

(e.g. ZIF-8), the methods used to determine its corresponding properties are quite well 

established, such as quasi-static nanoindentation and uniaxial tensile tests, and dynamic 

mechanical analysis (DMA).  
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It has been established that the thermo-mechanical, viscoelastic, and static mechanical 

properties and the morphology of the polymer/MOF nanocomposites are crucial towards 

materials design and industrial applications. Having established the correlation between 

morphology and performance, the next two chapters will detail the use of the 

nanocomposites for the capture and retention of liquid (I2) and gas (C2H4) elements.  
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CHAPTER SIX 

Capture and immobilisation of iodine (I2) utilising polymer-based ZIF-8 
nanocomposites 

 

 

The previous chapters carefully elucidated the thermo-mechanical responses of two classes 

of polymer/MOF nanocomposites, and its respective reactions towards external stimuli. Our 

results were also used to rationalise the results reported in literature vis-à-vis gas capture 

and separation (Chapter 4), linking intricate thermal and mechanical properties of the 

nanocomposites to its gas capture and separations performance. Thus far, it was discovered 

that the addition of ZIF-8 nanoparticles into polymer matrices (glassy and rubbery) resulted 

in relatively robust mechanical responses while introducing specific functionalities, which 

enables the nanocomposites to selectivity allow the passage of specific gas species 

(increased selectivity), thus increasing its permselectivity (permeability and selectivity). 

This chapter will discuss the usage of previously developed polymer/MOF nanocomposites 

for an application that is yet to be reported in literature for these types of nanocomposites: 

liquid adsorption, specifically, the passive adsorption of I2. Only two classes of the 

nanocomposite were used in the quest of exploring the viability of this application; the neat 

polymers (Matrimid and PU) and its corresponding 30 wt.% nanocomposites. This was done 

to establish a contrast between the neat polymers and its corresponding nanocomposites in 

terms of its capability of adsorbing I2 due to the introduction of ZIF-8 nanoparticles into the 

polymer matrices. This chapter will detail the results gathered from the experimental 

methods reported in §3.4. Works discussed in this chapter has been published in Mahdi et 

al. [226]. 
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6.1 Rationale 

 

Nuclear technology is prominent in two sectors that are intrinsic parts of our lives: power 

generation [227] and medicine [228]. Nuclear power plants are regarded as a source of clean, 

renewable, and cost-effective energy [229], while nuclear medicine forms the core of many 

diagnosis techniques and treatments for chronic illnesses [230]. Nuclear-related processes 

produce many by-products such as isotopes of iodine (129I and 131I), 135Cs, and 99Tc, some 

of which emit alpha (α), beta (β), gamma (γ), and neutrons (n), all of which are hazardous 

to humans and the environment. Their extensive half-lives (t1/2), some ranging to millions 

and billions of years, necessitates a permanent and effective disposal approach for these 

by-products, aptly called nuclear waste products [231, 232]. 

A common radionuclide that is produced as a by-product of power generation are isotopes 

of iodine; 129I, with a t1/2 of 1.5×107 years, which is detrimental to the environment, and 131I, 

with a t1/2 of 8.02 days, which is detrimental to human metabolic processes [233]. As such, 

many research works focussed on the successful capture and confinement of I2 [234, 235]. 

Common industrial practice in capturing and storing I2 is dominated by activated carbon 

[236, 237] and zeolite [238] filters and scrubbers, where the former reports an I2 

uptake/capture of 305 mg g-1[236] and 460 mg g-1 [237], while the latter reports an uptake 

of 170 mg g-1 [239], all of which represent standard uptake capabilities for these materials. 

Recent research works on activated carbon and zeolites in the context of I2 capture involves 

structural and chemical modifications to enhance I2 capture. However, metal-organic 

frameworks (MOFs) [240, 241] or variants of its composites [235, 242, 243] are also being 

explored for I2 uptake/capture, to varying degrees of success. Sava et al. [244] reported I2 

uptake of 117 wt.% of ZIF-8 vs. 141 wt.% of activated carbon, proving that nanoporous 

ZIF-8 is a viable material for I2 uptake at levels almost rivalling that of activated carbon. 
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Previous attempts have been made to capture and immobilise iodine (I2) within ZIF-8, 

HKUST-1, Ag, and glass powders (EG2992 and EG2998), forming a glass-composite 

material, which turned out to be successful, as reported by Sava et al. [245]. Despite the 

effectiveness of this reported approach, its energy intensiveness and the requirement to 

employ a mixture of multiple constituents within a single system might prove to be over 

demanding for practical engineering solutions.  

Despite the effectiveness of ZIF-8 nanoparticles in I2 uptake/capture, the problem of its 

deliverability remains; dispersing nanoparticles in a liquid/gaseous environment will result 

in a non-uniform distribution of ZIF-8 and also difficulty in retrieving the nanoparticles 

post-I2 uptake/capture. Problems that are common to nanoparticles, such as agglomeration 

and aggregation are also prevalent in this case, and guaranteeing that the nanoparticles are 

free from these debilitating factors remains quite challenging. Also, the constant exposure 

of these nanoparticles to a volatile environment, such as the high temperature settings where 

volatile I2 is released, would prove to be taxing to the ZIF-8 nanoparticles, eventually 

resulting in its structural degradation. The formation of a nanocomposite incorporating 

ZIF-8 nanoparticles, which has been proven effective in I2 capture, and a stable, accessible, 

and relatively robust matrix will maximise the efficiency of I2 capture without 

compromising its structure, resulting in an easily deployable and retrieved material that is 

just as effective in I2 uptake/capture. The polymer/ZIF-8 nanocomposites developed in this 

work and thermo-mechanically characterised in the previous chapters are suitable 

candidates for this endeavour.   

This chapter will elucidate the development, assessment, and the characterisation of the 

viability of polymer/ZIF-8 nanocomposites (reported in Chapters 4-5) as an I2 capture and 

retention model system. Herein, one of the objectives is to also minimise the energy 

expenditure associated with the capture and retention process, and thus to rely upon the 
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molecular interactions and affinity between I2, ZIF-8 nanoparticles, and polymer matrices 

(either glassy or rubbery) to expedite the uptake of I2 into the thin composites. The 

introduction of this so-called passive polymer-based system represents an equally effective 

alternative that is cost effective and highly deliverable; the concept of which is potentially 

viable for development to enable industrial applications in the long run. 

 

6.2 Iodine (I2) adsorption and physical changes to the nanocomposites 

 

The morphological features of the nanocomposites used in this experiment are elucidated in 

Figs. 4.3 (a, d) and 5.1 (a, d). The neat and 30 wt.% samples were selected to represent two 

extremes in this case to further confirm the viability of the polymer/MOF nanocomposites 

in the retention and release of I2.   
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Fig. 6.1 Determination of I2 adsorption characteristics in the polymer/MOF nanocomposites, 

(a) The time it took for the composites to absorb I2 up to 96-hour exposure, where (1) 

Matrimid, (2) Matrimid/ZIF-8 30 wt.%, (3) PU, and (4) PU/ZIF-8 30 wt.%, (b) 

Nanocomposites before adsorption of I2 (top) and after adsorption of I2 (bottom), (c) Optical 

micrographs taken at the cross section of the PU/ZIF-8 30 wt.% nanocomposites, where the 

dotted arrows indicate the I2 flow gradient entering the nanocomposites. The darker region 

corresponds to the top nanocomposite surface while the lighter region is the bottom surface 

(with respect to (a)). It can be seen that the mean nanocomposite thickness is ~100 µm. 

 

Fig. 6.1 shows the vials containing the Matrimid and PU-based ZIF-8 nanocomposites, filled 

with I2, at designated time intervals (0-96 hr), while Fig. 6.3 (a-c) shows the quantitative 

uptake capacity of the samples.  

 



Chapter 6  Iodine Capture 

148 
 

Prior to the experiments using I2 (C6H12), the nanocomposite samples were weighed and 

subsequently immersed in C6H12 solution for 96 hours (~1 ml). This control experiment was 

designed and conducted to check for the adsorbance of C6H12 into the polymer and 

polymer/MOF nanocomposite samples. The samples were immersed in a hermetically 

sealed vials for 96 hours (similar to the samples immersed in the I2 (C6H12) samples, and 

were later removed, had its surfaces thoroughly wiped with a paper towel, and left to dry 

for 20-30 minutes. After drying, the samples were weighed again, and the difference 

between the weight before and after the adsorbance of C6H12 was compared. Table 6.1 

details the results collected from the control experiment.  

Table 6.1 The weight differential between pre-immersion and post-immersion of the 

nanocomposite samples for 96 hours in a C6H12 solution (~1 ml). Two samples (S1 & S2) 

were tested per sample to check for repeatability of the experiments (See Appendix D.1 

for experimental photographs). 

Samples mpre-immersion (g) mpost-immersion (g) wt.% difference mg g-1 

Matrimid (S1) 0.0206 0.0206 0 0 

Matrimid (S2) 0.0203 0.0203 0 0 

Matrimid/ZIF-8 30 wt.% (S1) 0.0268 0.0268 0 0 

Matrimid/ZIF-8 30 wt.% (S2) 0.0230 0.0230 0 0 

PU (S1) 0.0172 0.0172 0 0 

PU (S2) 0.0173 0.0173 0 0 

PU/ZIF-8 30 wt.% (S1) 0.0192 0.0192 0 0 

PU/ZIF-8 30 wt.% (S2) 0.0190 0.0190 0 0 

  

The lack of weight change of the nanocomposites, post-immersion and drying for 20-30 

minutes, is taken as indicative of the fact that C6H12 did not infiltrate and remained within 
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the nanocomposites. This could be attributed to the highly volatile nature of C6H12 (boiling 

point of 80.74 °C and molecular weight of 84.16 g mol-1) and also the big molecule size of 

C6H12 (5.8-5.9 Å, exceeding the aperture opening of ZIF-8 molecules of 5.6 Å). The C6H12 

solutions are mostly concentrated on the surface of the polymers and the nanocomposites, 

as it is unable to infiltrate the material during immersion. Once it is removed from the C6H12 

solution, the remaining C6H12 on the surface, after being wiped dry with a paper towel, will 

quickly evaporate, leaving the samples in pristine condition and at its weight pre-immersion. 

The large pores of the PU samples allow for the quick evaporation of the C6H12, while the 

densely packed Matrimid samples prevented the infiltration of C6H12 in the first place, thus 

allowing for the quick evaporation of the volatile C6H12 from its surfaces. The data presented 

in Table 6.1 and its accompanying explanations are indicative of the fact that the adsorbance 

observed in Fig. 6.1 can be conclusively attributed to I2 molecules alone.  

It can be seen in Fig. 6.1 (a) that the PU/ZIF-8 30 wt.% sample exhibited the most significant 

colour change associated with the adsorption of I2 molecules after 96 h of adsorption 

experiments. After 96 h, the samples were removed, cleaned, and dried in open air, and 

photographed, as per Fig. 6.1 (b). The physical changes to the PU and PU-based 

nanocomposite seen in Fig. 6.1 (b) is rather pronounced, with PU exhibiting a yellowish 

tinge, while the PU/ZIF-8 30 wt.% membrane shows a deep purple tinge (Fig. 6.1(b)). The 

Matrimid-based samples, on the other hand, remained almost unchanged, while the loose 

ZIF-8 powders showed a similar deep purple tinge (see Appendix D.2). These physical 

changes are attributed to the adsorbance of the I2 molecules by the samples. To confirm I2 

capture within the nanocomposite as opposed to mere surface coverage of I2, the 

cross-section of the I2-loaded nanocomposites were visually assessed (Fig. 6.1(c)). Optical 

images taken of the cross-section of the nanocomposite capturing the highest amount of I2, 

i.e. PU/ZIF-8 30 wt.%, exhibited features suggestive of I2-transport across the 
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nanocomposite’s interior. The colour gradient in Fig. 6.1(c) indicates the direction of the 

flow of I2, proving that I2 was indeed absorbed by the nanocomposite as opposed to only 

being present on its surface. Notably, the top and bottom surfaces of the nanocomposites 

could be easily distinguished. It can be seen that the top surface that was exposed to I2 

exhibited a darker shade of purple, as opposed to the bottom surface of the sample. This 

differential colouration phenomenon elucidates that a concentration gradient is present in 

the nanocomposite, thus indicating that I2 has infiltrated the nanocomposite but remained 

entrapped within as opposed to being filtered out. 

 

 

Fig. 6.2 The depth profile of the adsorption of I2 in PU/ZIF-8 30 wt.% sample taken by the 

Energy Dispersive X-Ray (EDAX) apparatus. The depth profiles were taken as a wt.% of I2 

in the cross-section of the sample at intervals of 7, 10, and 20 µm (see Appendix D.3).  

 

The Energy Dispersive X-Ray Analysis (EDAX) method was used to confirm the capture 

and retention of I2 within the nanocomposites (see Fig. 6.2). Due to its perceived high uptake 

of I2, the PU/ZIF-8 30 wt.% nanocomposite sample was utilised for this purpose; the sample 

was cleaned and freeze-fractured in LN2, reminiscent of the cross-sectional imaging sample 
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preparation for FEG-SEM (see §3.3.1.1). The samples were then subjected to EDAX (Carl 

Zeiss Evo LS15 VP-Scanning Electron Microscope with an INCA X-Act-X-ray system) 

analyses at depth intervals of 7, 10, and 20 µm. The results showed high concentration of I2 

at depths of 20-80 µm (~8-13 wt.%), and lower concentrations of I2 at 0-20 um (<~6 wt.%), 

and 80-120 um (<~6 wt.%), proving that indeed I2 has infiltrated and was trapped inside the 

nanocomposites.  

