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ABSTRACT 
 

Over the last decade significant efforts have been devoted to the synthesis of zeolitic imidazolate 

framework (ZIF) films. For practical purposes such as membrane separations and chemical 

sensing the films must be ultrathin and often continuous on a microscopic level. Several 

approaches have been proposed, with dip coating offering significant advantages over more 

complex and expensive techniques. However, studies demonstrating nanoscale control of film 

density, morphology and thickness are lacking. 

 

Within the scope of this thesis, the fabrication of thin ZIF-8 and zinc-imidazole (Zn(mIm)) 

nanofilms is investigated, aiming at a better understanding of the films formation during the facile 

dip coating process. Significant attention is dedicated to the identification of the optimal 

synthesis parameters to fabricate ultrathin nanofilms and demonstrate their potential in chemical 

sensing and membrane separations. The study is divided into three primary areas and include 

investigation of: (i) crystalline ZIF-8 thin films derived from colloidal solutions; (ii) partially-

crystalline pseudopolymorphic Zn(mIm) nanofilms; and (iii) composite Zn(mIm)@polymer 

nanofilms. In situ spectroscopic ellipsometry is employed in the investigations of films’ 

morphologies and their dynamic response in the vicinity of the guest gas and vapour penetrants. 

The results show that films’ uniformity and thickness is mainly controlled by the withdrawal 

speed of the support from the solutions, regardless of the dip coating technique utilised. Targeting 

ultrathin (<200 nm) partially-crystalline nanofilms that are continuous on a microscopic level 

requires simultaneous change of the reactants ratio and substitution of the metal precursor. 

Investigation of the intrinsic properties of Zn(mIm) nanofilms reveals the ability for the material 

to withstand up to 55 bar pressure and prolonged exposure to CO2 plasticising penetrant, 

outperforming state-of-the-art industrial polymeric thin films. Zn(mIm) nanofilms also display 

kinetic diameter-dependent selectivity towards alcohol vapours, indicating their potential in 

sensing and separation of alcohol vapours. The obtained results can be used as a guide for future 

development and scale up of industrial nanofilms. 
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ABSTRAKT 

V posledním desetiletí je věnována značná pozornost vývoji a syntéze tenkých vrstev na bázi 

zeolit-imidazolových materiálů (ZIF, zeolite imidazolate Framework). Pro praktické využití 

těchto vrstev v oblasti membránových separací a senzorů chemických látek je nutné připravit 

tyto vrstvy ve formě tenkých spojitých filmů na mikroskopické úrovni. Přestože bylo v odborné 

literatuře k syntéze takovýchto vrstev prezentováno několik přístupů založených na metodě dip 

coating, která má v porovnání s jinými složitějšími a dražšími metodami řadu výhod, doposud 

zde chybí studie zabývající se řízením morfologie, tloušťky a hustoty takto připravovaných 

filmů. 

V rámci této disertační práce je studována příprava nanofilmů na bázi sloučenin zinek-

imidazol (Zn(mIm)) a ZIF-8 pomocí metody dip-coating, s cílem lépe porozumět procesu jejich 

formování. Významná pozornost je věnována zejména nalezení optimálních podmínek syntézy, 

které vedou k tvorbě ultra tenkých kompaktních vrstev. Kromě optimalizace podmínek syntézy 

je v práci demonstrováno i potencionální využití těchto filmů v oblasti membránových separací 

a chemických senzorů. Vlastní práce je rozdělena na tři základní části zahrnující výzkum 

v oblasti: (i) filmů na bázi krystalického ZIF-8, které vycházejí z koloidních roztoků, (ii) částečně 

krystalických nanofilmů z pseudopolymorfického Zn(mIm) a (iii) kompozitních nanofilmů 

Zn(mIm)@polymer. Morfologie filmů a dynamika jejich odezvy na přítomnost penetrujících 

plynů a par je sledována in situ metodou spektroskopické elipsometrie. Získané výsledky 

ukázaly, že uniformita a tloušťka filmu je řízena hlavně rychlostí vytahování nosiče z nanášených 

roztoků, nezávisle na použité dip-coating metodě. Příprava ultratenkých (<200nm) částečně 

krystalických bezdefektních vrstev vyžaduje v průběhu přípravy přidávání prekurzoru kovu a 

řízení poměru složek v reakční směsi. Připravené nanofilmy na bázi Zn(mIm) vykazují vysokou 

a dlouhodobou stabilitu v přítomnosti CO2 (plasticizující penetrant) za tlaku až 55 bar, která 

významně převyšuje současné průmyslově vyráběné polymerní filmy. Filmy Zn(mIm) vykazují 

také významnou selektivitu k parám alkoholů na základě jejich kinetického průměru. Této 

vlastnosti může být využito v membránových aplikacích nebo chemických senzorech. Získané 

výsledky mohou být použity pro další vývoj a transfer této metody do průmyslových měřítek. 

 

Keywords:  

ZIF-8; zinek-imidazol; tenké filmy; metoda dip coating; pseudopolymorfní materiály; chemický 

senzor; separace 
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SAMENVATTING 

In het afgelopen decennium zijn aanzienlijke inspanningen gewijd aan de synthese van films op 

basis van zeolitisch imidazolaat raamwerken. Voor praktische toepassingen, zoals 

membraanscheidingen en chemische detectie, zijn de films bij voorkeur ultradun en continu op 

een microscopische lengteschaal. In de open literatuur zijn verschillende methoden 

gepresenteerd om dergelijke films te vervaardigen. Van deze methoden biedt dip-coating 

aanzienlijke voordelen ten opzichte van complexere en duurdere technieken. Er is echter nog 

veel onbekend over de mate van controle, op nanoschaal, van de dichtheid, morfologie, en 

dikte van de films. In dit proefschrift wordt de fabricage van dunne ZIF-8 en zink-

imidazool (Zn(mIm)) nanofilms onderzocht. Een belangrijk doel is het verkrijgen van een beter 

begrip van het vormen van de films tijdens het dip-coatingproces, om op grotere schaal betere 

films te kunnen vervaardigen en hun belang aan te tonen voor chemische detectie en 

membraanscheidingen. De focus is op het identificeren van optimale syntheseparameters om 

ultradunne nanofilms te fabriceren. Het onderzoek is onderverdeeld in drie onderdelen: (i) 

dunne kristallijne ZIF-8 films afgeleid van colloïdale oplossingen; (ii) 

gedeeltelijk kristallijne pseudopolymorfe Zn(mIm) nanofilms; en (iii) composiet Zn(mIm)-

polymeernanofilms.   

Voor karakterisering van de morfologie van de films, en hun dynamische 

respons op de aanwezigheid van penetrant moleculen, is voornamelijk gebruik gemaakt van in-

situ spectroscopische ellipsometrie. De resultaten van deze karaterisatie laten zien dat de 

uniformiteit en dikte van films vooral worden bepaald door de snelheid waarmee de 

drager tijdens dip-coaten uit de oplossing wordt gehaald. De resulterende Zn 

(mIm) nanofilms blijken beter bestand te zijn tegen langdurige blootstelling 

aan een CO2 druk van 55 bar dan dunne polymeer films. Bovendien vertonen de Zn 

(mIm) nanofilms een selectieve respons ten opzichte van alcoholdampen, hetgeen gunstig kan 

zijn voor detectie en/of scheiding van alcoholdampen. De verkregen resultaten bieden 

handvatten voor de toekomstige ontwikkeling en opschaling van industriële nanofilms. 
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Structure of the Thesis 

Due to the nature of the doctoral research encompassing crystalline ZIF-8 nanofilms, partially 

crystalline zinc-imidazole nanofilms, as well as composite nanofilms, this thesis is assembled as 

a series of independent chapters. To avoid grouping together the disparate elements of the 

dissertation, each chapter comprises a brief introduction, individual experimental section, 

followed by results and discussion, conclusions, and finally references. 

Chapter 1 provides an overview on solid-state derivatives metal-organic frameworks (MOFs) 

and the enormous progress MOFs have made since their discovery two decades ago. The focus 

is predominantly on a subclass of MOFs, zeolitic-imidazolate frameworks (ZIFs), with the 

highlight on recent explosive research activities over the last decade. This chapter also comprises 

the development and progress towards various synthetic routes to grow ZIF crystals and new 

exotic ZIF phases. 