 

Fig. 6.3 Different modes of analyses for the uptake of I2 by the samples, where (a) measures 

the I2 uptake of the nanocomposites as a whole, (b) measures the uptake of I2 by ZIF-8 and 

ZIF-8 within the nanocomposites (via subtraction of the uptake value of the matrix and its 

corresponding nanocomposites), and (c) comparison between the calculated uptake of I2 by 

ZIF-8 and ZIF-8 within the nanocomposites (see Appendix D.4 for the calculations). 

 

Fig. 6.3 (a) shows that the highest uptake of I2 is by the ZIF-8 nanoparticles (~380 mg g-1), 

followed by PU/ZIF-8 30 wt.% (~320 mg g-1), PU (~75 mg g-1), Matrimid/ZIF-8 30 wt.% 
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(~26 mg g-1), and Matrimid (~20 mg g-1). The I2 uptake capacity of ZIF-8 exceeds that of 

zeolites, at 170 mg g-1, and remains on par with activated carbon, at 300-400 mg g-1.  

The ZIF-8 nanoparticles are in direct contact with the I2 solution (and molecules), which 

encourages the uptake of I2 molecules by the ZIF-8 nanoparticles into its sodalite cages due 

to the ready accessibility of the ZIF-8 nanoparticles and the chemical affinity between the 

mIm ligands of the ZIF-8 nanoparticles and the I2 molecules [244, 246]. The same 

explanation can also be extended to the PU/ZIF-8 30 wt.%, where the highly porous and 

accessible PU matrix allows for almost unhindered contact between the embedded ZIF-8 

nanoparticles and the I2 molecules. However, as pointed out previously, the I2 uptake 

involves the formation of weak interactions between the mIm ligand of ZIF-8 and I2 

molecules, and the presence of secondary interactions between the polymeric chain of PU 

and mIm will result in a bond forming competition between I2 molecules and the polymeric 

chains of PU. It is therefore reasoned that despite the close contact between the embedded 

ZIF-8 nanoparticles and the I2 molecules, the I2 uptake, in the case of PU/ZIF-8 30 wt.% 

sample, will not be as high as the ZIF-8 nanoparticle sample. However, this loss of I2 uptake 

due to the competing bond formation between mIm and I2 is offsetted by I2 uptake via the 

PU matrix, as per Fig. 6.3 (a), which means that the formation of PU/ZIF-8 30 wt.% 

nanocomposite is acting in a synergistic manner when it comes to I2 uptake. The exact 

opposite can be observed in the case of Matrimid, where its low accessibility and robust 

structure severely limits the uptake of I2 molecules. Despite the affinity of ZIF-8 and I2 

molecules, the dense structure of Matrimid curtailed the contact between I2 molecules and 

ZIF-8, which results in very poor I2 uptake, as seen in Fig. 6.3 (a).  

The previous discussion and the experimental values calculated in this work points to the 

fact that the I2 uptake is significantly dependent upon the presence of ZIF-8 nanoparticles 

and its accessibility to the guest species that are to be captured (in this case, I2 molecules). 
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Despite the importance of the ZIF-8 nanoparticles, the matrices play no less of an important 

role in the uptake of guest species, where it provides a robust and deliverable support 

structure for the ZIF-8 to function without being exposed to factors that are structurally 

detrimental to it (heat, moisture, etc., see §2.2.4). In order to further probe the uptake of I2 

molecules within the nanocomposite, Fig. 6.3(b) shows the I2 molecules uptake by the ZIF-8 

nanoparticles embedded within the nanocomposite only (PU/ZIF-8 30 wt.% and 

Matrimid/ZIF-8 30 wt.%). These values are compared to the uptake reported by the loose 

ZIF-8 nanoparticles. The uptake value was obtained by subtracting the I2 uptake of the 

nanocomposite with the I2 uptake of its corresponding matrix, which (presumably) results 

in the I2 uptake by the ZIF-8 nanoparticles only.  ZIF-8 reported the highest uptake, at ~380 

mg g-1, followed by the PU/ZIF-8 30 wt.% sample, at ~250 mg g-1, and Matrimid/ZIF-8 30 

wt.% sample, at ~7 mg g-1. The uptake of loose powder ZIF-8 was explained previously. In 

the case of the PU/ZIF-8 30 wt.% sample, the I2 uptake by the embedded ZIF-8 nanoparticles 

accounts for ~77 %, with the other ~23 % is attributed to the PU, showing that the 

contribution of the PU matrix towards the total adsorption of I2 in this case is quite 

significant. This significance is further evident in the Matrimid/ZIF-8 30 wt.% sample, 

where the I2 uptake contribution by the embedded ZIF-8 nanoparticles hovers at ~25%, and 

the rest (75%) of the uptake is attributed to the Matrimid matrix. The mechanisms of 

adsorption pertaining to the nanocomposites will be detailed in §6.5.   

Fig. 6.2 (c) compares the theoretical calculated values of the I2 uptake by the ZIF-8 within 

the nanocomposites (Matrimid-based and PU-based) and the ZIF-8 loose powder. The 

calculations pertaining to these values are detailed in Appendix D.4. There are a few 

assumptions being made in the course of these calculations, which are: 
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i) The number of ZIF-8 nanoparticles within the nanocomposites are assumed to be 

perfectly and homogenously distributed throughout the matrix, with the weight 

of the ZIF-8 nanoparticles closely matching that of its purported content. 

ii) Perfect contact and surface interactions between each and every ZIF-8 

nanoparticles and I2 solution.  

 

The difference between the calculated and the experimental values of the I2 uptake is rather 

stark, with the exception of the PU/ZIF-8 30 wt.% sample. The different values in the 

Matrimid/ZIF-8 30 wt.% sample (0.15 mg (experimental) vs. 7 mg (theoretical)) can be 

explained by the fact that the theoretical calculations of the I2 uptake assumes that all of the 

I2 solution are in contact with the embedded ZIF-8 nanoparticles, which translates into the 

maximum uptake of I2 molecules. However, it should be pointed out that this represents an 

ideal situation, where the Matrimid matrix is readily accessible, which it is not in this case. 

In fact, its accessibility is severely restricted due to the robust and rigid nature of the 

Matrimid matrix, which accounts for the much lower I2 uptake than what was predicted by 

the theoretical calculations. In reality, a significant portion of the I2 uptake in the case of 

Matrimid/ZIF-8 30 wt.% nanocomposite is attributed to the matrix instead of the ZIF-8 

nanoparticles. The theoretical I2 uptake values for the PU/ZIF-8 30 wt.% sample is much 

closer to the experimental values (5.4 mg (theoretical) vs. 4.2 mg (experimental)), which 

can be attributed to the open accessibility of the PU matrix and the close contact between 

the ZIF-8 nanoparticles and the I2 solution, maximising the uptake of I2. This represents a 

scenario that is as close to an ideal situation, where the polymer matrix and the MOF act in 

tandem to adsorb I2 molecules, and any reduced I2 uptake due to imperfection of the MOF 

nanoparticles is offsetted by the polymer matrix. The major discrepancy between the 

calculated values of the ZIF-8 nanoparticles uptake and the experimental I2 uptake values (7 
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mg (theoretical) vs. 2.4 mg (experimental)) can be explained by the fact that as per 

assumption ii) in this calculation, each and every one of the nanoparticles are open and 

accessible, which is not exactly the case in real experimental conditions involving loose 

nanoparticle(s) powder. Agglomeration and aggregation would be a major problem for 

nanoparticles, even after extensive drying and grinding, which limits the open accessibility 

of the ZIF-8 nanoparticles vis-à-vis the I2 solution. The (significantly) lowered accessibility 

of the ZIF-8 nanoparticles accounts for the significantly lowered I2 uptake compared to the 

calculated I2 uptake values. The problem of agglomeration and aggregation is less of an 

issue in the nanocomposites, as the formed nanocomposite solution kept the nanoparticles 

suspended in a polymer solution prior to casting, which minimises the chances of 

agglomeration. Once the nanocomposite solution was casted and dried, the ZIF-8 

nanoparticles were set in place, and its bonds with the polymeric chains and the rigidity of 

the internal matrix structure minimises the chances of (internal) agglomeration, thus 

maximising its contact with the I2 solution (if the matrix is openly accessible). This reduced 

contact and closed access to the porosity of parts of the ZIF-8 nanoparticles accounts for the 

severely lowered uptake of I2 seen in Fig. 6.3 (c).  It should be pointed out that Hughes et 

al. [246] reported that ZIF-8, as a loose powder, is capable of capturing and retaining up 

125 wt.% of I2 (25 wt.% at the surface of the ZIF-8, and 100 wt.% in the sodalite cages of 

ZIF-8) via mechanisms such as physisorption and chemisorption, assuming ideal conditions, 

which means that if 5 mg of ZIF-8 nanoparticles are used, the uptake of I2 molecules would 

be 6.25 mg.  
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Fig. 6.4 Iodine release was investigated by monitoring the change in the colour of ethanolic 

solution in I2-loaded PU/ZIF-8 30 wt.% at different time points. Since the polymer matrix 

in nanocomposite decreased accessibility to the high surface area of ZIF-8 pores, I2 release 

in ethanol was observed to slow down and remained virtually unchanged beyond 6.5 hr (see 

Appendix D.5). 

 

The I2 release characteristics was examined by monitoring the change in colour of the 

solution, where I2-loaded PU/ZIF-8 30 wt.% nanocomposite was immersed and 

hermetically sealed. The polymer matrices, as discussed previously, decrease accessibility 

to the high surface area of ZIF-8 nanoparticles, which extended the I2 release time (beyond 

6.5 hr), relative to the case of (loose) MOF powders, where a substantial release of captured 

I2 was reported after only two hours [247]. Furthermore, the hydrophobicity of the polymer 

matrices prevented access of polar solvents to the nanoporosity of the ZIF-8 nanoparticles, 

allowing the nanocomposites to retain I2 within its microstructure. This was proven by 

immersing the I2-loaded PU/ZIF-8 30 wt.% into water, and after a period of 10 days (see 
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Appendix D.5), there were no colour changes detected in the surrounding water, signifying 

that I2 remained immobilised. Importantly, this result shows that despite the affinity of I2 

towards polar solvents (e.g. water), the desorption of I2 can be suppressed by encapsulating 

them within a polymer/MOF nanocomposite where the matrix is an intrinsically 

hydrophobic phase. It was reasoned that the complex microstructure of the nanocomposites 

(see Figs. 4.2 (a, d) & 5.1(a, d)) further prevented open access to the adsorption sites located 

inside the sodalite cages of ZIF-8 [233], such that the absorbed I2 can remain immobilised 

within the nanocomposite. 

 

6.3 Nanoindentation studies 
 
 

The nanoindentation technique was used to characterise the nanomechanical properties of 

the polymers and their corresponding nanocomposites pre-and post-I2 adsorption. The 

results are summarised in Fig. 6.5. 

The application of the nanoindentation technique is a practical choice: the nanoindentation 

technique makes measured indents onto minute areas of the surface of the samples at 

controlled depths (up to ~2 µm) [109], enabling it to interrogate the delicate surface regions 

where the ZIF-8 nanoparticles, the polymer matrices (Matrimid and PU), and incidentally, 

the absorbed I2, are actually interacting. For the polymer matrices, this translates into 

probing the surface where the polymeric chains and I2 are interacting. This method will 

allow us to measure relatively small mechanical property differences, more precisely 

capturing the change in Young’s modulus (elastic stiffness) and hardness (resistance against 

plastic deformation) of the ZIF-8 nanocomposites due to its adsorption of I2.  
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Fig. 6.5 Nanoindentation results of the Matrimid and PU-based nanocomposite 

nanocomposites. (a & b) Young’s modulus of Matrimid-based and PU-based 

nanocomposites, respectively. (c & d) Nanohardness of Matrimid-based and PU-based 

nanocomposites, respectively. Note that glassy Matrimid matrix (whose Tg > room 

temperature, RT) is significantly stiffer and harder than the rubbery matrix of PU (Tg < RT).  

Specifically, for the blank samples, it was surmised that the fall in the Young’s modulus of 

Matrimid/ZIF-8 30 wt.% compared with pristine Matrimid is associated with the 

incorporation of the ZIF-8 fillers (EZIF-8 ~3 GPa) [33], which are more compliant than the 

Matrimid phase; this effect has been explained in detail in §4.3. The nanoindentation data 

shown here were averaged from a surface penetration depth ranging 1 - 2 µm (see Appendix 

D.6). 

 

Fig. 6.5 (a) and (c) show that the nanomechanical properties of the Matrimid-based 

nanocomposites are only slightly affected by the adsorption of I2. This is reflected by the 

fact that the Young’s modulus (E) differs by ~2% for Matrimid and no change was detected 

for its nanocomposite samples. While for the nanohardness (H) values, the error bars for 
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both samples are within range of each other, implying that the amount of I2 absorbed by the 

Matrimid-based nanocomposites are relatively small (all changes falls under the ~5% range) 

vis-à-vis the nanomechanical properties. The glassy nature of the Matrimid matrix at room 

temperature (Matrimid glass transition temperature, Tg ~345 °C) [156] is important and may 

account for this outcome. It is envisaged that the molecular packing and rigidity 

underpinning the polymeric chains of Matrimid form an interconnected network that is 

sufficiently dense, thereby preventing the infiltration and uptake of I2 guest molecules. It 

was found that introduction of ZIF-8 nanoparticles (fillers) into Matrimid, despite its 

expected disruption to the molecular packing of Matrimid (§4.2), in fact did little to boost 

the overall I2 uptake capacity; thus its marginal impact on the nanomechanical properties of 

Matrimid-based nanocomposites. 