A critical literature review, forming Chapter 2, focuses on the design and synthesis of 

functional MOF thin films. General concepts are introduced and discussed within the context of 

developing covalently and non-covalently bonded thin MOF films on various substrates. This 

review also highpoints the main methods of thin film characterisation, as well as numerous 

potential applications. Further paragraphs emphasise the significance of ultrathin films in 

functional MOF coatings. Finally, the study aims and objectives are presented. 

Controlled synthesis of ultrathin nanofilms from ZIF-8 nano-colloidal solutions via facile dip 

coating method is thoroughly discussed in Chapter 3. This section of the PhD displays the 

experimental data supporting the hypothesis that the theoretical models conventionally applied 

to describe systems such as sol-gels or polymers, also adequately capture the nano-scale 

assembly of MOF thin films. The optimal synthesis conditions are also identified. 

Further experimentation is gathered in Chapter 4 and describes the synthesis of ultrathin 

partially crystalline zinc-imidazole nanofilms. The nanoscale-controlled synthesis of the thin 

films is discussed, underlining the significance of nanofilms’ continuity on a molecular level. 

Besides, the dynamic response of zinc-imidazole nanofilms when exposed to CO2 is studied 

using spectroscopic ellipsometry. 

Additional investigations on zinc-imidazole nanofilms are presented in Chapter 5, 

demonstrating the potential of partially crystalline nanofilms for high-pressure gas sorption. The 

work emphasises zinc-imidazole nanofilms’ high sorption selectivity towards CO2 in the 

presence of CH4 and N2, as well as films’ prolonged stability in the vicinity of CO2 plasticising 

penetrant. Thin film performance is compared to state-of-the-art industrial polymeric thin films. 

Chapter 6 concentrates on the composite zinc-imidazole/polydimethylsiloxane nanofilms. 

The study presents the evidence that the composite is a suitable candidate for sorption of small 

vapour molecules, as the response of zinc-imidazole and the polymer can be clearly 

distinguished. Diffusion of penetrants is also discussed.  

The final Chapter 7 brings together the thesis and suggests a way forward to further 

investigations. 
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1.1 Fundamentals of Crystallisation 

Twentieth century studies by German-born physical chemist, Carl Wilhelm Wagner, laid the 

fundamentals of solid-state chemistry. His pioneering work led to understanding how chemical 

reactions take place on the atomic level. Since then, scientists from all over the world 

acknowledged Wagner’s inventive findings1 and developed a new research field referred to as 

solid-state chemistry2 or materials chemistry.3 For the first time, scientists were able to 

understand and interpret how non-molecular solids interact. That understanding of the intra-

molecular interactions led to significant advances in fields such as physical chemistry, 

mineralogy, crystallography and ceramics. Over the years, many novel materials emerged, 

opening up a new revolutionary window for interdisciplinary research. Examples include the 

discovery of zeolites,4 development of platinum-based catalysts for petroleum processing5 and 

the synthesis of high-purity silicon that, to this day, serves as core component for microelectronic 

devices.6 More recent examples comprise discovery of graphene7 and fullerene,8 the use of 

advanced analytical techniques, as well as new synthetic methods to produce novel materials. 

Originating from the field of solid-state chemistry is crystallisation; one of the oldest known 

separation techniques.9 The process of crystallisation distinguishes itself from other separation 

methods in that a solid phase is formed. The kinetic phenomena that influence crystallisation are 

nucleation and crystal growth, driven by the deviation from thermodynamic equilibrium. To 

initiate nucleation, i.e. the formation of nuclei from which larger crystals develop, the solution 

must contain the greater amount of dissolved solute than that given by the saturation equilibrium 

value. From the supersaturated solution, spontaneous formation of crystals occurs in the so-called 

metastable region, where a certain degree of supercooling, solvent evaporation or particle 

vibration provides the required driving force to initiate nucleation. In other words, the system has 

to overcome an energy activation barrier to reach the lowest Gibb’s free energy, at which the 

most  thermodynamically  stable  crystalline  phase  occurs  (Figure 1.1).  If   nucleation  occurs  

 

Figure 1.1. Depiction of crystal growth with respect to Gibb’s energy alterations: (I) 

supersaturated solution with non-specific aggregates; (II) formation of larger multicomponent 

clusters; (III) nuclei forming in the metastable zone; (IV) growth of small crystals; (V) and (VI) 

formation of larger crystal lattices; (VII) thermodynamically stable phase. 
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quickly, many small crystals will grow. Fast nucleation is particularly beneficial when the 

synthesis of nanocrystals is desirable. In contrast, for single crystal X-ray diffraction (XRD) 

experiment larger crystals of at least a few micrometres’ size are a prerequisite. This can be 

achieved by slow change of the concentration in the nucleation region. In such case, the formation 

of a small number of nuclei and the starting of the crystallisation process will reduce the 

concentration and bring the solution back into the region of oversaturation. In the oversaturation 

region, existing crystals continue to grow but no new nuclei form. 

Being a key factor in crystal formation, nucleation defines the type of the crystallisation 

process.9,10 Specifically, primary and secondary nucleation can be distinguished (Figure 1.2). In 

homogenous primary nucleation, the nanocrystals solidify from a bulk liquid phase in the absence 

of any foreign particles or objects. In contrast, heterogeneous primary nucleation requires the 

presence of a solid surface such as a vessel’s wall, porous support or a dust particle.  The 

secondary nucleation occurs in the presence of a seeded crystal in low supersaturated solutions. 

Several mechanisms of secondary nucleation exist and include initial breeding, contact 

nucleation and sheer breeding. Initial breeding comprises the addition of a seed crystal into a 

supersaturated solution, where the secondary nucleation takes place on a mother crystal. Another 

form of the secondary crystal formation is the contact nucleation, during which the nuclei form 

by colliding with pre-dissolved crystals or vessel’s wall. Sheer secondary breeding occurs when 

a supersaturated solution flows by a pre-formed crystal surface, carrying crystal precursors and 

thus contributing to the crystal growth. 

  

 
 

Figure 1.2. Summary of different types of nucleation. 

Following nucleation, a very complex and not fully understood process10 of crystal growth 

commences.  One of the ways of explaining crystal growth is by employing the empirically 

modified mass transfer theory. The theory postulates that there is a layer of adsorbed units loosely 

attached to the surface of a mother crystal. These units crystallise on the existing crystal surface 

via two-dimensional nucleation, as opposed to three-dimensional primary nucleation from 

solutions. However, requiring much less Gibb's free energy, the crystal growth usually occurs at 

supersaturation levels lower than the energy needed for nucleation or the energy explained by 

two-dimensional theory. This is due to the inclusions that every crystal possesses. As such, 

healing kinks, pits and planar dislocations of imperfect crystal favour filling-in process and 
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therefore contribute to crystal enlargement. These imperfections also trigger growth rate 

dispersion. In particular, crystals growing in the same vessel may have a different growth rate, 

despite the same synthesis conditions, with the crystal with more perfect surface having a lower 

growth rate. The growth rate phenomenon plays a significant role not only in the synthesis of 

crystalline powders but also in the formation of crystalline films, where heterogeneous nucleation 

and two-dimensional crystal growth govern the process. 

1.2 Metal-Organic Frameworks: An Emerging Class of Crystalline Solid-

State Materials 

There has been an expanding library of solid-state materials possessing framework connectivity 

made of prevalent organic ligands and inorganic ions or clusters that allow for the synthesis of 

robust porous structures.11 One of the recent examples includes a relatively new, growing class 

of crystalline materials termed metal-organic frameworks (MOFs).12-15 MOFs are synthesised by 

linking inorganic and organic entities (Figure 1.3). The organic units are negatively charged 

multidentate ligands, which, when connected to transition metals via the coordination bond, yield 

architecturally open porous structures (cavities) accessible vial small pore apertures. The 

uniqueness of MOFs lies within their rational design, which begins with the choice of the organic 

linker, its functionalisation, post-synthetic modification or exchange. These approaches allow for 

the synthesis of MOFs with targeted smaller or larger pore apertures and desired properties. 

 

 
 

 

Figure 1.3. Schematic illustration of MOF constructed from a metallic node and an 

organic linker forming an open empty cavity (a) and repetitive growth of the MOF cage 

forming a large porous crystal (b). 