However, a different trend was observed in the PU-based nanocomposites (Figs. 6.5 (b) & 

(d)). It is seen that the Young’s modulus (E) and nanohardness (H) values changed by a 

discernible amount for neat PU (-25.5 MPa, corresponding to ~40% drop for E, and -3.5 

MPa for H, corresponding to a drop of ~27%); and PU/ZIF-8 30 wt.% (28 MPa for E, 

corresponding to an increase of ~6%, and 3 MPa for H, corresponding to a decrease of 

~11%) post-I2 adsorption. It should be pointed out that unlike in neat Matrimid, the 

nanomechanical properties in the neat PU sample displayed a contradictory behaviour where 

E and H values declined with adsorption of I2. This softening effect is speculated to be due 

to pervasiveness of I2 into the hard and soft segments of PU (Fig. 3.4), which increased the 

interatomic distance between the polymeric chain, thus weakening the inter-and 

intra-molecular bonding interactions, and affecting its structural integrity [43]. It was also 

proposed that the looser molecular packing of the rubbery PU polymeric chain (Tg < RT) 

and nominal molecular attachment of the ZIF-8 to the PU matrix accounted for increased 

adsorption of I2 into the PU/ZIF-8 30 wt.% nanocomposite, due to increased accessibility to 
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ZIF-8 nanoparticles. The infiltration and I2 uptake within the ZIF-8 nanoparticles will be 

assisted by the size of the porous cages of ZIF-8 [164] (11.4 Å, and aperture size of 5.6 Å 

against the size of I2 molecule of 5.6 Å), if the (loosely packed) rubbery polymer chains 

may provide an open pathway to reach the ZIF-8 pores, thereby boosting total I2 uptake (see 

Fig. 6.2). Our results show that, for the PU/ZIF-8 30 wt.% nanocomposites upon I2 

adsorption, there is no major variation detected in E and H, both of which appear to be 

within the respective statistical errors. 

 

 
6.4 Thermogravimetric analyses (TGA) of the I2-absorbed nanocomposites  
 
 

Fig. 6.6 shows the TGA profiles of the absorbed nanocomposites and their blank 

counterparts. It is seen from Fig. 6.6 (a)-(b) that the adsorption by the Matrimid-based 

nanocomposites is almost negligible, as the profile of the absorbed sample is almost 

identical to the blank sample, with almost minute variations throughout the thermal 

decomposition profile.  

On the contrary, as per Fig. 6.3 (a), there is a marked increase in I2 uptake (320 mg g-1) in 

the PU/ZIF-8 30 wt.% sample, which is also reflected in the thermal decomposition profile 

of PU and PU-based nanocomposites. For PU, at ~210 °C, the I2-loaded composite began 

decomposing. This is speculated to be due to the initiation of thermal degradation of organic 

ligands, and with PU molecular structure degradation, the I2-bonded to the soft segment of 

the PU polymeric chain is being released. It should also be pointed out that the flash point 

of I2 is at 184.3 °C; however, I2 only began evaporating from PU at 210 °C, meaning that 

host-guest interactions from being entrapped in PU are shielding I2 from evaporating at its 

characteristically lower flash temperature. It was proposed that only when the chain integrity 
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of PU was compromised that I2 was exposed to surrounding thermal conditions, thus 

triggering its evaporation. 

 

 

Fig. 6.6 TGA plots of the (a) Matrimid, (b) ZIF-8/Matrimid 30 wt.%, (c) PU, and (d) 

PU/ZIF-8 30 wt.%, (e) ZIF-8 with their respective blank counterparts. For an overall 

combined plots of TGA, including the ZIF-8 nanoparticles, see Appendix D.7. 

 

The thermal decomposition of the I2-loaded sample was more rapid compared to its blank 

counterpart. The decomposition of the hard segment of the PU appeared to begin at 310 °C 

for the I2-loaded sample, which is earlier than the blank sample, where it began decomposing 

at 405 °C. The reason for this is that the I2 loaded sample has formed an intrinsic part of the 

microstructure of the PU, and once I2 began to be liberated from the hard segments (Fig. 

3.4) due to structural degradation from the soft segments, the structural integrity of the hard 
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segment begins degrading as well, in conjunction with released I2. A similar trend was 

observed in the PU/ZIF-8 30 wt.% nanocomposite, where thermal decomposition of the 

loaded composite began a lot sooner than the blank nanocomposite, however, it is unique in 

that I2 is released from the decomposed soft segment of PU and decomposing ZIF-8 

(~350 °C). Fig. 6.1 suggest that I2 is absorbed into ZIF-8 cages as well as the soft and hard 

segments of PU. Upon thermal decomposition of the PU, ZIF-8 nanoparticles are exposed, 

and the organic ligands forming bonds with I2 and the hard segment of PU will began 

decomposing, releasing I2 and breaking the chemical and physical interactions formed with 

PU.  

The phenomenon surrounding the release of I2 from ZIF-8 cages is obvious in Fig. 6.6(d), 

where from 300-550 °C, the I2-loaded samples were decomposing at a rate that is slower 

than its blank counterpart. This can be attributed to the entrapped I2 in the ZIF-8 cages being 

released as the ZIF-8 cages are collapsing due to thermal decomposition [246]. At 550 °C, 

when I2 was completely removed, a sharp drop was observed in the wt.% of the 

nanocomposites. Subsequently at 600 °C, its thermal decomposition profile matched that of 

its blank counterpart, showing that all the entrapped I2 was indeed removed from both PU 

and ZIF-8. What is important to establish here is that, by comparing Fig. 6.6(c) to (d), there 

is strong evidence supporting the notion that thermal stability of the I2-absorbed PU/ZIF-8 

nanocomposite has significantly improved as a consequence of guest immobilisation.
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6.5 Proposed mechanism responsible for I2 adsorption and immobilisation in 

polymer/MOF nanocomposites  
 

 

Fig. 6.7 The proposed I2 adsorption mechanism by the polymer/MOF nanocomposite 

(PU/ZIF-8 30 wt.% in this case). The introduction of ZIF-8 nanoparticle within the polymer 

matrix offer porosity, attributed to intrinsic sodalite cages of ZIF-8 (filler phase) and free 

volumes arising from disruption of the molecular packing of the nanocomposite by the 

nanoparticle fillers. Both voids could serve as active sites, attracting I2 molecules and 

forming bonds with the mIm ligands of ZIF-8, and the ‘hard’ and ‘soft’ segments of the PU 

(see Fig. 3.4) or the active coordination sites present in Matrimid (see Fig. 4.9). 
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Fig. 6.7 illustrates the proposed adsorption mechanism that explains I2 uptake and retention 

by the polymer/MOF nanocomposites in this work. The high surface area of ZIF-8 

nanoparticles (~1650 m2 g-1) [80] are expected to offer significant amounts of active sites to 

afford the adsorption of I2 molecules [248], mostly via combined actions of chemisorption 

[246] and physisorption [233], predicated upon the accessibility of the polymer matrices. 

However, the retention of the adsorbate (I2 molecules in this case) is significantly 

strengthened by the polymer matrices. Therefore, it can be surmised that the capture and 

immobilisation of I2 molecules within the nanocomposite is the result of a synergistic effect 

between the polymer matrices and ZIF-8 nanoparticles. Both polymers (Matrimid and PU) 

exhibited almost negligible I2 uptake (Fig. 6.3 (a)), and the high uptake exhibited by the 

nanocomposites are attributed to the I2 molecules entering the pores of the (accessible) 

ZIF-8 nanoparticles instead of the free volume within the polymers formed by the presence 

of the nanoparticles. However, the presence of functional groups and aromatic moieties in 

both Matrimid and PU are potential sites for the weak molecular interactions with I2 

molecules, therefore, the possibility of I2 storage within inter-polymer/MOF pockets (free 

volume) cannot be completely ruled out. This supposition is further strengthened by the 

uptake values demonstrated by the polymer matrices, as per Fig. 6.3 (a), where PU reported 

an I2 uptake of 75 mg g-1, while Matrimid reported an I2 uptake of 20 mg g-1. It is therefore 

more accurate to assume that the I2 uptake mechanism of the nanocomposite, in this case, 

involves the synergistic affect between the ZIF-8 nanoparticles and the polymer matrices, 

acting in tandem to capture and guide the I2 molecules to active sites (such as mIm ligands 

of ZIF-8 nanoparticles or the aromatic moieties of Matrimid and hard groups of PU), where 

the I2 molecules can form a collection of weak bonds for it to be immobilised within the 

structure of the nanocomposites. The presence of these unoccupied pockets could also 

potentially serve as active molecular flexible pathways that allow for the I2 to infiltrate the 
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composites and guide the I2 molecules towards the more active and high-surface area ZIF-8 

nanoparticles cages.  

Fig. 6.7 details the plausible molecular level interactions between I2, ZIF-8, and the 

polymers (PU in the diagram) in the PU/ZIF-8 nanocomposite system. The light yellow 

spheres indicate the Solvent Accessible Volume (SAV) of ZIF-8 nanoparticles, while the 

black circles represent the inter-polymer/ZIF-8 pockets. These free volumes could be of 

large and small dimensions, which is incidentally not necessary for strong interactions with 

I2 when compared to the continuous array of ordered active voids of the ZIF-8 nanoparticles. 

Smaller volume voids with higher surface area may result in stronger nanoscale confinement 

with incoming foreign guest species, such as I2 molecules. The theoretical uptake of I2 

molecules as per the number of ZIF-8 nanoparticles and the influence of free volume in the 

polymer matrices in this case is elucidated in Fig. 6.3 (c). This effect could be investigated 

in greater detail by means Positron Annihilation Lifetime Spectroscopy (PALS) [80, 249]. 

Furthermore, comparing the chemical structures of the polymer matrices could provide 

additional insights into their potential role in the capture and retention of I2 within ZIF-8 

polymer nanocomposites. PU is made up of amide linkages that are suitable for non-covalent 

interactions, while its flexible ether moiety could potentially provide sites for strong 

interaction and catalyse molecular dynamics within the matrix that improves small guest 

molecular mobility. However, in the case of Matrimid, its rigid aromatic backbone could 

potentially hinder the formation of inter-polymer/ZIF-8 pockets via its strong interchain 

aromatic interactions. 

It is clear from our experimental data that the PU samples are more effective for I2 uptake 

compared to the Matrimid samples. It was reasoned that the intrinsic porosity of PU and its 

ability to interact with guest species via weak interactions could explain these differences. 
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Molecular flexibility of the PU’s primary chain allows for entropic dynamics of its rubbery 

structure to capture I2 more rapidly. On the contrary, tightly packed structural 

configurations, which is especially prevalent in (glassy) Matrimid could result in a lower 

accessible surface area, rendering them less effective for I2 immobilisation. The introduction 

of ZIF-8 nanoparticles into both polymer matrices will create strong “anchoring sites” and 

increase the free volume (due to disruption to molecular packing) that will enhance the 

resulting nanocomposites’ capacity to immobilise I2. On this basis, the model proposed in 

Fig. 6.7 represents the most probable capture and storage mechanism for the Matrimid/ZIF-8 

30 wt.% and the PU/ZIF-8 30 wt.% nanocomposites studied in this work. 

 

6.6 Chapter summary 

 

This chapter detailed a pioneering attempt of capturing and retaining I2 within the 

nanocomposites reported in Chapters 4-5. The detailed experiments and its subsequent 

results allowed us to demonstrate the viability of the polymer/ZIF-8 as an I2 adsorption and 

retention medium. The next chapter will detail our endeavours of using the same 

polymer/MOF nanocomposites to study its viability for the reversible uptake of C2H4 (gas).
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CHAPTER SEVEN 
 

Reversible uptake of ethylene (C2H4) in polymer/MOF based nanocomposites 
 

The previous chapter carefully analysed and subsequently confirmed the viability of the 

polymer/ZIF-8 nanocomposites for the capture/retention of I2, and it was determined that 

the affinity of I2 with ZIF-8, its narrow apertures, and the open accessibility of the PU matrix 

are crucial towards its ability to capture and retain I2. This chapter intends to explore another 

application with the polymer/ZIF-8 nanocomposites; the reversible uptake of ethylene 

(C2H4) gas. The capability of polymer/MOF nanocomposites to capture and separate 

common gases or gas mixtures (CO2, O2, H2, N2) are very well documented in literature (see 

§2.4.1), and the consensus is that the presence of MOFs, as fillers, endows the subsequent 

composites with this ability due to its chemical affinity with the gases, its inherent porosity, 

and ready accessibility. However, studies involving the uptake of more exotic gases 

(hydrocarbons), such as ethylene (C2H4), is scarce in the context of MOF-composites, and 

as such, the neat matrices (Matrimid and PU) and their corresponding ZIF-8 nanocomposites 

(30 wt.%) will be utilised to confirm the viability and enhancements brought about by the 

introduction of the ZIF-8 nanoparticles vis-à-vis the reversible uptake of C2H4. This 

investigation is a collaborative effort with Dr J. Silvestre of the Department of Inorganic 

Chemistry of the University of Alicante, Spain. 
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7.1 Rationale 

 

The general characteristics of MOFs, such as its inherent porosity, specific aperture sizes, 

and large surface areas (>1000 m2 g-1) makes it a prime candidate for the capture and 

separation of a wide variety of gases, ranging from atmospheric ones (O2, N2, H2, CO2) to 

hydrocarbons (C2H6, C2H4). This viability is further enhanced by the fact that MOFs are 

customisable, making it possible to produce bespoke MOFs that would respond to specific 

guest species via the tuning of its porosity, aperture, and cage sizes. As a matter of fact, 

there is abundant literature on the utilisation of MOFs for gas capture and separation 

applications, as detailed in §2.4.1. 

It is well established in literature that ZIF-8 has a high chemical affinity towards CO2, and 

as such, has been used for applications involving the capture and separation of CO2 from 

gas mixtures [250, 251]. However, recent works explored the usage of MOFs in general, 

and ZIFs in particular, for the capture and separation of hydrocarbons [126, 252]. This 

alternative was explored due to the fact that the common separation technique for 

alkane/alkene (light hydrocarbon), for example, is cryogenic distillation, which is a cost and 

resource intensive process.  Intrinsically porous materials that are readily accessible to guest 

species (gas molecules), such as MOFs, represents a more effective and cheaper alternative 

for the capture and separation of hydrocarbons in this case due to its mechanism of passive 

adsorption via readily accessible porosity and chemical affinity, and desorption via induced 

pressure and varied temperature.  

The high surface area (1650 m2 g-1), intrinsic porosity, and the accessibility of ZIF-8 (SAV 

~ 0.5) render it an ideal candidate for the capture and separation of light hydrocarbons (C1-

C4 hydrocarbons). Bux et al. [253] reported that ZIF-8 is capable of separating 

ethene/ethane at selectivities of 2.8 and 2.4, respectively, owing to its aperture size (~5.6 Å) 
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and the accessibility that aperture size afforded the sodalite cages (11.6 Å), while Bohme et 

al. [254] reported that ZIF-8 is more selective towards ethane over ethene. The suitability 

of ZIF-8 in general vis-à-vis the separation of certain hydrocarbons species (ethylene, 

ethane, for example) is quite well documented in literature.  

It is therefore reasoned that the excellent ability of ZIFs in general and ZIF-8 in particular 

to capture and separate hydrocarbons would also extend to its corresponding composites, as 

per the previous chapter in the case of I2. Exploring the usage of ZIFs for gas capture and 

separation has been a continuous endeavour alongside the discovery and development of 

ZIF-based composites [153, 255]. It can also be argued that the advent of ZIF-composites 

further benefitted gas capture and separation; the previously delicate and fragile ZIFs can 

now be utilised as it comes under the purview of a more robust composite system that 

mitigates the effect of elevated temperatures or pressures (see Chapters 4-5). The unique 

ability of ZIFs and ZIF-composites to capture and retain gases is applicable to a vast array 

of technological applications, such as food/material packaging [256], air system filtrations 

[257, 258], and electrolytes in solar cells [259]  (see Chapter 2). The unique features 

espoused by ZIFs render them immensely effective for these applications, and it is envisaged 

that the presence of ZIFs within a structurally stable system (i.e. MOF-composites) would 

result in substantial performance improvements, as detailed in §2.4. Thus far, the most 

comprehensive published work dealing with the viability of polymer/MOF composite in the 

uptake of hydrocarbon is Bachman et al. [134], who used the combination of M2(dodbc) (M 

= MOF-74 and CPO-27; dodbc = 2,5-dioxido-1,4-benzenedicarboxylate) and 6FDA-DAM 

to form a composite for C2H4 capture. They reported C2H4 capture of 3-5 mmol g-1. The 

prevalence of other works involving polymer/MOF composite, or any form of 

MOF-composite for the reversible uptake of C2H4 or any other hydrocarbon is noticeably 
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absent from literature, with most published works detailing the viability for the MOFs to 

efficiently separate mixed-hydrocarbon gases. 

The capability of polymer/MOF nanocomposites to reversibly uptake hydrocarbons render 

it applicable for the controlled uptake and release of gas species. In this vein, the previously 

developed polymer/MOF nanocomposites will be tested as a packaging material for the 

transport of food items, especially fresh produce. Food packaging and transport takes place 

in a controlled environment to ensure undiminished quality. It also helps prevent the growth 

and propagation of harmful bacteria and microbes, which would inevitably result in 

economic loss, or even endanger human health should it go undetected and the product 

subsequently consumed. In some cases, specific gases (such as C2H4) are used to accelerate 

the ripening process [260, 261], making the product more palatable. The transportation of 

fresh produce takes place in a span of a few days (or more), and utilising packaging materials 

that can be externally controlled via parametric manipulation (temperature and pressure) 

will allow us to tune the dosage of C2H4 released to the products to accelerate/decelerate the 

ripening process, serving as a form of quality control. The utilisation of a packaging that is 

able to reversibly capture C2H4 would be most suitable for this purpose.  

The robust constitution of Matrimid/ZIF-8 nanocomposites (Chapter 4) and ease of 

accessibility of the PU/ZIF-8 nanocomposites (Chapter 5) render both suitable for the 

reversible uptake of C2H4. A detailed investigation was made into this phenomenon using 

the polymer/ZIF-8 nanocomposites reported in the previous chapters and the methods 

outlined in §3.5. The viability of the polymer/ZIF-8 nanocomposites as packaging material 

for the transport and ripening of fresh produce via controlled exposure to C2H4 is expected, 

which would be especially beneficial to the design of a passive packaging and transportation 

system for fresh produce that would reduce the economic cost while preserving quality. The 
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work detailed in this chapter represents a pioneering attempt to quantify the reversible 

uptake of C2H4 by a polymer/MOF nanocomposite. 

 

7.2 Reversible uptake of C2H4 (5 °C) 

 

Fig. 7.1 shows the adsorption/desorption plots of C2H4, as a function of pressure, of ZIF-8 

nanoparticles and the corresponding polymer/MOF nanocomposites (Matrimid/ZIF-8 30 

wt.% and PU/ZIF-8 30 wt.%) at 5 °C.  

 

Fig. 7.1 The adsorption/desorption plots for C2H4 (5 °C) as a function of pressure for (a) 

ZIF-8 nanoparticles, Matrimid, PU, Matrimid/ZIF-8 30 wt.%, and PU/ZIF-8 30 wt.%, and 

(b) the polymer/MOF nanocomposites (30 wt.%).  

 

The reversible uptake of ZIF-8 nanoparticles is relatively high, at ~2.2 mmol g-1, where it 

can be seen that the adsorption/desorption plots are practically overlapping. The obvious 
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affinity for C2H4 towards ZIF-8 can be attributed to the readily accessible porosity of ZIF-8 

(SAV~0.5) [32] and its high reactive surface area (~1650 m2 g-1) [80], both of which help 

maximise the exposure of ZIF-8, and its eventual uptake of C2H4 via its apertures and mIm 

ligands (forming a collection of weak interactions between the gas molecules and mIm 

ligands [233, 246]) of the ZIF-8 nanoparticles (see Fig. 4.9). The proposed reversible uptake 

mechanism gives way to speculation that increased amounts of ZIF-8 nanoparticles would 

result in increased uptake of C2H4 gas molecules. However, it should also be pointed out 

that the ZIF-8 nanoparticles tested in this study were in the form of fine powder, and its 

applicability and deliverability for gas sorption application remains impractical [262].  

Fig. 7.1(b) shows the adsorption/desorption plots of the polymer/MOF nanocomposites as 

a function of absolute pressure. Matrimid exhibited a larger hysteresis (~0.31 mmol g-1) 

compared to PU (<0.1 mmol g-1). This phenomenon can be explained by the structural 

makeup of both polymers; Matrimid is a glassy polyimide with a rigid and robust internal 

structure, while PU is a rubbery polymer with soft and hard segments that grants it structural 

flexibility, malleability, and ease-of-processability. The glassy structure of Matrimid at 5 

°C remains rigid, with its main polymeric chains exhibiting controlled vibrations (limited to 

bond bending and stretching along the bond length), due to the Tβ of Matrimid being 80 °C 

(T < Tβ). C2H4 gas molecules will have to penetrate and negotiate its way through a dense 

network of tightly bound polymeric chains to infiltrate Matrimid (see Fig. 4.9), which is 

immensely difficult, explaining the limited uptake of C2H4, at ~0.31 mmol g-1. However, 

the rigid internal structure of Matrimid resulted in an unexpected benefit: The C2H4 gas 

molecules that successfully infiltrated the structure would be difficult to remove due to the 

severely limited possible escape routes from the heavily intertwining polymeric chains. As 

a result of this, the desorption plot of Matrimid in Fig. 7.1 (b) remained constant at ~0.3 

mmol g-1 for quite some time, which implies that the majority of the adsorbed C2H4 gas 
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molecules are actually trapped within the nanocomposite, a phenomenon that can be termed 

a semi-reversible uptake (large hysteresis).     

The structural makeup of the PU drastically differs from that of Matrimid. While Matrimid 

is glassy and rigid, the PU is soft and pliable. Also, the experiment, carried out at 5 °C, is 

20 °C higher than the Tg of PU (-15 °C), where the main polymeric chain of the PU (soft 

and hard segments) will be mobile and constantly reorienting itself into the most favourable 

energy configuration (see §5.5). While it was difficult for the C2H4 gas molecules to 

penetrate and negotiate its way around Matrimid, this is not the case for the PU 

nanocomposites. However, this purported benefit is nullified by the constantly reorienting 

chains and open access pores of the PU nanocomposites: despite the ease of infiltration, the 

weak affinity between the main chain of the polymeric membrane and its open accessibility 

prevents it from retaining C2H4 within its structure (no hysteresis). This is reflected in the 

reversible uptake of C2H4 gas molecules, at < 0.1 mmol g-1. It can therefore be surmised that 

the PU, on its own, makes for a very poor packaging material due to its greatly reduced 

reversible uptake capacity of C2H4. 

The formation of ZIF-8 nanocomposites with Matrimid and PU as its matrices induced 

internal structural changes that were detailed in Chapters 4-5. The presence of ZIF-8 

nanoparticles within the nanocomposites resulted in varying degrees of reversible uptake 

vis-à-vis C2H4. It is clear from Fig. 7.1(b) that the Matrimid/ZIF-8 (30 wt.%) remains less 

accessible compared to PU/ZIF-8 (30 wt.%). The adsorption/desorption plots of both 

Matrimid and Matrimid/ZIF-8 30 wt.% are almost overlapping; adsorption peaks at ~0.31 

mmol g-1 (P = 1 bar), while desorption remained constant at ~0.3 mmol g-1 (P = 1- 0.4 bar) 

for quite some time before completely desorbing at ~0.23 mmol g-1 (P = 0.13 bar). This 

could be due to the fact that the temperature of this experiment, at 5 °C, remains under the 

Tβ of Matrimid (~80 °C), and at T< Tβ, it is quite difficult for the C2H4 gas molecules to 
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negotiate its way around the matrix and come into contact with the ZIF-8 nanoparticles. 

Also, the C2H4 gas molecules that do in fact come into contact and are captured by the ZIF-8 

nanoparticles will also be difficult to remove due to the intricate, sturdy, and robustness of 

Matrimid and its affinity with C2H4, forming a collection of weak bonds (H-bonds, vdW 

interactions, and π-π stacking). It was assumed that despite the high uptake capacity of ZIF-8 

nanoparticles seen in Fig. 7.1 (a), in the case of Matrimid/ZIF-8 30 wt.% nanocomposites, 

the matrix plays a much larger role in the reversible uptake of C2H4 gas molecules.  

Both the PU and PU/ZIF-8 30 wt.% nanocomposite demonstrated reversible uptakes of 

C2H4 gas molecules (absence of hysteresis, see Fig. 7.1 (b)), however, the latter ultimately 

exhibited much greater uptake capacity of C2H4 gas molecules at Pmax = 1 bar. The 

difference between the reversible uptake of C2H4 is evident between PU and PU/ZIF-8 30 

wt.%; the former showed negligible C2H4 uptake (<0.1 mmol g-1), while the latter 

demonstrated a reversible uptake of ~0.6 mmol g-1, which is an increase of 26 times due to 

the presence of ZIF-8 nanoparticles, an unprecedented improvement. In the context of the 

nanoparticles, the uptake of C2H4 molecules scales with the weight percent of the 

nanoparticles in the nanocomposite, at 30 wt.%, an uptake of ~0.6 mmol g-1 is 30% of the 

uptake of the ZIF-8 nanoparticles (~2.1 mmol g-1). At 5 °C, the PU is at its rubbery phase, 

where it is susceptible to the influence of temperature and pressure (see §5.5). Therefore, 

C2H4 gas molecules would easily infiltrate PU due to its (much) less rigid main polymeric 

molecular chains. Despite the ease of infiltration, the compliant PU is unable to hold onto 

any adsorbed C2H4 gas molecules due to the minimal affinity between C2H4 and the 

molecular chains of the PU, which accounts for the almost negligible uptake of the C2H4 

gas molecules (akin to how water passes through a leaky sieve). However, the introduction 

of ZIF-8 nanoparticles and the formation of a PU/ZIF-8 30 wt.% nanocomposite resulted in 

drastic changes; instead of acting as a porous sieve, the ZIF-8 nanoparticles enabled the 
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reversible uptake of C2H4 gas molecules. This improvement can be attributed to two factors: 

the open accessibility of the PU matrix and the presence of ZIF-8 nanoparticles (see Chapter 

5).  The open accessibility allows the C2H4 gas molecules to infiltrate almost immediately 

into the nanocomposite, which will place it into direct contact with the ZIF-8 nanoparticles. 

The chemical affinity between C2H4 and the mIm ligands and the high SAV of the ZIF-8 

nanoparticles serve to increase the reversible uptake of C2H4 gas molecules. This process is 

entirely reversible, as seen in Fig. 7.1(b), where the desorption plot almost overlaps the 

adsorption plot. Although the reversible uptake is less than 50% of that reported by the (100 

wt.%) ZIF-8 nanoparticles (~2.1 mmol g-1), the nanocomposites represents an excellent 

capture and delivery system; it is reasonably robust and thermally stable (see Chapter 5), 

while also remaining accessible to other elements to freely interact with the ZIF-8 fillers. 

The shapes and sizes of the nanocomposites are easily customisable, which makes it an ideal 

candidate that can be tailored to accommodate any (reasonable) conditions and settings.   