 

Since the discovery of the first MOF in 1995 by Yaghi and co-workers,15 more than 20 000 

MOFs have been synthesised and reported to the Cambridge Crystal Structural Database 

(CCSD),13 with the potential for over a million other structures to be assembled.16 MOFs’ 

coherent design allows for the manipulation of any molecule trapped inside of the cavity, a 

powerful tool for many emerging applications. With the typical porosity greater than 50% of 

their crystal volume, MOFs’ surface areas range from 1000 to 7,000 m2 g-1, exceeding those of 

well-established porous materials such as zeolites and carbons.17-19 MOFs often exhibit 

advantageous optical, electronic, magnetic and separation properties making them viable 

platforms for diverse applications ranging from optoelectronics,20,21 photocatalysis,22-26 

separation of isotopes,27 capture of radioactive fission by-products28-31 and toxic gases and 
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vapours,32 drug delivery and release,33-35 luminescence,36-39 to membrane separation40-42 and thin 

film applications.43-45 More recently, MOFs have been considered a suitable candidate in 

biomimetic mineralisation46,47 and food preservation.48 In addition, amorphisation49-51 and 

gelation52-55 of MOFs opened a door to a new subclass of materials, termed amorphous MOFs 

(aMOFs) and metal-organic gels (MOGs), respectively. The most prominent fields of MOF 

research are illustrated below (Figure 1.4). 

 
 

Figure 1.4. The most prominent fields of research on metal-organic frameworks. 

 

MOFs injected a surge of energy into the scientific community, combining materials science, 

chemical, biological and nano-technologies. Machines enabling a throughput synthesis of ca. 100 

MOFs a day have been designed and utilised, allowing for efficient production, and therefore 

further analysis of new frameworks with distinct properties.56-59 Moreover, three-dimensional 

printing has been suggested to produce MOFs on a multitudinal scale, signifying an impending 

potential of MOFs’ throughput synthesis.60  Furthermore, large chemical companies such as 

BASF took interest in MOFs, resulting in the development of MOF-based natural gas storage 

system, currently tested in demonstration vehicles.61  Although, due to the economic and political 

legislations, methane is not thought of as a favourable fuel, indications are that this technology 

is getting very close to the market as a result of the need for a substitute petroleum.62  

Furthermore, very recently Decco Postharvest in partnership with MOF Technologies Ltd. 

announced the registration of a post-harvest freshener for fruits and vegetables.63,64  This product, 

introduced as TruPickTM, has already been accepted by some of the environmental protection 

agencies, with the USA and Turkey presently introducing TruPickTM into the market. Moreover, 

NuMat, a spin out company from Northwestern University, developed a MOF-integrated 

product, ION-X, and is currently launching it for the storage of hazardous gases.65 These new 

products were announced at 5th International Conference on Metal Organic Frameworks and 

Open Framework Compounds (MOF 2016), bringing MOFs into the limelight. In addition, very 

recently open MOF structures such as stepanovite and zhemchuzhnikovite were found in natural 

environment demonstrating that coordination-driven self-assembly characteristic for synthetic 
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MOFs also plays an essential role in the geological processes.66 The timeline below illustrates 

the progress MOFs have made since their inception (Figure 1.5). 

 

 

Figure 1.5. Timeline illustrating milestones in MOFs research since inception. 

 

The MOF field is solidifying, as highlighted in the review by Allendorf and Stavila.67  Within 

20 years the first MOF products reached the marketplace, which is a typical timescale for 

development of new materials.68,69  It is estimated that at current production rate there will be 

more than 40 000 MOFs by 2025.15 A few MOFs such as MIL-53, HKUST-1 and ZIF-8 are 

now synthesised in multi-kg quantities by companies such as BASF and Sigma-Aldrich, with 

smaller chemical companies offering custom MOFs in up to 1kg quantities. In addition, very 

recently BASF researches reported the production of MOF in ton quantities.70 Although high 

cost is often mentioned, as compared to zeolites, the price of MOF materials should reduce 

significantly when reaching full scale production. Furthermore, International Zeolite Association 

initiated MOF Commission in 2013, recognising their imminent potential. In addition, MOF 

conferences, as well as symposia on these materials are regularly held at the annual meeting of 

major scientific communities. This number of encouraging developments and events suggests 

that MOFs are at a turning point and have the potential to become commercially successful. 

1.3 Metal-Organic Frameworks with Zeolitic Topologies 

One of the most promising subclasses of MOFs are zeolitic imidazolate frameworks (ZIFs).71,72 

ZIFs are composed of tetrahedrally coordinated transition metal cations such as Zn2+, Co2+, Fe2+, 

Cu2+ (M) and organic imidazole linkers (Im), forming self-assembled 3-dimensional open 

structures. The near 145° M-Im-M angle is analogous to the Si-O-Si angle commonly found in 

zeolites (Scheme 1.1 a). Possessing the connectivities that are topologically isomorphic with 

zeolites, ZIFs captured enormous attention within the scientific community with hope that the 

class of ZIFs will be at least as extensive as zeolites.56  Based  on the diversity of imidazole links 

available  
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Scheme 1.1. (a) Bridging angles in zeolitic imidazolate frameworks between nitrogen 

and metal centres compared to analogous angles found in zeolites between silica and 

oxygen; (b) examples of imidazole linkers used in the synthesis of ZIFs. 

(Scheme 1.1 b, vide supra), a wide variety of robust crystalline structures can be rationally 

designed, potentially matching the commercial value of zeolites, ca. $ 350 billion dollars per 

annum.16 
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Since ZIFs possess MOFs’ and zeolites’ characteristics, they display properties that combine 

the advantages of both, such as unimodal porosity, ultrahigh surface areas and high crystallinity, 

exceptional thermal and chemical stability, robustness and profuse linker functionality.73-75  

These unique features make ZIFs excellent candidates for numerous technological applications 

ranging from catalysis,76 gas storage,76,77 separation,78-80 chemical sensing81-85 to nanocarriers for 

cancer treatment.33,76,86-89 The distinctive properties of ZIFs, as compared to zeolites, are 

highlighted in Table 1.1. 

Table 1.1. Synthetic zeolites versus zeolitic imidazolate frameworks. 

 
 

Zeolites 
 

 

ZIFs 
 

 

Framework 
 

Inorganic 
 

Organic-inorganic hybrids 
 

Composition 
 

Si, Al, O 
 

Zn, Co, Cu, Fe, C, N, H, Cl 
 

SBU* 
 

[SiO4] and [AlO4] 
 

Abundant number of imidazolates available 
 

Crystallinity 
 

Crystalline and amorphous 
 

Crystalline and amorphous 
 

Thermal stability 
 

High; strongly dependent on Si:Al ratio 
 

Up to 550 °C 
 

Chemical stability 
 

Stable in organic solvents and water; 

strongly depends on Si:Al ratio 

 

Stable in most organic solvents and 

alkaline water 
 

Post-synthetic 

treatment 

 

Requires high temperatures and 

complex procedure to remove the 

solvent from the pores 

 

Easy; mild conditions are usually sufficient 

 

Functionality 
 

Difficult 
 

Rich and easy chemical functionality due 

to the abundant reactive linkers available 
 

Compatibility 
 

Poor with organic polymers; reasonable 

with inorganic supports 

 

Better compatibility with polymers; 

excellent compatibility with graphene and 

Si wafers; good with inorganic supports 
 

Flexibility 
 

Rigid structures 
 

Rigid and flexible frameworks 
 

No. of topologies 
 

225 (as recognised by 

International Zeolitic Association) 

 

Over 100; number increasing 

exponentially; new topologies, not 

present in zeolites identified 
 

Synthesis 
 

Harsh conditions; low cost; mature 

technology; large scale industrial 

production 

 

Mild conditions; large 

cheaper scale productions developing 

 

Progress 
 

 

Almost 60 years 
 

10 years 

*Secondary building unit 

 

Initially, ZIFs were prepared by the protocols analogous to the methods employed in the 

synthesis of zeolites.  Conventional procedures consisted of solvothermal synthesis in the 

autoclave vessels, where solvents act as a reaction medium, with temperatures up to 200 °C.71,72 

The solvothermal process requires optimisation of temperature, synthesis time and solution 

concentration, with the metal source, M:Im ratio, additional catalysts (e.g. modulating ligands) 

and mixture preparation having  a direct effect on nucleation and crystal growth  (Figure 1.6). 

The extracted crystals are usually suitable for the XRD analysis and new structures can be 

identified. 
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Figure 1.6.  Conventional solvothermal synthesis illustrating the effect of various parameters on 

the end crystalline product. 

 

By robotic optimisation of the conventional solvothermal technique, Yaghi et al. pioneered 

the throughput synthesis of first twelve ZIFs, designated as ZIF-1 to ZIF-12.71 The initial 

protocols comprised the use of organic solvents such as N,N-diethylformamide (DEF), N,N-

dimethylformamide (DMF) and N-methylpyrrolidine (NMP). Similar to aluminosilcate zeolites, 

in which the structures are templated by directing agents (SDAs) retaining additional framework 

entities, the structural diversity of ZIFs depends on the use of the solvent and functionality of the 

organic linker. To access additional ZIF phases the mixture of imidazole links (heterolinks) with 

–NO2 (nIm), –CH3 (mIm) or -Cl (dcIm, cbIm) side chains was employed. Subsequently, Yaghi’s 

group synthesised ZIF-95 and ZIF-100,90 ZIF-90 - ZIF-92,91 ZIF-60 – ZIF-77,54 and ZIF-78 – 

ZIF-8292 in corresponding solvents, demonstrating that it is possible to design ZIFs with 

topologies previously unknown in zeolites,56,90,93 in addition to mimicking known structures 

(previously unreported topologies are highlighted in red in Figure 1.7). 

Yaghi’s ground-breaking work also demonstrated that frameworks with unprecedented 

structural complexity and immense cavities, termed poz and moz are accessible (vide infra).  

Whereas most of the first ZIFs were unimodal  (i.e  one type of thetrahedral centre), the new poz 

topology found in ZIF-95 was multinodal.90 The extremely large poz A and poz B cavities exceed 

the accessible voids found in the faujasite (FAU topology) that serves as a benchmark for the 

zeolite family.16,90 Furthermore, by restricting the water content in DEF solvent used in the 

synthesis of ZIF-95, ZIF-100 with a unique moz topology was discovered.90 The salient feature 

of ZIF-100 lies within its colossal cage of 35.6 Å assembled from 7524 atoms. Possessing 264 

vertices and 182 faces (typically, the greater the number of vertices and faces, the more complex 

crystals form), this mosaic structure allows for the accommodation of 28 litres of CO2 per litre 

of material. To this day, ZIF-100 remains the largest ZIF, although, MOFs with even bigger 

cavities of a few nanometre have been synthesised.93 
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Figure 1.7. Initial ZIF topologies synthesised by Yaghi’s group. Each row represents the 

topologies and tessellation of XRD-determined ZIF structure immediately to the right. The 

largest cage in each ZIF is illustrated by the yellow ball, with hydrogen atoms omitted for 

clarity. ZnN4 tetrahedra are shown in blue, whilst pink represents CoN4. The upper-case 

nomenclature of ZIF topologies represents analogous structures found in zeolites, whereas 

lower case designates unknown topologies. Figure adapted with permission from 56 ref.; poz 

and moz topologies and unit cells adapted with permission from ref. 16 and 90. 

During the last decade, the adaptation and modification of the original Yaghi’s recipes 

allowed for generation of new ZIFs, enriching the library of existing MOFs. The new strategies 

involve the addition of highly reactive amines, the introduction of alcohol solvents, 

hydrothermal, ionothermal and sonochemical synthesis, as well as solvent minimisation 

methods. These new approaches resulted in the synthesis of over a hundred ZIFs and ZIFs’ 

derivatives, as reported in CCSD. More information on ZIFs’ synthesis can be found in detailed 

literature reviews by Chen et al.76 and Eddaoudi et al.94 

1.4 ZIF-8 as a Prototypical MOF 

One of the most studied and iconic MOFs is zeolitic imidazolate framework 8 (ZIF-8). This solid-

state derivative was originally synthesised in 200671 via the assembly of zinc ions (Zn2+) and 2-
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methylimidazole (mIm) organic linkers. Featuring sodalite (SOD) topology, ZIF-8 possesses 

large spherical cavities of 11.6 Å, accessible via 3.4 Å 6-membered ring pore apertures (Figure 

1.8 a). During growth, ZIF-8 transforms from a cubic form to a cube with truncated edges, leading 

to the formation of truncated rhombic dodecahedron, and finally reaching the most 

thermodynamically stable form – rhombic dodecahedron95,96 (Figure 1.8 b). Possessing 12 

congruent rhombic faces and 14 vertices, the fully developed dodecahedron can tessellate space 

via transitional copies of itself (Figure 1.8 c). Hypothetically, this feature allows for the assembly 

of extremely compact crystalline devices. 

 
 

Figure 1.8. (a) Zinc tetrahedra and  bidenate  2-methylimidazole organic linker  forming  

ZIF-8 cage; the yellow sphere illustrates 11.6 Å cavity; hydrogen atoms are omitted for 

clarity; (b) evolution of ZIF-8 morphology with time leading to the development of the most 

thermodynamically stable rhombic dodecahedron phase; (c) space tessellation by rhombic 

dodecahedron. 

1.4.1 Routes to ZIF-8 Synthesis 

Whereas the original ZIF-8’s synthesis involved the use of DMF/DEF stock solutions,56,71 

subsequent modified protocols utilised methanol as a solvent. Methanol has a smaller kinetic 

diameter than DMF and therefore the process of its removal from ZIF-8 cavities is much easier, 

with more efficient extraction of the trapped solvent achievable. The methanol-based synthesis 

was promoted by the introduction of the additives that act either as stabilisers or deprotonating 

agents, allowing for the precise control of crystal size and shape. For instance, the addition of 

high molecular weight poly(diallydimethylammonium chloride) stabiliser facilitates the 

synthesis of hexagonal nano ZIF-8,97 whilst the utilisation of highly reactive amines or salts 

enables the controlled design of micro and nano ZIF-8 crystals.95,98 The latter approach involves 

the use of modulating monodenates with different chemical functionalities. These additives 

facilitate the formation of ligand complexes subsequently accelerating deprotonation equilibria 

and therefore promoting crystal nucleation and growth. Specifically, the study by Cravillon et al. 
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demonstrated that the careful addition of auxiliaries such as trimethylamine (TEA), n-butylamine 

or sodium formate enables the nanoscale control of ZIF-8, with crystal size varying from 10 to 

65 nm.98 This work also gave an insight into ZIF-8’s growth, showing that the formation of ZIF-

8 nanocrystals (nZIF-8) is governed by continuous but relatively slow nucleation, followed by 

fast crystal growth. By controlling the early stages of nucleation, the authors managed to produce 

batches of monodisperse nanocrystal solutions, subsequently narrowing crystal size distribution. 

In addition, the controlled growth of micro ZIF-8 (mZIF-8) crystals in methanol was also 

achieved via the addition of 1-methylimidazole monodenate ligand. The scheme of modulating 

ligand-based synthesis is illustrated below (Scheme 1.2). 

 

 

Scheme 1.2. ZIF-8 formation mechanism proposed by Cravillon et al. The growth of ZIF-8 

crystals is assisted by the addition of auxiliary modulating ligands. Charges of species are omitted. 

L denotes all auxiliary modulating ligands, as well as, NO3
-, H2O and CH3OH; Im denotes 

deprotonated mIm. Scheme re-drawn from ref. 98. 

Although the room-temperature protocols developed by Cravillon et al. allowed for the 

synthesis of chemically and thermally stable nZIF-8, the methods required an excessive use of 

mIm linker, as compared to 1:2 Zn2+: mIm stoichiometric ratio. Similar excess of mIm was also 

reported in the early stages of hydrothermal synthesis of ZIF-8. For instance, the very simple, 

additive-free room-temperature procedure developed by Pan et al. required 1:70 of Zn2+: mIm 

molar ratio.99 After intense centrifugation, the authors successfully obtained a pure product, 

however, ZIF-8 prepared in aqueous systems had lower surface area than that prepared in organic 

solvents, suggesting the presence of dense by-products. Since then much effort has been devoted 

towards the development of the synthetic routes that balance the stoichiometric use of the 

precursors. For example, Miyake’s group succeeded in synthesising ZIF-8 in 1:20 molar ratio in 

aqueous system at ambient conditions.100,101 Subsequent methods included borrowing the 

protocols from solvothermal-based synthesis of ZIFs, where TEA or ammonium hydroxide 

(NH4OH) were added to the water-based systems facilitating imidazole deprotonation. This 

allowed for the synthesis of high purity products with Zn2+: mIm molar ratio reduced to 1:4.102 