 

7.3 Reversible uptake of C2H4 (35 °C) 

 

The previous section carefully elucidated the capabilities and mechanisms associated with 

the reversible uptake of C2H4 at 5 °C using polymer matrices (PU and Matrimid) and their 

respective corresponding nanocomposites (at 30 wt.% ZIF-8 nanoparticle loadings). This 

section will detail a similar effort at a slightly elevated temperature of 35 °C. It is reasoned 

that the elevated temperature will alter the interactions between the C2H4 gas molecules and 

the polymer matrices and its corresponding nanocomposites, due to the fact that all three are 

highly susceptible to temperature; the polymers (and its corresponding nanocomposites) 

undergo structural changes as a function of temperature (see §2.3.2.3), while gases are more 
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active and volatile at higher temperatures [263]. The elevated temperature condition is 

intended to draw parallels between the experiments and real world operating conditions.  

   

 

Fig. 7.2 Adsorption/desorption plots as a function of pressure for the polymers (Matrimid 

and PU) and polymer/MOF nanocomposites (30 wt.% of ZIF-8 nanoparticles) at 35 °C. 

 

It can be seen in Fig. 7.2 that the reversible uptake of ZIF-8 nanoparticles is considerably 

reduced, at ~1 mmol g-1, a decrease of ~55% from the reversible uptake reported at 5 °C. It 

is likely that the increased volatility of the C2H4 gas molecules energetically exceeded that 

of the collection of weak interactions (H-bonds, vdW interactions, and π-π stacking) formed 

between C2H4 gas molecules and the ZIF-8 nanoparticles, which resulted in less gas 
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molecules being captured. It is therefore logical to assume that increased temperatures will 

result in decreased reversible uptake in the case of the ZIF-8 nanoparticles. 

It is also noted in Fig. 7.2 that the adsorption/desorption plots of the polymer matrices 

decreased by ~15% for Matrimid, while PU was lower, at << 0.1 mmol g-1 compared to the 

reversible uptake at 5 °C. The hysteresis of the Matrimid adsorption/desorption plots is also 

significantly smaller compared to the ones seen in Fig. 7.1 (b), implying that the removal of 

C2H4 gas molecules from Matrimid in this case actually did take place, as opposed to the 

previous case at 5 °C, where the C2H4 gas molecules remained trapped within the Matrimid. 

PU’s lower reversible uptake capacity is a testament to its current structural condition, at 35 

°C, the membrane is approaching its softening (melting) point (Tm ~85 °C), and the main 

polymeric molecular chain of the PU is even more loose and flow freely at rates higher than 

what it was at 5 °C. This, combined with the almost non-existent affinity between the PU 

molecules (soft and hard segments) and the C2H4 gas molecules accounts for the almost zero 

uptake of C2H4 gas molecules at this temperature.  

The reversible uptake of C2H4 gas molecules by Matrimid/ZIF-8 30 wt.% nanocomposites 

exceeded that of the PU/ZIF-8 30 wt.% nanocomposites by ~60% (0.4 mmol g-1 for the 

former vs. 0.25 mmol g-1 for the latter). The rate of reversible uptake of C2H4 gas molecules 

of C2H4 at 35 °C for Matrimid/ZIF-8 30 wt.% nanocomposites exceeded even that of the 

PU/ZIF-8 30 wt.% nanocomposites at 5 °C by ~33% (~0.4 mmol g-1 for the former vs. ~0.31 

mmol g-1 for the latter). This remarkable, albeit somewhat surprising reversal is attributed 

to the structural changes taking place in the nanocomposites at 35 °C and the volatility of 

the C2H4 gas molecules. At 35 °C, Matrimid remains at T<Tβ, however, the rate of vibration 

and bond stretching at 35 °C exceeds that of 5 °C, and relatively, the C2H4 gas molecules 

will have an easier time penetrating and negotiating its way throughout the Matrimid/ZIF-8 

30 wt.% nanocomposites due to the increased volatility of the C2H4 gas molecules from the 
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higher temperature. Both aforementioned factors increased the reversible uptake of C2H4 

gas molecules. However, this also means that it would be easier for the C2H4 gas molecules 

to negotiate its way out of the nanocomposite, which explains the reduced hysteresis 

(relative to that of 5 °C) and eventual removal of ~90% of C2H4 gas molecules from the 

membrane at 35 °C.  

The lower reversible uptake of PU/ZIF-8 30 wt.% nanocomposites could be attributed to 

the structural alterations at 35 °C, where the main polymeric chains of the PU are now 

sliding and slipping against each other at a much higher rate (T >> Tg). However, it should 

be pointed out that the presence of ZIF-8 nanoparticles resulted in increased structural 

stability well towards the Tm of the PU/ZIF-8 30 wt.% nanocomposites (see Figs. 5.5, 5.7, 

5.8). The structural changes associated with the PU matrix (more porous and pliant), the 

volatility of the C2H4 gas molecules, and the affinity between ZIF-8 nanoparticles and its 

mIm ligands with C2H4 gas molecules greatly increased the potential uptake of C2H4 gas 

molecules by the nanocomposites, but this increased uptake comes at a cost: the increased 

volatility of the C2H4 gas molecules will provide enough energy for the uptaken C2H4 gas 

molecules to overcome the collection of weak interactions (H-bonds, etc) formed between 

mIm and C2H4 gas molecules, which result in the captured molecules making their way out 

of the nanocomposite, translating to poor retention capacity. The open accessibility of the 

PU matrix further exacerbates this situation; its intrinsic porosity is an excellent medium for 

the (increased) exfiltration of C2H4 gas molecules. Although the sample, as a whole, manage 

to retain a respectable amount of C2H4 gas molecules within its structure (~0.25 mmol g-1), 

it remains lower than both Matrimid/ZIF-8 30 wt.% nanocomposites at 35 °C (~0.4 mmol 

g-1) and PU/ZIF-8 30 wt.% nanocomposites at 5 °C (~0.31 mmol g-1).  
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7.4 Nanocomposite uptake kinetics 

 

The previous sections carefully detailed the reversible uptake capacity and capabilities of 

the ZIF-8 nanoparticles, the polymer matrices, and its corresponding nanocomposites at 5 

°C and 35 °C. This section will focus on the adsorption/desorption kinetic mechanisms of 

the reversible uptake of C2H4 gas molecules into the aforementioned samples. The 

adsorption/desorption mechanism is reliant upon two factors in the context of this 

experiment: pressure (P), which induces the C2H4 gas molecules to infiltrate/exfiltrate from 

the samples, and time, which is the amount of time required for the C2H4 gas molecules to 

actually infiltrate/exfiltrate from the samples. The applied pressure and the amount of time 

it takes for the C2H4 gas molecules to adsorp/desorp will determine the viability of the 

nanocomposites to serve as a packaging material that can be controlled by external 

mechanism to uptake and release captured C2H4 gas molecules.    
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Fig. 7.3 Adsorption/desorption kinetics of C2H4 for ZIF-8 nanoparticles, polymer matrices 

(Matrimid and PU), and its corresponding nanocomposites (at 30 wt.% loading of ZIF-8 

nanoparticles), with (a) adsorption kinetics at 5 °C and ~1 bar, (b) desorption kinetics at 5 

°C and ~0.13 bar, (c) adsorption kinetics at 35 °C and ~1 bar, and (d) desorption kinetics at 

35 °C and ~0.13 bar.  

 

Fig. 7.3 shows the kinetics associated with the uptake of C2H4 gas molecules for the ZIF-8 

nanoparticles, polymer matrices (Matrimid and PU), and its corresponding nanocomposites 

(at 30 wt.% loadings of ZIF-8 nanoparticles). In this sample data, the pressure/time data 

associated with the reversible uptake of C2H4 gas molecules was taken as close as possible 

to ~1 bar, as at this pressure, as established in Fig. 7.1-7.2, is where the uptake capacity of 

C2H4 gas molecules is at its highest for all of the samples. Similarly, the pressure/time data 

for the desorption kinetics was taken at ~0.13 bar, as at this pressure, the desorption 

procedure is almost complete, signifying that the C2H4 gas molecules are almost completely 

removed and unable to infiltrate the samples (at such low pressure).   
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In Fig. 7.3 (a), it can be seen that C2H4 adsorbed much quicker to ZIF-8 nanoparticles (~500 

s) and PU (~1500 s) compared to Matrimid/ZIF-8 30 wt.% (~4500 s), Matrimid (~8000 s), 

and PU/ZIF-8 30 wt.% (~8000 s) samples. The ZIF-8 nanoparticles, in the form of fine 

powder, have a large surface area (~1650 m2 g-1) [80] and almost entirely open accessibility 

and porosity, which corresponds to quick and easy adsorption of the C2H4 gas molecules 

due to its direct exposure and interactions with ZIF-8’s porosity and its chemical affinity 

with the mIm ligands. This open accessibility also accounts for the quick and relatively 

simple desorption of C2H4 gas molecules from ZIF-8. A similar but somewhat modified 

argument can be used to explain the quick adsorption time of the PU sample; despite the 

fact that it lacks the large surface area of ZIF-8 nanoparticles and the chemical affinity with 

C2H4 gas molecules inherent in ZIF-8 nanoparticles, its accessibility and porosity is simply 

too high (see Chapter 5) to competently capture C2H4 gas molecules, akin to how a sieve 

with large pores allowing water to pass through without much resistance. In effect, the C2H4 

gas molecules merely passes through PU due to the applied pressure instead of reliably 

forming bonds and physiosorbing/chemisorbing with PU polymeric chain. This behaviour 

is reflected in its desorption plots as well (Fig. 7.3 (b)), where the desorption time for ZIF-8 

nanoparticles was 300 s, while it was ~600 s for PU. The open accessibility and large surface 

area of the former allowed the C2H4 gas molecules to desorp a lot faster from the PU 

samples, while the (very) large pores and non-existent chemical bonds between the samples 

and C2H4 gas molecules resulted in the quick desorption of the gas molecules from the latter.  

The increased adsorption time of C2H4 gas molecules upon Matrimid is due to its glassy 

nature; its main polymeric chain is configured in a manner that greatly restrict external 

access, and only the application of constant pressure upon the samples resulted in a small 

amount of C2H4 gas molecules penetrating (and uptaken) by the samples (also see Fig. 7.1 

for the amount of uptaken C2H4 gas molecules for Matrimid). Despite the introduction of 
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ZIF-8 nanoparticles and the formation of Matrimid/ZIF-8 30 wt.% nanocomposites, the 

nature of Matrimid predominates: access remains highly restricted, which is reflected in the 

similarly high adsorption times for C2H4 gas molecules in the Matrimid/ZIF-8 30 wt.% 

sample. This is also evident in the desorption times of both samples; the desorption time of 

C2H4 gas molecules from Matrimid reaches ~15,000 s, which implies that the C2H4 gas 

molecules that do manage to infiltrate Matrimid remained trapped within the samples, as 

evident in Fig. 7.1 (b). However, the desorption times for Matrimid/ZIF-8 30 wt.% sample 

was relatively low, at ~160 s. This can be explained by the fact that the C2H4 gas molecules 

that infiltrated the nanocomposite and were adsorbed by the embedded ZIF-8 nanoparticles 

remained trapped within the ZIF-8 nanoparticles and Matrimid, making it even more 

difficult for it to exfiltrate from the samples. This is evident in Fig. 7.1 (b), where the 

hysteresis for both the Matrimid and Matrimid/ZIF-8 30 wt.% samples were relatively large.      

Despite the PU sample showing almost negligible uptake of C2H4 gas molecules, its 

corresponding ZIF-8 nanocomposite showed significant increase in uptake, as per Fig. 7.1 

(b). Similarly, Fig. 7.3 (a) showed increased adsorption time for the PU/ZIF-8 30 wt.% 

sample, which is speculated to be due to the presence of ZIF-8 nanoparticles increasing the 

packing density within the nanocomposite (which reduces accessibility and porosity) while 

also capturing C2H4 gas molecules. This significantly increased its adsorption time, and its 

high uptake capacity vis-à-vis C2H4 gas molecules means more and more of the gas 

molecules are being trapped within the nanocomposite. Similarly, its desorption time, 

although lower than Matrimid, is still quite significant, at 7000 s. This can be speculated to 

be due to the difficulty for the captured gas to break the collection of weak bonds formed 

with ZIF-8 nanoparticles (due to physiosorption and chemisorption) and the increased 

difficulty of exfiltrating from the PU/ZIF-8 30 wt.% nanocomposite samples due to the 

increased packing density within the nanocomposite.  
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At 35 °C (see Fig. 7.3 (c-d)), there are a few interesting observations in terms of the 

adsorption/desorption mechanisms for the C2H4 gas molecules. Adsorption of 

Matrimid/ZIF-8 30 wt.% took the longest, at 11,000 s, followed by Matrimid (~2000 s), 

PU/ZIF-8 30 wt.% (~1800 s), PU (~500 s), and ZIF-8 (~150 s). At 35 °C, the main polymeric 

chain of Matrimid gains more energy via heat, which translates into increased accessibility 

and increased rate of infiltration (relative) of C2H4 gas molecules. This implies increased 

contact between C2H4 gas molecules and ZIF-8 nanoparticles embedded within the 

Matrimid/ZIF-8 30 wt.% nanocomposite, which means that adsorption is taking place within 

both Matrimid and ZIF-8 nanoparticles, as reflected in the increased adsorption/desorption 

times being significantly higher than that of the other tested samples. Also, the higher 

temperature increased the volatility of the gas molecules, as per §7.2-7.3, which makes it 

more difficult for it to remain trapped within the nanocomposites. It can be reasonably 

speculated that despite the increased temperature increasing the volatility of the gas 

molecules and the accessibility of the sample, it is difficult for the sample to hold onto the 

captured gas molecules (low hysteresis seen in Fig. 7.2 for all of the tested samples). This 

is also reflected in the increased adsorption/desorption times shown in Fig. 7.3 (c-d). Despite 

the increased accessibility of Matrimid at 35 °C, it remains sturdy and rigid, which means 

that infiltration of C2H4 gas molecules, despite being relatively higher than that shown at 5 