The promotion of 1:2 stoichiometric synthesis in water systems at room temperature was finally 

realised by the very strict control of NH4OH amount.103 Later, the same group of Wang’s 
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demonstrated that ZIF-8 could be readily synthesised from stoichiometric precursors in aqueous 

ammonia without any other additives.104 

Another example of ZIF-8’s synthesis utilises sonocrystallisation. Via the formation and 

collapse of the bubbles in the solution, this sonochemical process (also termed acoustic 

cavitation) generates high local pressure and temperature.105-107 Sonocrystallisation promotes not 

only nucleation in the early stages of MOF formation but also facilitates homogenous nucleation 

and therefore narrows crystals’ size distribution.108 By applying low kHz frequencies assisted by 

100 W power, the sonochemical approach allows for the synthesis of pure ZIF-8 at shorter times 

and lower temperatures, as compared to conventional solvothermal methods.109 The high-yield 

sonochemical routes were further promoted by the addition of sodium hydroxide (NaOH) or TEA 

into DMF, with successful scaled up synthesis offering potential for full scale industrial 

production.110 Further cost-effective and environmentally friendly routes towards ZIF-8 

synthesis include the use of ionic liquids111 or eutectic solutions112 that simultaneously act as 

reacting media, as well as templates. These solvents are non-flammable and possess negligible 

vapour pressure making them attractive alternatives for the synthesis of ZIFs. Other eco-friendly 

approach involves steam-assisted conversion method. By simply placing metal salts and excess 

of mIm ligand in a Teflon vessel surrounded by water vapour or DMF, the authors succeeded in 

the synthesis of ZIF-8.113 Later, n-heptane was employed in the steam-assisted conversion, 

allowing for much faster transformation of reagents into a crystalline ZIF-8, as compared to 

methanol and DMF-based methods.114 

More recently, solvent-free synthesis has been explored. For instance, Zhang et al. obtained 

pure ZIF-8 from 1:2 ZnO : mIm stoichiometry by uniform grinding of the reagents, and 

subsequent 12 hours heating at 180 °C.115 This simple straightforward method allows for highly 

porous product that does not require any further treatment prior adsorptive applications. Solvent-

free synthesis of ZIFs has also been realised via ball milling. This mechanochemical116 process 

distinguishes itself from the solvent-based synthesis in a way that dissolution, stirring and heating 

of the reagents is omitted. Early stages of ZIFs’ synthesis via ball milling focused on thorough 

grinding prior milling, as well as the addition of small amounts of liquid (liquid-assisted grinding, 

LAG) and salt additives (ion- and liquid-assisted grinding, ILAG) into the grinding dish, 

facilitating the synthesis of ZIF-8 from 1:2 stoichiometric ratio.117,118 The LAG and ILAG 

methods developed by Friščić et al. also demonstrated that the choice of different grinding liquids 

(e.g. ethanol, DMF, DEF) and salt additives (e.g. NH4NO3, (NH4)2SO4 or NH4CH3SO3) allow for 

the control of ZIF topologies.117-119  In other words, the additives act as structure directing agents. 

Furthermore, the same group reported on the detailed formation of intermediates during the 

formation of ZIFs by in situ monitoring of the ball milling, using high-energy synchrotron X-ray 

diffraction.120 Later on, Tanaka et al. developed the room-temperature ball milling procedure that 

does not require any additives to obtain ZIF-8 crystals from 1:2 stochiometry.121 The authors 

showed that the use of nano ZnO facilitates the conversion of the precursors to pure ZIF-8, 

whereas ZnO agglomerates resulted in the formation of egg-yolk like untransformed ZnO 

surrounded by ZIF-8 crystals. 
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Figure 1.9. Synthetic routes towards stoichiometric synthesis of ZIF-8. 

 

To summarise, a tremendous effort has been put into developing the synthetic routes allowing 

for the stoichiometric and environmentally friendly synthesis of ZIF-8, as well as other ZIFs and 

MOFs. The overall progress is summarised above in Figure 1.9. 

1.4.2 Exotic Phases Derived from ZIF-8 

1.4.2.1 Zinc-imidazole Polymorphs 

ZIFs are polymorphs meaning that they can form more than one crystal structure (i.e. ordered 

arrangement of atoms, ions or molecules forming symmetric patterns that repeat along principal 

directions in three-dimensional space). Polymorphism is related to allotropy,122 where the 

elements exists in at least two different forms in the same physical state. Similar to zeolite 

templating, ZIF polymorphs can be assembled by the judicious choice of solvents capable of 

acting as templates. For instance, Tian et al. demonstrated that porous frameworks with DFT and 

GIS topologies can be synthesised by the use of unsubstituted imidazole linker (Im) in the 

presence of DMF or mixture of DMF/DMA/NMP (DMA = dimethylacetamide; NMP = N-

methylpyrrolidone).123 In addition, by varying solvents’ and precursors’ molar ratios, the authors 

demonstrated a feasible synthetic route to dense, easy to isolate non-porous Zn(Im)2 polymorphs 

with cag, nog and BCT nets. 
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Tian’s study brought attention towards the use of unsubstituted imidazole in the assembly of 

ZIF polymorphs. The unsubstituted Im is an attractive linker due to the absence of any dangling 

groups that could potentially obstruct pore accessibility. Although few reports on the synthesis 

of Zn(Im)2 polymorphs exist,56,71,123-126 until recently it has proven elusive to synthesise 

polymorphic analogue of ZIF-8 that retains SOD topology. The intangible SOD form of ZIF-8 

was a result of its low thermodynamic stability, as compared to other Zn(Im)2 polymorphs (Table 

1.2, vide supra). In addition, the hypothetical SOD polymorph possesses much lower density than 

former scalable Zn(Im)2 polymorphs, meaning that direct solvo- or ionothermal synthesis is 

unlikely to succeed. 

The unattainable form of sodalite Zn(Im)2 polymorph was achieved by solvent-assisted linker 

exchange (SALE). Originally, the SALE approach in MOFs was realised by exposing pillared-

paddlewheel compounds to a solution containing alternative shorter pillared linkers.127 By careful 

adjustment of the synthesis conditions, the authors demonstrated a complete exchange of the 

pillar linker, achieving a new phase. Other SALE routes involved the conversion of 3D pillared-

paddlewheel to 2D layered MOF via the replacement of ditopic linker with a monotopic 

pyridine,128  as well as transformation of CdIF-4 MOF featuring 1D channels into isostructural 

analogues.129 Because ZIF-8 is more chemically and thermally robust than most SALE-

approached MOFs, the initial synthesis of the SOD analogue proved challenging, as activating 

SALE in ZIF-8 required rather forcing conditions and strictly controlled environment.130 Using 

DMF or DMA during SALE led to degradation of sodalite framework, whereas the less basic n-

butanol allowed for the partial exchange of the mIm linker into Im. Further modifications 

involved careful adjustments of Im to ZIF-8 molar ratio, with 6.7:1 ratio giving a SOD 

polymorph. Ratios higher than 7:1 led to loss of SOD topology, whilst lower ratios did not yield 

noticeable linker exchange, demonstrating the sensitivity of the method. Performed at 100 °C for 

7 days, the carefully adjusted SALE allowed for the assembly of ZIF-8 polymorph, termed 

SALEM-2. The successful linker exchange was proven by the nuclear magnetic resonance 

(NMR) study revealing 85% Im presence in the polymorph structure, with the XRD analysis 

confirming the presence of all peaks characteristic for SOD ZIF-8. Although, the Brunauer-

Emmett-Teller (BET) surface area of SALEM-2 is lower than that of activated ZIF-8, the 

polymorph showed good thermal stability (up to 400 °C), as well as unexpected catalytic activity. 

Upon treatment with n-butyllithium, the activated (solvent evaporated) analogue exhibits 

Brønsted base catalysis that cannot be accomplished by the use of the parent material. The 

enhanced polymorph’s performance is associated with the accessible imidazolate proton at C2, 

as opposed to the unavailable position occupied by methyl group in ZIF-8. To summarise, the 

SALE route proved to be a powerful method for incorporation of chemically attractive linkers 

into ZIF-8, especially when the desired linkers cannot be integrated de novo, thus offering the 

route to the synthesis of other useful ZIF topologies. 

1.4.2.2 Zinc-imidazole Pseudopolymorphs 

Pseudopolymorphism (also called solvomorphism) is the phenomenon where a product is 

obtained in a crystalline form that differs in the stoichiometry from the parent material.131 
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Synthesis of pseudopolymorphs is a result of solvation, in which dissolved compounds attract 

solvent ions or molecules, forming a solvation complex with weak molecular interactions such 

as hydrogen bonding or van der Waals forces. A classic example of naturally occurring 

polymorphism includes a pair of minerals, aragonite and calcite, both forming calcium carbonate. 