°C, remains quite low. Also, the rigidity and packing density of the polymeric chains of 

Matrimid limits the maximum amount of C2H4 gas molecules that could remain within the 

nanocomposite, which means that level of uptake of the gas molecules will be limited. This 

is reflected in the relatively shorter time it took for C2H4 gas molecules to adsorb onto/into 

Matrimid, and its increased desorption time (7000 s), which is due to the difficulty for the 

gas molecules to exfiltrate from the nanocomposites despite the increased accessibility and 

volatility.  
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It is interesting to note that the PU samples reported quite low adsorption/desorption times 

at 35 °C. As pointed out in §7.2-7.3, at that temperature, the PU matrix is more compliant 

and less robust, resulting in an almost openly accessible membrane. This translates into both 

the PU/ZIF-8 30 wt.% samples and its matrix (PU) requiring much shorter times to 

adsorb/desorb C2H4 gas molecules. The reason for this is quite simple: the increased 

volatility of the gas molecules exceeded the weak bond strength formed between ZIF-8 and 

the C2H4 gas molecules, which means that its ability to hold onto the gas molecules that 

were captured was significantly lowered. This decreased the total amount of captured gas 

molecules, which is evident in Fig. 7.3 (c), where it took ~1800 s for C2H4 gas molecules to 

adsorb onto/into PU/ZIF-8 30 wt.%. Its desorption time was low as well (~1500 s), as it was 

much easier for the captured gas molecules to desorb from the samples due to weak bonds 

and increased volatility. PU was already a poor medium to retain C2H4 gas molecules at 5 

°C, and at 35 °C, PU is even more accessible, and its poor affinity with C2H4 gas molecules 

simply preclude it from being able to hold onto the gas molecules or retain it in any 

meaningful manner. This is evident in its desorption time, at ~300 s, which means that any 

captured gas molecules were also easily desorbed. In fact, the amount of captured C2H4 gas 

molecules in PU was almost negligible, as expounded upon in §7.2-7.3.  

In the case of ZIF-8 nanoparticles, despite its high capacity for C2H4 gas molecules, the 

increased volatility of the gas molecules and the open accessibility of the fine powder 

sample made the adsorption/desorption times of C2H4 gas molecules almost negligible. 
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7.5 General implications 

 

The previous subsections detailed the reversible uptake of C2H4 by the ZIF-8 

nanocomposites at two specific temperatures (5 °C and 35 °C). The reversible uptake of 

C2H4 gas molecules is intricately linked to its viscoelastic and thermo-mechanical response 

and macro-mechanical properties, all of which were discussed in Chapters 4-5. This 

phenomenon can be translated into viable real world applications, especially for the food 

packaging and transport industry. The results garnered in this chapter lead to a few general 

implications on the reversible uptake and its viability as a packaging material. 

The reversible uptake of C2H4 by ZIF-8 is heavily linked to its ambient temperature, where 

increased temperature results in decreased reversible uptakes. Therefore, pinpointing an 

optimal temperature for the reversible uptake of C2H4 that does not adversely affect the 

robustness of the nanocomposites and maximises uptake is especially imperative. 5 °C was 

utilised as a testing temperature as it is the reported temperature for the storage and 

transportation of bananas [264], and confirmed that indeed, at this temperature, the 

reversible uptake of the ZIF-8 nanoparticles and ZIF-8 nanocomposites are reasonable. It is 

therefore prudent to point out that the selection of matrix is important: the accessibility of 

the matrix needs to be at a point where it does not encourage the free passage of C2H4 gas 

molecules without offering respectable resistance, as seen in the case of PU/ZIF-8 30 wt.% 

nanocomposite at 35 °C. The same sample, at 5 °C, offered significant reversible uptake 

capability within a reasonably robust medium. It is therefore logical to assume that using a 

rubbery polymer matrix (or low Tg matrix) will result in a relatively high uptake of gas 

molecules, especially if the fillers within the nanocomposite is a MOF with a high affinity 

for the infiltrating gas molecules.   
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The kinetics of the ZIF-8 nanocomposites also serve as an interesting point. The 

adsorption/desorption of C2H4 in the samples is dictated by pressure and temperature. More 

robust and densely packed samples, such as Matrimid and its 30 wt.% nanocomposite, 

display discernible resistance towards adsorption/desorption (at 5 °C), as garnered from the 

adsorption/desorption times. PU, PU/ZIF-8 30 wt.% and ZIF-8 samples were more 

agreeable, displaying significantly shorter adsorption/desorption times at 5 °C. However, 

the structural variations brought about by increased temperature at 35 °C resulted in 

decreased uptake in PU/ZIF-8 30 wt.% to levels under that reported by the Matrimid/ZIF-8 

samples, suggesting that the structural integrity of the matrix, which is temperature 

dependent, is crucial towards the reversible uptake of C2H4. It is assumed that at T ≈ Tg, the 

C2H4 gas molecules easily infiltrated Matrimid/ZIF-8 30 wt.% due to increased accessibility 

afforded by the constant motion of the polymeric chains. However, the polymeric chain 

network remains rigid and sturdy, which translates into substantial infiltration times for the 

Matrimid and Matrimid/ZIF-8 30 wt.% samples. The more accessible ZIF-8 and PU samples 

naturally display more agreeable kinetics, as per their reduced infiltration/exfiltration times, 

although retention appear to be a problem. 

The combination of affinity, accessibility, and kinetics means that it is indeed possible to 

tune the parametric control (ie. pressure and temperature) to affect controlled adsorption 

and desorption of C2H4 gas molecules. This would be especially useful in an environment 

where immediate uptake or release is not preferred, such as the prolonged transport of fresh 

produce. The intrinsic feature of these nanocomposites vis-à-vis the reversible uptake of 

C2H4 gas molecules will allow for the design an accurate controlled release system, which 

releases C2H4 gas molecules in controlled dosage at specific times to slowly infuse the fresh 

produce with the designated gas by careful manipulation of the ambient temperature and 

pressure. This passive release system will reduce the economic cost associated with the 
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transport and ripening of fresh produce while being more effective compared to near 

constant exposure of the product to active gases, which would preserve quality and decrease 

prices.  

 

7.6 Chapter Summary 

 

An elaborate effort on studying the reversible uptake of C2H4 using the polymer/ZIF-8 

nanocomposites reported in Chapters 4-5 was detailed. This work represents the first attempt 

of using these nanocomposites in this manner, and it is envisioned that the results will be of 

use for the reversible uptake of similar classes of gases, such as a myriad of hydrocarbons 

(ethane being an example of this).  

The next chapter will summarise this thesis and underline the important points made 

throughout this work. We will also propose possible future studies that can be pursued by 

other researchers in the field of MOFs and MOF-nanocomposites. 
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CHAPTER EIGHT 
 

Conclusions, Recommendations, and Potential Future Pursuits 
 

The entirety of this work is devoted to the elucidation of three aspects of polymer/MOF 

nanocomposites; the thermo-mechanical, viscoelastic, and macro-mechanical 

characterisation of the polymer/ZIF-8 nanocomposites, its application as a passive 

uptake/retention system for I2, and its utilisation as a reversible uptake medium of C2H4 gas 

molecules. The utilisation of common and established experimental techniques allowed us 

to adapt the analyses detailed in other works for other classes of materials that are analogous 

to polymer nanocomposites to prudently characterise the nanocomposites developed in this 

work, and the preceding chapters are accurately reflective of our efforts. The reported results 

represent a systematic pioneering study at amalgamating structure-property relationship and 

the multi-faceted applications of the MOF-nanocomposites, which is unique in that it 

correlates performance to materials’ design. Our collective thoughts, insights, and 

observations throughout this work has allowed us to arrive at a collection of intertwining 

conclusions detailed in the following subsections.  

 

8.1 The physico-chemical, quasi-static, and dynamic characterisation of 

Matrimid/ZIF-8 nanocomposites  

 

• It was confirmed that the dispersion and encapsulation of ZIF-8 within Matrimid, 

obtained via the colloidal solution mixing technique, was uniform and overall 

homogeneous. Though well dispersed, it was established that the addition of ZIF-8 
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nanoparticles (>10~15 wt.%) to the nanocomposite is detrimental towards mechanical 

properties of such thin nanocomposites, particularly its ductility, toughness, and tensile 

strength, making them highly susceptible to cracking by (brittle) fast fracture. This trend 

is even more pronounced for the annealed nanocomposites, in which further 

embrittlement of the polyimide matrix phase has occurred. 

• While there are only subtle changes to the viscoelastic properties with the addition of 

ZIF-8 nanoparticles, major fluctuations associated with residual solvents in cured 

nanocomposites have been established near the glass transition temperature (Tg). It was 

demonstrated that DMA is an extremely powerful technique, whose usage should be 

broadened in the field of MOF-based nancomposite research to enable not only the 

determination of Tg, but also to address the evolution of dynamical mechanical 

behaviour and basic energy dissipation mechanisms, such as to pinpoint the presence of 

occluded solvents impacting membrane permeability and selectivity. 

• As per previous work [80] reporting enhancement of gas separation behaviour of 

Matrimid/ZIF-8 nanocomposites, it was established in this study that while the addition 

of ZIF-8 nanoparticles and annealing are beneficial towards gas selectivity, it was shown 

that this is not always the case for certain mechanical properties. Specifically, 

mechanical degradation in terms of ductility and toughness can be substantial post 

annealing, thus weakening its structural robustness making the membrane less suitable 

for practical use. 

• It is envisaged that the structure-property relationships between the MOF nanoparticles 

and glassy polymer matrices developed in this part of the work alongside the mechanical 

characterisation methodologies will be pertinent to many combinations of glassy 

polymer/MOF based systems, targeting a wide range of emergent membrane 

technologies. Work is certainly warranted to further establish whether the proposed 
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structure-property correlation is applicable to understand the performance of a broad 

combination of glassy-based MOF-nanocomposites.  

 

8.2 Static and dynamic behaviours of PU/ZIF-8 nanocomposites 

 

• The unique combination of PU (a hyperelastic rubbery polymer) and ZIF-8 (a 

prototypical zeolitic MOF) allowed the thermal, mechanical, and structural 

characteristics of both constituents to act in parallel due to the loose association of the 

constituents while negating the weaknesses inherent in either. This is evident from the 

results from TGA, DMA, and uniaxial tensile tests, where the hyperelastic and 

viscoelastic characteristics of PU was retained despite the introduction of ZIF-8 

nanoparticles, which in turn introduced free volume and active porous sites that will be 

beneficial for applications such as gas capture and separation. 

• The interactions between the ZIF-8 nanoparticles and PU matrix is tenuous and 

dominated by a collection of uniform secondary interactions, such as H-bonds, vdW 

forces, and π-π stacking. Due to the strengths of these bonds, at lower loadings of ZIF-8 

(<~20 wt.%), it is anticipated that the free volume and pinning of the ZIF-8 nanoparticles 

are likely not fixed (thus mobile), and the corresponding size and shape of these free 

volumes within the nanocomposites are influenced by the introduction of external 

stimuli from coupled stress and temperature effects. However, at higher loadings of 

ZIF-8 nanoparticles (>~20 wt.%), the sheer increase in the amount of secondary 

interactions became quite significant, thereby forming a sturdier and mechanically rigid 

nanocomposite, which suppresses the mobility at the ZIF-8/PU interface, causing major 

decline in composite ductility and toughness.  
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• The methodologies developed in this study can be extended to other hyperelastic 

polymers (e.g. PDMS, PVDF, PVP, polypropylene) in combination with a vast range of 

existing nanostructured MOF-based materials to yield mechanically and thermally 

robust nanocomposites to enable practical applications. 

 

8.3 The uptake/retention of I2 using polymer/ZIF-8 nanocomposites 

 

• I2 was indeed captured and retained within the pristine polymer membranes (albeit at 

small, almost negligible wt.%), but the immobilisation of I2 in nanocomposite is 

prominent, particularly in the case of PU/ZIF-8 30 wt.%. 

• It was confirmed that the rubbery polymer matrix (e.g. PU) results in better absorptive 

and retention capabilities, which could be associated with the more accessible ZIF-8 

pores to afford physisorption and chemisorption processes and further accompanied by 

physical confinement inside free volumes of the polymer matrices. 

• It was projected that the mechanism that allowed I2 to be captured and retained within 

the polymers and nanocomposites can be attributed to the molecular interactions and 

affinity between the mIm (deprotonated ligand of 2-methylimidazole) of ZIF-8, I2 

molecules, and parts of the polymeric chains of the matrices. Therefore, this passive 

process requires almost no injection of external energy, but relies completely on 

molecular and chemical affinities existing between the multiple organic-inorganic 

molecular constituents in the nanocomposites. 

• The formation of polymer/ZIF-8 nanocomposites improved the deliverability of the 

samples and allowed the retention of I2 at temperatures far beyond its flashpoint, thus 

boosting thermal stability as evidenced from the TGA experiments.  
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• Initial design proposal in the context of I2 capture and retention would suggest that a 

combination between highly porous MOFs containing strong sorption sites (e.g. ZIFs 

[59], MILs [265, 266], CuBTC [267], and CPOs [268, 269]) and rubbery polymers, such 

as PU, polydimethylsiloxane (PDMS) and polyisobutylene (PIB) will be favourable for 

maximising I2 capture rates in emerging class of MOF-based nanocomposites [37, 39, 

128].  