Although, the subject of pseudopolymorphism has not been studied systematically, it is 

perceived to be of great importance in the pharmaceutical,132 food133 and semiconductor 

industries.134,135 In a supramolecular sense, pseudomorphs are diverse chemical systems and 

should be considered as such. Pseudoplymorphism also applies to ZIF-8 derivatives. The first 

solvated ZIF-8 pseudomorph, termed dia(Zn), was discovered from a failed attempt to synthesise 

ZIF-8.113 Dia-Zn(mIm) possesses diamondoid (dia) topology,136 however, its non-porous 

structure restricts the accommodation of small gas molecules. In contrast, another ZIF-8 

pseudopolymorph, termed ZIF-L, displays 2-dimensional leaf-shaped morphology exceeding 

ZIF-8’s CO2 sorption capacity, despite its lower pore volume and BET surface area.137 

Furthermore, ZIF-L exhibits higher CO2/CH4 sorption selectivity than the enormous open 

architectures of ZIF-95 and ZIF-100. The exceptional ZIF-L’s performance is associated with 

the cushion-shaped cavities of 9.4 x 7.0 x 5.3 Å, in which strong interactions between acidic 

carbon sites and mIm molecules promote the sorption of CO2. In other words, the shorter distance 

between the oxygen atoms of accommodated CO2 and unoccupied mIm hydrogen atoms allows 

for stronger intra-molecular interactions. In addition, the 2D leaf-like ZIF-L is thought of as a 

feasible building block in the fabrication of nanocomposites and membranes.138,139 

The most recent pseudopolymorph, katsenite (kat), was discovered during the in situ 

monitoring of ZIF-8 LAG.140 The kat(Zn) is a metastable intermediate product of 

mechanosynthesis, with structurally unusual topology. During milling, crystalline ZIF-8 

transforms into amorphous zinc-methylimidazole, temporarily forming katsenite intermediate, 

and finally reaching the most thermodynamically stable dia-Zn(mIm) phase (Figure 1.10). 

 
 

Figure 1.10. Solid-state transformation sequence of ZIF-8 to diamondoid (dia), with 

intermediate amorphous and katsenite (kat) phases. Reprinted with permission from ref. 140. 

The transformation of kat into dia topology can be explained by the Ostwald’s rule of stages141 

that follows the spontaneous crystal ripening associated with the increasing T/V values, 

subsequently leading to an increase in the thermodynamic stability of the growing phase. The 

much anticipated Ostwald’s ripening of the larger crystals commences from more energetically 

stable parent material, on which smaller molecule and less energetically stable phases grow. The 
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phenomenon of Ostwald’s ripening can be explained by the simplified mechanism of a cubic 

crystal growth. In particular, the cubic crystal comprises a stack of atoms bonded to their 

neighbouring atoms (Figure 1.11). The stability of the cubic crystal thus depends on the less 

thermodynamically stable outlying atoms that are exposed to ambient conditions or harsh 

chemical environment. The vulnerability of the outlying atoms is a result of the crystal system 

trying to lower its energy in order to retain the overall bulk composition. Favouring the lowest 

thermodynamical state (the lowest Gibb’s energy), the crystal releases the outlying molecules to 

balance its potential energy. With time, detachment of the external molecules increases the 

concentration of the particles in the surrounding solution, leading to oversaturated environment. 

The released molecules tend to condensate on the surface of the larger molecules, contributing 

to the re-growth of the mother crystal. In other words, the re-growth phenomenon leads to the re-

crystallisation of thermodynamically stable phase, providing there is no disturbance in the 

surrounding environment. 

 

Figure 1.11. Illustration of Ostwald’s ripening phenomena. 

Although, the reproducible synthesis of pure katsenite proved challenging, the in situ XRD 

monitoring of this intermediate Zn(mIm)2 pseudopolymorph allows for further detailed 

understanding of ZIF-8 formation.140 In addition, the in situ detection of new phases may not be 

limited to MOFs only, but could very likely have an impact on the understanding of the structural 

transformation of other materials. 

1.4.2.3 Amorphous ZIF-8 and MOFs 

Another subject of recent intense research involves the amorphisation of ZIFs. Termed 

amorphous MOFs (aMOFs), these solid-state derivatives retain basic precursor building blocks, 

whilst withholding the atom connectivity of their crystalline counterparts. Although, some 

aMOFs can be generated via direct solvothermal synthesis,142 the majority of disordered 

structures are achieved by the application of stress or heat to the pre-synthesised crystalline 

frameworks. For instance, some imidazole-containing complexes decompose upon heating, 

giving M(Im)2 products.143,144 The transition of crystalline structures into aMOFs is however not 

limited to the disintegration of their inherent units. Examples include the transformation of zinc 

tris(4-pyridil)triazine MOF into an amorphous intermediate upon 200 °C heating, followed by 

the reconstructive transition of the amorphous phase  into crystalline but yet different framework 

at 300 °C.145 This phenomenon is also observed in ZIFs. 
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The resembling sequence of ZIFs’ phase transition was first reported by the Cambridge group 

of Bennett and Cheetham et al.51,146 The prototypical example of temperature-induced 

transformation of Zn(Im)2-based frameworks includes ZIF-4. ZIF-4 adopts a network topology 

of well-known calcium digallium tetraoxide (CaGa2O4) mineral. When synthesised 

solvothermally, ZIF-4 entraps DMF molecules within its porous structure. After 200 °C thermal 

treatment, the framework retains its intact structural atomic composition; however, it undergoes 

topological transformation upon further heating. In particular, the 300 °C exposure transforms 

ZIF-4 into a topologically distinct amorphous phase that displays dense disordered morphology, 

termed aTZIF-4 (with subscript T denoting thermal amorphisation). Further heating to ca. 450 °C 

results in zni topology that coincidentally is the most thermodynamically stable phase recognised 

in zeolites and ZIFs. 

The work of Bennett and Cheetham also involves the stress-induced amorphisation of 

crystalline ZIFs.147 The authors demonstrated that the amorphous phase of ZIF-4 can be obtained 

via the process of ball milling (Figure 1.12). In particular, the 30 minutes of mechanochemical 

treatment allows for the transformation of solvent-evacuated framework into aZIF-4, with the 

dense ZNI topology achieved after further milling. Similar mechanochemical approaches have 

been utilised in the synthesis of the first amorphous analogues of ZIF-8 (aZIF-8).147 The stress-

induced amorphisation of ZIF-8 involves pressurisation of crystalline phases via liquid-assisted 

ball milling (amZIF-8) or application of GPa pressure (aPZIF-8). Similar to ZIF-L 

pseudopolymorph, the mechanochemically amorphisised ZIF-8 displays much lower porosity 

than its crystalline parent counterpart, with ca. 84% lower N2 uptake.148 Differences do however 

arise when comparing high pressure-induced structural changes between aPZIF-8 and amZIF-8, 

with   aPZIF-8  morphology  exceeding  the  sorption  capacity  of   amZIF-8   by   78%.147  This  

 

 
 

Figure 1.12.  Various routes toward the synthesis of dense ZNI topology via amorphous 

intermediates. Printed with permission from ref. 147. 
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observation indicates that amZIF-8 and aPZIF-8 possess diverse structures, despite undergoing 

similar stress-induced post-synthetic transition. 