• There is a huge scope for future developments in the aforementioned areas, not only to 

better elucidate the underpinning physico-chemical mechanisms but also to design and 

tune suitable combinations membrane nanocomposites to yield bespoke guest 

immobilisation capacities. 

 

8.4 The reversible uptake of C2H4 using polymer/ZIF-8 nanocomposites 

 

• Despite the unique structural response of the polymer/ZIF-8 nanocomposites towards 

external factors such as temperature and pressure, the reversible uptake capability of 

these nanocomposites vis-à-vis C2H4 is very much reliant on the nature of the matrix, 

where characteristics such as sturdiness and accessibility dictates the potential amount 

of uptaken C2H4. Regardless of the affinity of the selected MOFs to the designated gas, 

careful selection of the matrix is paramount to ensure that the gas and the MOFs will 

eventually interact with one another. 

• The experimental temperature plays a large role in the reversible uptake of C2H4, not 

only due to its effect on the structural changes to the nanocomposites, but also due to 

the increased volatility of the C2H4 gas molecules at high(er) temperatures. It was 

observed that the volatility of the gas at a higher temperature (35 °C) provided the gas 

molecules with enough energy to surpass the bond energy of the combined affinity and 
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secondary attractions with the ZIF-8 nanoparticles, resulting in almost complete 

desorption of the gas molecules from the nanocomposites in the case of the glassy 

polymer matrix.  

• The accessibility of the matrix plays a large role in the kinetics of the reversible uptake 

of the ZIF-8 nanocomposites. Rubbery polymers are generally more accessible than its 

glassy counterpart, however, this accessibility may prove to be a problem, as retention 

of the C2H4 within the structure is quite poor. Glassy polymer matrix is less accessible 

and rigid, resulting in slow kinetics and the ability of the nanocomposites to retain C2H4 

gas molecules within its structure. Although embedded ZIF-8 nanoparticles are 

responsible for the reversible uptake of C2H4, the matrix is responsible for preventing 

the C2H4 gas molecules from exfiltrating from the nanocomposites. 

• The ability of these nanocomposites to uptake C2H4 gas molecules is linked to three 

distinct factors: the choice of matrix and MOF, and the operating temperature. Based on 

our results, it was assumed that the polymer/ZIF-8 nanocomposites would be suitable, 

for example, as a packaging material for the transport of fresh produce, especially the 

PU/ZIF-8 based nanocomposites, due to its ability to retain a respectable amount of 

C2H4, which allows for good retention at 1 bar and also controlled release of C2H4 over 

an extended period of time, triggered by adequately tuning pressure and temperature. 

 

8.5 Possible future works 

 

The methods, results, and insights detailed throughout this thesis can be extended to other 

combinations of polymer/MOF nanocomposites. There are thousands of reported MOFs in 

literature (HKUST-1, MILs, UiOs, etc), and many more glassy and rubbery polymer 
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matrices (PVDF, 6FDA-DAM, PS, etc) that can be used to form multiple classes of 

polymer/MOF nanocomposites.    

• Chapter 2 detailed the many types of MOFs, defined by its metallic core and organic 

ligands, resulting in unique and one-of-a-kind hybrid material. The availability of many 

types of polymer matrices, whether glassy or rubbery, makes the possible polymer/MOF 

combination a boundless endeavour. The methods reported in this thesis, such as 

colloidal solution mixing, doctor blade casting, nanoindentation, DMA, TGA, and 

uniaxial tensile testing (among others) can be used to comprehensively study 

MOF-based nanocomposites. Accounting for this literature gap, it was surmised that 

there are almost endless possibilities with regards to investigating the physico-chemical 

properties of these nanocomposites. As a general rule of thumb based on the reported 

results in this thesis, a good starting point would be to work polymer/MOF composites 

made up of a rubbery and highly accessible matrix and a relatively (in the context of the 

matrix) hard MOF fillers, which has been shown in this work to result in the most 

significant improvements. 

• The nanocomposites developed and studied in this work was utilised for the 

uptake/retention of I2 and the reversible uptake of C2H4 gas molecules. The oft-cited 

characteristics of MOFs render them suitable for the many applications outlined in 

Chapter 2, and by extension, these applications would also be viable for the 

corresponding MOF-based nanocomposites outlined in §2.4. The study of the 

application of the polymer/MOF nanocomposites in the context of the aforementioned 

applications is not limited to the ZIF-8 based nanocomposites developed in this work, 

but can also be extended to other polymer/MOF nanocomposites.  
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APPENDIX A 

A.1  The determination of particle size using a built-in function in the FEG-SEM 

 

 

An example of measured individual particles from the FEG-SEM images for ZIF-8 

nanoparticles dispersed in chloroform (CHCl3), with 20 particles being measured in each 

image and averaged to a total of 60 particles from 3 different batches of synthesised ZIF-8. 

The average particle size was found to be 147.26 ± 7.05 nm.  
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A.2  Matlab equation used to match the DIC strain and the strain reported by the 

Instron machine 

strain_instron = interp1(time_dic,strain_dic,time_instron) 

where strain_instron is the adjusted strain data from matching DIC and instron data, interp1 

is a 1-D interpolation function built into Matlab, time_dic is the time each image is captured 

(0.2 s), strain_dic is the strain values reported by DaVis from DIC image analysis, and 

time_instron is the experimental time reported by the Instron machine during the actual 

experiment.  
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APPENDIX B 

B.1 Grid images for the quantitative analyses of the ZIF-8 nanoparticles distribution 

in the Matrimid/ZIF-8 nanocomposite. 

 

The FEG-SEM images used to quantitatively determine the distribution of ZIF-8. ImageJ 

software was used to divide the images into equal grids of 1 µm2, and the number of ZIF-8 

nanoparticles were manually counted and recorded per grid to obtain the frequency and 

distribution of the ZIF-8 nanoparticle throughout the nanocomposite, which are then plotted 

into bar charts representing the frequency distribution of the ZIF-8 nanoparticles. The 

images are of, from left to right (top), Matrimid/ZIF-8 10 wt.%, Matrimid/ZIF-8 20 wt.%, 

and Matrimid/ZIF-8 30 wt.%, and from left to right (bottom), Matrimid/ZIF-8 10 wt.% 

annealed, Matrimid/ZIF-8 20 wt.% annealed, and Matrimid/ZIF-8 30 wt.% annealed. 
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B.2 Possible mechanism and points of stress risers in the Matrimid/ZIF-8 

nanocomposites 

 

 

 

 

 

 

 

 

 

 

 

 

A model representing the interaction between ZIF-8 nanoparticles and Matrimid, with a) 

coated ZIF-8 nanoparticles, which forms the majority of the interaction in the membrane, 

b) unattached ZIF-8 nanoparticles that are free within the Matrimid matrix, and c) Matrimid, 

on its own, not coating any ZIF-8 nanoparticles or have any free ZIF-8 particles attached to 

its surface. Both constituents are held together by hydrogen bonding between ZIF-8 

(2-methylimidazole linkers) and Matrimid (carbonyl and hydroxyl groups). Therefore, there 

will be free volume (microscopic gaps) between ZIF-8 and Matrimid, which contributes to 

the formation of pores within the structure; although due to the relatively lower loadings of 

the nanoparticles, these pores or free volume have negligible influence upon the macroscale 
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mechanical interaction of the nanocomposites. However, at a localised, microscopic level, 

its influence is rather significant, as seen in the results from nanoindentation. 

 

B.3  Crystallinity of the Matrimid/ZIF-8 nanocomposites 

 

The relationship between crystallinity and ZIF-8 nanoparticle loadings derived from XRD 

diffractograms (Fig. 4.3). The increase in crystallinity was significant from Matrimid® (i.e. 

0 wt.%) to 10 wt.% ZIF-8, which kept increasing as wt.% is increased. Annealing does 

increase the crystallinity of the nanocomposites, although not by a large margin. 
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B.4 Surface Roughness plots from the AFM scans of the unannealed and annealed 

Matrimid/ZIF-8 nanocomposites 

 

The representative surface roughness plots derived from the AFM scans of the unannealed and 

annealed Matrimid/ZIF-8 nanocomposites. A total of three surface roughness measurements was 

taken and averaged for the Ra and Rq values shown in Fig. 4.7. A diagonal line was drawn across the 

AFM scan images for the surface roughness values across multiple images.  
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B.5 Nanoindentation load-displacement data, averaged elastic moduli and hardness as 

a function of surface penetration depths of 2000 nm (Matrimid/ZIF-8) 

 

Nanoindentation load-displacement (representative) plots for Matrimid and the unannealed 

and annealed Matrimid/ZIF-8 nanocomposites, with a) Matrimid, b) 10 wt.% ZIF-8, c) 20 

wt.% ZIF-8, d) 30 wt.% ZIF-8, while e) Matrimid (annealed), f) 10 wt.% ZIF-8 (annealed), 

g) 20 wt.% ZIF-8 (annealed), and h) 30 wt.% ZIF-8 (annealed). Note the relatively higher 

scatter as wt.% rises associated with greater local membrane inhomogeneity. 
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Nanoindentation averaged Young’s Modulus (E) plots as a function of surface penetration 

depths (0 to 2,000 nm) for Matrimid and the unannealed and annealed ZIF-8 

nanocomposites, with a) Matrimid, b) 10 wt.% ZIF-8, c) 20 wt.% ZIF-8, and d) 30 wt.% 

ZIF-8. Data from 1000 to 2000 nm were used to derive the average values reported in Fig. 

4.5. The larger scatter at below 500 nm can be linked to imperfect tip-to-surface contacts 

due to roughness (asperities). 
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Nanoindentation averaged nanohardness (H) plots as a function of surface penetration 

depths for Matrimid and the unannealed and annealed ZIF-8 nanocomposites, with a) 

Matrimid, b) 10 wt.% ZIF-8, c) 20 wt.% ZIF-8, and d) 30 wt.% ZIF-8. Data from 1000 to 

2000 nm were used to derive the average values reported in Fig. 4.5. The larger scatter at 

below 500 nm can be linked to imperfect tip-to-surface contacts due to roughness 

(asperities). 
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B.6  DMA results from the multi-strain frequency sweep tests for Matrimid/ZIF-8 

nanocomposites. 

 

 

Additional data from the DMA multi-strain frequency sweep tests, classified as per its 

respective test frequencies for the unannealed Matrimid/ZIF-8 nanocomposites, with a) 

Storage modulus, E’ (5 Hz), b) Loss modulus, E” (5 Hz), c) tan δ (5 Hz), d) Storage modulus, 

E’ (15 Hz), e) Loss modulus, E” (15 Hz), f) tan δ (15 Hz), g) Storage modulus, E’ (25 Hz), 

h) Loss modulus, E” (25 Hz), and i) tan δ (25 Hz). 
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Additional data from the DMA multi-strain frequency sweep tests, classified as per its 

respective test frequencies for the annealed Matrimid/ZIF-8 nanocomposites, with a) 

Storage modulus, E’ (5 Hz), b) Loss modulus, E” (5 Hz), c) tan δ (5 Hz), d) Storage modulus, 

E’ (15 Hz), e) Loss modulus, E” (15 Hz), f) tan δ (15 Hz), g) Storage modulus, E’ (25 Hz), 

h) Loss modulus, E” (25 Hz), and i) tan δ (25 Hz). 
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B.7  Glass transition temperature as a function of ZIF-8 nanoparticle wt.% loading for 

Matrimid/ZIF-8 nanocomposites. 

 

A plot correlating the glass transition temperature (Tg) and ZIF-8 nanoparticle loadings 

(wt.%). Overall, it can be seen that the addition of ZIF-8 nanoparticles into Matrimid does 

little to alter the Tg of the resulting nanocomposites, where the fluctuation of Tg is less than 

5% for both the unannealed and annealed nanocomposites. This implies that near the Tg, the 

phase change/mechanical/thermal response is primarily dominated by the Matrimid matrix 

for both cases. Here the introduction of ZIF-8 fillers did not result in chain rigidification or 

other physical changes to the matrix, therefore the composite Tg will remain close to the Tg 

of the original matrix.
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B.8  Raw master curve of the samples, the lg (aT) vs. T, and the WLF approximation of 

the data of the Matrimid/ZIF-8 nanocomposites 
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The raw data master-curve plots for the unannealed Matrimid/ZIF-8 nanocomposites, which 

forms the basis for the master curves shown in Fig. 4.13 (a) & (c), with the temperature 

markers for a cycle of frequency sweep(s) (2-25 Hz). 
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The lg (aT) vs. T plots for the experimental data and the WLF approximation associated with 

the experimental data of the unannealed Matrimid/ZIF-8 nanocomposites. The C1 and C2 

values associated with the WLF approximation plots are shown in the inset of each plots. 
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The raw data master-curve plots for the annealed Matrimid/ZIF-8 nanocomposites, which 

forms the basis for the master curves shown in Fig. 4.13 (b) & (d), with the temperature 

markers for a cycle of frequency sweep(s) (2-25 Hz). 
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The lg (aT) vs. T plots for the experimental data and the WLF approximation associated with 

the experimental data of the annealed Matrimid/ZIF-8 nanocomposites. The C1 and C2 

values associated with the WLF approximation plots are shown in the inset of each plots. 
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APPENDIX C 

C.1  Grid images for the quantitative analyses of the ZIF-8 nanoparticles distribution 

in the PU/ZIF-8 nanocomposite 

 

The FEG-SEM images used to quantitatively determine the distribution of ZIF-8. ImageJ 

software was used to divide the images into equal grids measuring 1 µm2, and the number 

of ZIF-8 nanoparticles were manually counted and marked per grid to obtain the frequency 

and distribution of the ZIF-8 nanoparticle throughout the nanocomposite, which are then 

plotted into bar charts representing the frequency distribution of the ZIF-8 nanoparticles. 