Although the scarce reports on amorphous MOFs are associated with the probable amount of 

discarded samples49,149 or difficulty with elucidating their architectures, aZIFs can potentially 

facilitate the pressure-induced encapsulation of guest molecules, providing the reversible 

structure collapse is feasible. For instance, a pH triggered release of entrapped molecules could 

contribute to drug-related delivery of pharmaceutical products, as well as reversible gas storage 

or sharp separation of small molecules. Aside from being used in practical applications, aMOFs 

have the potential to benefit the field of crystallography, geophysics and mineralogy, as often the 

in situ monitoring of the phase transition gives an insight into development of new phases. The 

examples presented above are by no means exhaustive; however, they represent the growing field 

of aMOFs, with the number of newly reported amorphous MOFs expected to increase.49 The 

work conducted on aMOFs also suggests that the path undertaken in the nucleation and crystal 

growth appears to be more significant in determining the thermodynamic equilibrium state than 

initially thought. Although, there is still a lot of debate regarding conditions under which perfect 

single crystals grow, the formation of opposed imperfect structures is now considered of great 

importance to the utilisation of defected MOFs.150,151 

1.5 Global Potential of ZIF-8 

Compared to most MOFs, ZIF-8 is remarkably easy to assembly in particulate, nanoparticulate, 

membrane and even thin film form. This advantage resulted in intense and explosive research on 

ZIF-8 during the past decade, resulting in its commercialisation. Powdered ZIF-8 (BasoliteTM) 

was the first MOF available for purchase from global chemical companies such as Sigma-

Aldrich. Displaying great catalytic properties, ZIF-8 has already been utilised by Total S.A. for 

commercial fuel production for almost a decade now. The heterogeneous catalytic potential of 

ZIF-8 has also been demonstrated during transesterification of vegetable oils,153 as well as 

Friedel-Crafts acylation reaction between benzoyl chloride and anisole, with high conversion rate 

achieved in  the absence of an inert atmosphere.154 The synergistic behaviour of ZIF-8 was also 

reported in the composition of nanostructured materials such as nanorods and nanotubes,155,156 

encapsulation of magnetic Fe3O4 in ZIF-8 utilised in Knoevenagel condensation reaction.157,158 

More recently, NiO and phosphotungstic acid were impregnated into ZIF-8 and displayed high 

activity and good selectivity for the hydrocracking of Jatropha oil.159 

Other examples of ZIF-8’s compatibility include its demonstrated potential in drug delivery 

and release. The remarkable ZIF-8’s performance is a result of its pH sensitivity and high stability 

in alkaline water and hydroxide aqueous solutions.71 In addition, ZIF-8 was the first ZIF proven 

to be an efficient nanocarrier for 5-fluorouracil (5-FU), an anticancer drug.89 The authors 

demonstrated the controlled release of encapsulated 5-FU by manipulating the physio-

pathological pH response. Another example of ZIF-8 potential in anticancer treatment was 

demonstrated by encapsulation of doxorubicin (DOX).86 In this case, the pH external stimuli 

allowed for fast drug release when in contact with micelles or liposomes, as opposed to 
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conventional organic and inorganic carriers that suffer from lack of biocompatibility, cytotoxicity 

and uncontrolled drug release. Further ZIF-8 potential in anticancer treatment includes 

encapsulation of the camptothecin drug within monodisperse ZIF-8 nanospheres.160 The 70 nm 

spheres exhibit low cytotoxicity when employed as a drug delivery vehicle for MCF-7 breast 

cancer cells. Facilitating the cellular uptake the ZIF-8/camptothecin composite showed pH-

responsive dissociation of the ZIF-8 framework, resulting in endosomal release of encapsulated 

cargo. In addition, very recently, the potential of ZIF-8 in chemotherapy was demonstrated by 

the synthesis of multifunctional composite comprising Fe3O4 deposited on polyacrylic acid and 

Au nanoclusters within ZIF-8 (Fe3O4@PAA/AuNCs/ZIF-8 NPs). The subsequent 

nanocomposite possesses ultrahigh DOX loading capacity, good biocompatibility, low toxicity 

and high antitumor efficiency. The tri-modal cancer imaging ability in magnetic resonance, 

computed X-ray tomography and fluorescence imaging makes these nanoparticles promising 

theranostic agents in cancer treatment.161 

The synergistic behaviour of ZIF-8 is also demonstrated by its compatibility towards toxic 

gases. For instance, Sandia National Laboratories has used ZIF-8 to capture and remove volatile 

radioactive iodine gas from spent nuclear fuel.162 In Sandia various ZIFs were studied and it was 

found that iodine gaseous fission by-product shows a strong preference towards ZIF-8 over other 

MOFs. With iodine having a half-life time of 16 million years, the silver-modified ZIF-8 shows 

great potential in treatment and recovery of spent radioactive fuel, binding iodine 4 times more 

strongly than activated carbon, a conventional iodine adsorbent. The potential of ZIF-8 has also 

been demonstrated in the storage of CO2, with pressure-enhanced sorption being of a particular 

interest.163 The guest CO2 molecules can be inserted into ZIF-8 pores when applying 0.8 GPa, 

demonstrating that high pressure can play a significant role in the insertion and extrusion of CO2 

from its cavities. Far beyond the conventional gas adsorption pressure, the strong interactions 

between the acidic sides of CO2 and basic imidazole linker of ZIF-8 allow for controlled 

regulation of pressure-induced room temperature entrapment of CO2. In addition, encapsulated 

CO2 molecules enhance ZIF-8’s structural stability, providing a new insight into the gas capture 

and storage. 

Another major application of ZIF-8 includes the storage of hydrogen, considered a valuable 

and eco-friendly fuel. Detailed studies on H2 sorption in ZIF-8 by Wu et al. revealed structural 

information on the preferable adsorptive sites in ZIF-8, with the orientation of methyl groups 

playing a significant role in binding of H2 molecules164. The two strongest adsorption sites 

identified are associated with the binding energies allocated along organic linkers, instead of 

much anticipated metal-oxide clusters that typically provide adsorption sites in MOFs. In 

addition, high concentration loading of ZIF-8’s pores with H2 allows for storage of hydrogen 

nanoclusters that show relatively short H2-H2 distances, as compared to solid hydrogen. This 

observation indicates the potential of intact ZIF-8’s cavities that could hypothetically withhold 

enormous amounts of hydrogen fuel. 

Whilst significant efforts have been devoted to the synthesis, functionalisation and 

understanding of the fundamental properties of MOFs, simultaneous screenings for the 

processing of MOF materials and their industrial application increased significantly over the last 
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decade. Of particular interest is the assembly of MOFs as thin films that have potential in 

separation, catalysis, chemical sensing, optics and optoelectronics, as discussed in detail in 

Chapter 2 (Literature Review). 
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2.1 General Introduction 

A thin film is considered as a layer of material with dimensions ranging from fractions of a 

nanometre with single building units (e. g. atoms, molecules, crystals) forming a monolayer, to 

several micrometre stacks of building units constructing a multilayer. From a technological 

perspective, thin films offer considerable advantage over their much thicker counterparts, as the 

diffusion of guest molecules (reflecting the net movement of molecules from a region of higher 

concentration to a region of lower concentration) is significantly enhanced in thinner layers via 

shorter diffusion paths. The controlled synthesis of MOF thin films entails choosing a MOF of 

particular interest and identifying a suitable method that allows for deposition of a film on a given 

substrate or growth of a free-standing layer. The methods include well-established techniques 

commonly employed in the synthesis of zeolites, coordination polymers and optoelectronic 

devices, as well as new approaches. The substrates range from alumina, titania and stainless steel 

porous supports, polymers, Si wafers, Au-sputtered materials to carbon nanotubes, graphene, 

various nanoparticles and biological organisms, depending on the subsequent application. In 

many cases, the choice of a substrate determines the choice of deposition method due to, for 

instance, support porosity, existing surface groups (e. g. hydroxylate, carboxylate groups, native 

oxide layers), thermal resistance or even biological compatibility. 

Generally, thin crystalline MOF films can be divided into two main groups: randomly 

oriented polycrystalline films and oriented thin films (Figure 2.1). The former entails assembly 

of crystals that either cover the substrate surface in a non-continuous fashion or well-intergrown 

polycrystalline layers that form more continuous films, with the thickness in the micrometre 

range. The properties of the polycrystalline films are often analogous to the properties of the bulk 

particulate MOF form. The latter comprises a layer of crystallites perfectly oriented in one 

preferential direction of the crystal growth, with much smoother, less rough film surfaces, and 

usually allows for precise control of the crystal size. Amorphous MOF films are yet to be 

developed. 

 
 
Figure 2.1. Depiction of (a) randomly-oriented polycrystalline MOF layer and (b) perfectly 

oriented MOF crystalline layer on a support surface. 

Although a few detailed reviews on MOF thin films exist,1-3 with the first one dating back to 

2009, most of these reports were published when the MOF thin films field was still in its infancy. 

Since then, the progressing fundamental and applied studies on MOFs resulted in novel synthetic 

approaches towards MOF thin films, with demonstrated potential of these new materials 

contributing to other scientific fields. In the following, a broad overview on the synthesis of MOF 
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thin films is presented, with the highlight on new findings with regards to ZIF-8. The focus is 

predominantly on the diversity of the available synthetic routes, support-ZIF interactions and 

application-specific configurations, as this branch of MOF chemistry rapidly develops. Later 

stages of the review discuss thin film characterisation techniques, ranging from compositional 

and structural studies to lateral film properties such as porosity, homogeneity, as well as micro- 

and nanoscale film continuity. In the final part of the review, the applications of supported films 

and composites are presented, demonstrating the advances of ZIF films in diverse fields. 