The images are of, from left to right (top), PU/ZIF-8 10 wt.% and PU/ZIF-8 20 wt.%, and 

from left to right (bottom), PU/ZIF-8 30 wt.%, PU/ZIF-8 40 wt.%. 
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C.2  Crystallinity of the PU/ZIF-8 nanocomposites derived from the XRD data 

 

 

Crystallinity (wt.%) of the PU and its nanocomposites, as derived from the XRD plots and 

Scherrer approximation. The introduction of ZIF-8 (crystalline fillers) introduced 

semi-crystallinity to the nanocomposites. 
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C.3  Nanoindentation load-displacement data, averaged elastic moduli and hardness as 

a function of surface penetration depths of 2000 nm (PU/ZIF-8) 

	

Nanoindentation load-displacement (representative) plots for PU and PU/ZIF8 

nanocomposites, with a) PU, b) 10 wt.% ZIF-8, c) 20 wt.% ZIF-8, d) 30 wt.% e) 40 wt.% 

ZIF-8. Note the relatively higher scatter at lower wt.%, which is speculated to be associated 

with the difficulty of the nanoindenter in searching for an indentation surface due to the 

behaviour of the PU matrix. 
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Nanoindentation averaged Young’s modulus (E) plots as a function of surface penetration 

depths (0 - 2000 nm) for PU and the nanocomposites, with a) PU, b) 10 wt.% ZIF-8, c) 20 

wt.% ZIF-8, d) 30 wt.% ZIF-8, and e) 40 wt.% ZIF-8. Data from 1000 - 2000 nm were used 

to derive the average values reported in Fig. 5.4. The larger scatter below 1000 nm can be 

linked to imperfect tip-to-surface contacts due to roughness (asperities). 
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Nanoindentation averaged nanohardness (H) plots as a function of surface penetration 

depths for PU and nanocomposites, with a) PU, b) 10 wt.% ZIF-8, c) 20 wt.% ZIF-8, d) 30 

wt.% ZIF-8, and e) 40 wt.% ZIF-8. Data from 1000 - 2000 nm were used to derive the 

averaged values reported in Fig. 5.4. The larger scatter at below 1000 nm can be linked to 

imperfect tip-to-surface contacts due to roughness (asperities). 
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C.4  TGA derived phase temperature for the PU/ZIF-8 nanocomposites 

 

Samples (wt.%) Stage 

Initial Decomposition 

(°C) 

‘Hard’ segment 

Decomposition 

(°C) 

Complete 

decomposition (°C) 

PU 250 420 580 

10 140 320 500 

20 200 320 550 

30 200 320 550 

40 140 320 550 

ZIF-8 350 650 

 

Compilation of the temperature at the beginning at each phase of decomposition in the PU 

and PU/ZIF-8 nanocomposites, derived from the TGA plots. 
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C.5  Tg vs. ZIF-8 nanoparticle loadings of the PU/ZIF-8 nanocomposites 

 

A plot correlating the glass transition temperature (Tg) and ZIF-8 nanoparticle loadings 

(wt.%). Overall, it can be seen that the addition of ZIF-8 nanoparticles into PU has a small 

effect on the Tg of the resulting nanocomposites, where the fluctuation of Tg is less than 5% 

for the nanocomposites. This implies that near the Tg, the phase change/thermo-mechanical 

response is primarily dominated by the PU matrix. 

 

 

 

 



  Appendix 

234 
 

C.6  Additional DMA plots from the TTS multi-strain frequency sweep tests 

 

Additional data from the DMA multi-strain frequency sweep tests, classified as per its 

respective test frequencies for the PU/ZIF-8 nanocomposites, with a) Storage modulus, E’ 

(5 Hz), b) Loss modulus, E” (5 Hz), c) tan δ (5 Hz), d) Storage modulus, E’ (15 Hz), e) Loss 

modulus, E” (15 Hz), f) tan δ (15 Hz), g) Storage modulus, E’ (25 Hz), h) Loss modulus, E” 

(25 Hz), and i) tan δ (25 Hz). 
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C.7  Time-shift plots and WLF approximation plots for PU/ZIF-8 nanocomposites 

 

 

Raw data time-shift plots for the PU/ZIF-8 nanocomposites to generate a master curve 
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WLF approximation plots derived from the multi-frequency sweep experimental data of the 

PU/ZIF-8 nanocomposite. The Tref in this case if the Tg of the nanocomposite, at ~-15 °C.  
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The determination of the activation energy for the PU and its nanocomposites. The straight 

line equation in each plots is analogous to Eqn. 5.1, where (Ea/R) = slope of the plots. The 

activation energies were taken from the Tg of the samples, at ~-15 °C, corresponding to the 

frequencies (2-40 Hz) and temperatures (within the range of -14 to -17 °C) associated with 

the Tg. 
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C.8  Modelling coefficients associated with the Ogden Model derivation 

 

The coefficients associated with the Ogden Model of Hyperelasticity (N= 1, 2) for the 

nanocomposites, from PU, to PU/ZIF-8 30 wt.%, computed using Abaqus® (see Eqn. 5.2).  

Samples N  α1 α2 µ1 (MPa) µ2 (MPa) 
PU(S1) 1 1.89 NA 9.79E-2 NA 
PU(S2) 1 1.64 NA 0.29 NA 
PU(S3) 1 1.68 NA 0.26 NA 
PU(S4) 1 1.70 NA 0.23 NA 
PU(S5) 1 1.76 NA 0.16 NA 

PU_ZIF8_10 (S1) 2 4.39 -2.89 1.19E-7 1.37 
PU_ZIF8_10 (S2) 2 5.08 -2.85 2.15E-9 1.53 
PU_ZIF8_10 (S3) 2 1.36 0.15 1.11 -0.76 
PU_ZIF8_10 (S4) 1 1.64 NA 0.27 NA 
PU_ZIF8_10 (S5) 2 1.70 -2.72 -0.36 5.32 
PU_ZIF8_20 (S1) 1,2 Does not converge (N = 1,2) 
PU_ZIF8_20 (S2) 1,2 Does not converge (N = 1,2) 
PU_ZIF8_20 (S3) 2 1.81 -2.96 -0.11 2.31 
PU_ZIF8_20 (S4) 2 1.72 -2.80 -0.11 2.73 
PU_ZIF8_20 (S5) 1,2 Does not converge (N = 1,2) 
PU_ZIF8_30 (S1) 2 1.66 -2.64 -0.27 5.00 
PU_ZIF8_30 (S2) 2 1.67 -2.67 -0.33 5.29 
PU_ZIF8_30 (S3) 2 1.72 -2.72 -0.32 5.60 
PU_ZIF8_30 (S4) 2 1.69 -2.71 -0.36 5.53 
PU_ZIF8_30 (S5) 2 1.70 -2.72 -0.36 5.32 

 

The Ogden model fitting was computed using N = 1, while the Ogden model fitting for the 

nanocomposites were computed using N = 2. Some samples did not converge, and the 

majority of the models did not converge at N = 3. 
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APPENDIX D 

 

D.1  C6H12 uptake studies (96 h) 
 

 

 

 

 

The C6H12 adsorption studies, carried out for 96 h in two batches of samples to match the 

subsequent I2 uptake studies of the samples and check for repeatability, where (a) sample 

batch 1 (from left-to-right, Matrimid, Matrimid/ZIF-8 30 wt.%, PU, PU/ZIF-8 30 wt.%) at 

t = 0, (b) sample batch 1 at t = 96 h, (c) sample batch 2 at t = 0, and (d) sample batch 2 at t 

= 96 h. 
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D.2  ZIF-8 capture of I2 and C6H12 

 

The ZIF-8 nanoparticles being immersed in I2 (C6H12) and C6H12, with the left side 

representing the samples at t = 0 and the right side represents the samples at t = 96 h. The 

configuration in the image is, from left to right, I2 (C6H12) acting as control sample, sample 

1 of the ZIF-8 nanoparticles immersed in I2 (C6H12), sample 2 of the ZIF-8 nanoparticles 

immersed in I2 (C6H12), and ZIF-8 nanoparticles immersed in C6H12. Notice the subsequent 

discolouration of the I2 solution after 96 h. It was speculated that the I2 uptake capacity of 

the ZIF-8 nanoparticles (~ 6 mg) has reached its limit, hence unable to uptake anymore I2 

molecules, leaving the I2 molecules at the same colouration after 96 h.   

 

 

 

 

 

 

 

 

 

 

 

 

 

96 h 
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D.3  Sample raw data for EDAX of PU/ZIF-8 30 wt.% nanocomposite membrane with 
I2 

 

         Spectrum processing: No peaks omitted 

          Processing option: All elements analysed 
(Normalised) 

          Number of iterations = 4 

          Standard: 

          C    CaCO3   1-Jun-1999 12:00 AM 

          O    SiO2   1-Jun-1999 12:00 AM 

          Zn    Zn   1-Jun-1999 12:00 AM 

I    Not defined   1-Jun-1999 12:00 AM 

 

 

A sample of an EDAX reading taken from a cross-sectioned PU/ZIF-8 30 wt.% sample, 

with (a) an SEM image of the cross section of the membrane sample, with the lines 

corresponding to the line scan location on the sample, where P1 = EDAX scans taken every 

7 µm, P2 = EDAX scans taken every 10 µm, and P3 = EDAX scans taken every 20 µm, and 

(b) the elemental mapping of the samples corresponding to the scans, giving the wt. % and 

at. % of the elements present at that particular scan. In this case, from P2 at Spectrum 30 

(see (a)). The line scans conducted at multiple locations was intended to be representative 

of the distribution of I2 throughout the nanocomposite sample. 

 

 

Element Weight% Atomic%  

         

C K 51.49 69.09  

O K 25.96 26.15  

Zn L 15.84 3.91  

I L 6.71 0.85  

    

Totals 100.00   
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D.4  The calculation to determine the theoretical uptake of I2 molecules in ZIF-8 

sodalite cages 

 

Size of I2 molecules ~ 5.4 Å; size of ZIF-8 sodalite cages ~ 11.6 Å; size of ZIF-8 aperture 

~ 5.6 Å; molecular weight of ZIF-8: 227.58 g mol-1; molecular weight of I2: 126 g mol-1 

Theoretically, 2 molecules of I2 fits into one ZIF-8 molecule via its sodalite cage 

(assumption). 

 

where NI2 uptake is the number of moles of I2 uptaken by the samples, NZIF-8 is the number of 

moles of ZIF-8, NA is the Avogadro constant, and MWI2 is the molecular weight of I2.  

 

 

 

 

 

 

 

 

 

N I2  uptake = 2NZIF−8

mol of I2 =
N I2  uptake

N A

mass of uptaken I2  = mol of I2*MWI2
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The results of these calculations are tabulated in the table below, and used for Fig. 6.3 (b-

c). Take note that the values here are assuming direct contact between I2 and ZIF-8 

nanoparticles, and also the fact that the uptake of I2 for the nanocomposites are calculated, 

as the polymer matrix samples lack any ZIF-8 nanoparticles. 

Samples mol of ZIF-8 # of ZIF-8 

molecules 

# of I2 

molecules 

mol of I2 mg uptaken 

I2 

Matr_ZIF-

8_S1 
2.37E-05 

 
 

1.42E+19 
 

 

2.84E+19 
 

 

4.74E-05 
 
 

6.02 
 
 

Matr_ZIF-

8_S2 

3.03E-05 1.82E+19 3.64E+19 6.06E-05 7.69 

PU/ZIF-

8_S1 

1.98E-05 
 

 

1.19E+19 
 

 

2.37E+19 
 

 

3.95E-05 
 
 

5.02 
 
 

PU/ZIF-

8_S2 

2.29E-05 1.38E+19 2.75E+19 4.59E-05 5.82 

ZIF-8_S1 2.86E-05 
 

 

1.71E+19 
 

 

3.43E+19 
 

 

5.71E-05 
 
 

7.25 
 
 

ZIF-8_S2 2.68E-05 1.61E+19 3.22E+19 5.36E-05 6.80 
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D.5  I2 release in EtOH and H2O 

 

 

The vials above are of the PU/ZIF-8 30 wt.% I2-absorbed samples being set up for 

desorption experiments, with (a) EtOH (ethanol) medium, and (b) H2O medium. The 

samples were left to desorp for 10 days, and after 10 days, the I2 desorp into EtOH, but was 

completely retained in H2O, with no signs of I2 being released into H2O. This proves that 

polarity of the medium is instrumental towards the release of I2 from the nanocomposites, 

however, they remain stable in H2O. 

 

 

 

 

 

(a) (b) 
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D.6  Nanoindentation load-displacement data, averaged elastic moduli and hardness as 

a function of surface penetration depths of 2000 nm 

 

 

Nanoindentation load-displacement (P-h representative) plots for Matrimid, PU, and ZIF-8 

nanocomposites, both blanks and loaded samples containing I2, with (a) Matrimid (blank), 

(b) Matrimid/ZIF-8 30 wt.% (blank), (c) PU (blank), (d) PU/ZIF-8 30 wt.% (blank), (e) 

Matrimid (I2 absorbed), (f) Matrimid/ZIF-8 30 wt.% (I2 absorbed), (g) PU (I2 absorbed), (h) 

PU/ZIF-8 30 wt.% (I2 absorbed). Note that the relatively higher scatter for the PU and PU 

nanocomposite could be attributed to the hyperelastic response of PU matrix. 
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D.7  Complete compilation of the TGA plots 

 

 

Compilation of the raw data pertaining to the TGA analyses of the polymers (PU, Matrimid), 

its nanocomposites (PU/ZIF-8 30 wt.% and Matrimid/ZIF-8 30 wt.%) and ZIF-8 

nanoparticles pre-and post- I2 adsorption. 

 

 

 

 

 

 

 