2.2. Methods of Thin Film Growth and Deposition 

2.2.1 Solvothermal Growth of Crystalline MOF Films 

Early stages of MOF film growth involved conventional solvothermal techniques, analogous to 

the synthetic routes employed in the synthesis of zeolites. The end product consists of 

polycrystalline, randomly orientated micrometre layers. Generally, conventional solvothermal 

techniques can be classified into two major categories: (i) in situ direct crystallisation and (ii) 

seeded growth (Figure 2.2). 

 

 
 

Figure 2.2. Depiction of conventional solvothermal synthesis illustrating two general routes 

undertaken during the early stages of polycrystalline thin MOF film formation: in situ 

crystallisation with optional support modification (top) and secondary seeded growth 

(bottom). 

2.2.1.1  In situ Solvothermal Crystallisation 

The in situ procedure consists of the preparation of a mother solution from appropriate 

stoichiometric ratios and pouring it slowly into a Teflon holder, where the vertically or face down 

placed support is firmly fixed (placing support on the bottom of the holder is avoided due to 

particle sedimentation). The Teflon holder is then fitted into the autoclave vessel, which is tightly 

secured and placed in a pre-heated electric or conventional oven (Figure 2.3 a). Simultaneously, 

a crystalline by-product in particulate form is obtained and can be used for sorption, XRD and 

other complementary analyses. Adjusting precursor’s concentrations, synthesis time, process 
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temperature and cooling rates, allows for the assembly of more or less intergrown polycrystalline 

microfilms (Figure 2.3 b and c). 

 

 
 
Figure 2.3. (a) Autoclave-assisted thermal synthesis of MOF thin film in the presence of organic 

solvent or water; (b) top scanning electron microscopy (SEM) image of poorly-intergrown 

polycrystalline MOF layer and (c) SEM of well-intergrown polycrystalline MOF layer. SEM 

images adapted from ref. 4. Copyright 2013 Polish Membrane Society. 

Over the years, various conventional solvothermal techniques have been proposed, such as 

the introduction of additives to a mother solution, microwave irradiation, support modifications 

or the use of a substrate comprising the same precursor as the desired MOF. For instance, early 

work conducted by Caro’s group demonstrated successful preparation of ca. 30 µm 

polycrystalline films on titania support by microwave-assisted solvothermal reaction.5-7 Later, 

McCarthy et al.8 proposed a method comprising a multicycle modification of porous α-alumina 

support with imidazole precursor, prior solvothermal synthesis (Figure 2.4 a). This simple 

approach allowed for the strong covalent bonding between the alumina support and nitrogen 

atoms of the imidazole ligand, promoting the heterogeneous nucleation and subsequent crystal 

growth.  Moreover, the addition of sodium formate (HCOONa) modulating ligand into the 

mother solution prior to solvothermal treatment enhanced the deprotonation of 2-

methylimidazole (mIm) linkers at the ZIF-8 surface due to increasing pH (Le Châtelier’s 

principle). The auxiliary presence of HCOONa complemented the support modification 

approach, resulting in crystal growth occurring in all directions, subsequently yielding well-

intergrown polycrystalline membranes (Figure 2.4 b - e). Meanwhile, porous α-alumina also 

proved a suitable candidate for the synthesis of ZIF-69,9 demonstrating the compatibility between 

ZIFs metal centres and hydroxyl groups on the surface of the alumina disks, and therefore 

indicating the general applicability of the solvothermal synthesis. 
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Figure 2.4. ZIF-8 polycrystalline membrane grown on alpha-alumina support: (a) support 

modification with 2-methylimidazole organic linker at elevated temperature allowing for rapid 

methanol evaporation; top SEM (b) and cross-section (c) view of poorly intergrown ZIF-8 

membrane without sodium formate additive, consisting relatively small crystals; top SEM (d) and 

cross-section (e) of ZIF-8 membrane grown with the sodium formate modulating ligand, 

displaying large micrometre crystals. Adapted from ref. 8. Copyright 2010 American Chemical 

Society. 

Other studies involved support modification with 3-(2-imidazolin-1-yl)propyltriethoxysilane 

(IPTES) or 3-aminopropyltriethoxysilane (APTES) covalent linkers, prior to solvothermal 

treatment. For instance, Kida et al.10 demonstrated that IPTES modification of a glass support 

promotes heterogeneous nucleation of ZIF-8 crystals in aqueous systems. The film thickness, 

ranging from 220 to 640 nm, was controlled by changing the reactivity of zinc sources and the 

repetition of the growth cycle. Compact ZIF-22, ZIF-90 and ZIF-95 layers were also prepared by 

Caro’s group via the utilisation of APTES.11-14 Other use of silanes as the promoters of the 

heterogeneous nucleation consists of vinyltrimethoxysilane support modification in order to 

obtain hybrid ZIF-9-67 membrane, recognised as a potentially efficient membrane in CO2 

separation from industrial gas streams.15 The aforementioned strategies were further extended to 

the formation of a large variety of MOFs membranes, with few representative examples including 

iconic MOFs such as HKUST,16 MIL-88B17 and MOF-5.18 

2.2.1.2 Conventional Secondary Seeded Growth 

Initially developed for the preparation of zeolite films, the secondary seeded growth was 

extended to the synthesis of MOF thin films. The secondary growth technique can be realised via 

deposition of pre-formed MOF nanocrystals onto the support surface either by rubbing, dip 

coating, thermal seeding and/or repetitive growth. These strategies require the use of 20-100 nm 

crystals, as larger micrometre crystals are not suitable seeding candidates due to their low 

nucleation density.19 
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Initially, the synthesis of the first apposite MOF nanocrystals for support seeding proved 

challenging, as the control of solution monodispersity and crystal size was elusive. As the 

persistent nucleation and fast crystal growth occur at the early stages of nanoparticles formation, 

the separation of both steps, believed to be necessary to obtain particles of low polydispersity, is 

difficult.20 With time, however, more protocols allowing for the controlled synthesis of 

nanocrystals were developed,20,21 resulting in the successful adaptation of the secondary growth 

technique in MOFs. As a result, much thinner films, as compared to conventional solvothermal 

growth, were developed. 

Another notable advantage of the secondary seeding strategy involves the ability to 

systematically control film orientation. Van der Drift model22 is commonly used to explain the 

oriented development of zeolite and MOF layers in secondary growth.23,24 The model assumes 

that randomly oriented seed crystals deposited on a planar support surface start growing at the 

same time, with the same face dependent growth rate. After a certain time, which critically 

depends on the seed concentration on the substrate surface and the concentration of the precursors 

in the mother solution, the crystals will meet their lateral neighbours. Crystals growing faster in 

perpendicular or almost perpendicular direction to the support surface will dominate and 

overgrow their neighbours, subsequently forming oriented top film layer (Figure 2.5). The cross-

sectional scanning electron microscopy (SEM) images of the polycrystalline films prepared via 

secondary seeded growth technique reveal columnar-like morphologies,24,25 in agreement with 

van der Drift model predictions. Similar pillar-like structures are also observed in diverse systems 

developed via seeding approach, for instance in polycrystalline diamond films,26,27 underlining 

the universality of the van der Drift model. The oriented film layers, together with the controlled 

film thickness, often lead to enhanced membrane performance.24,28 

 
 

 
Figure 2.5. Autoclave-assisted growth of ZIF-8 polycrystalline membrane via secondary seeded 

growth: (a) nanocrystals seeds (in white circles) nucleating on the alpha-alumina support surface 

promoting development of fully intergrown crystals;  and  (b)  fully  developed polycrystalline 

ZIF-8 oriented layer. Adapted from ref. 4. Copyright 2013 Polish Membrane Society. 

First reports on ZIFs secondary seeded growth encompassed synthesis and isolation of 

colloidal nanocrystals.29 Dried seeds were then rubbed onto the inner part of the tubular α-

alumina support, followed by autoclave-assisted hydrothermal secondary growth at 150 °C. The 

subsequent thickness of well-intergrown ZIF-8 films ranged between 5-9 µm, depending on the 

number of deposition cycles, with preferred (112) orientation. Slightly different approach was 

introduced in the work by Liu et al., where the secondary synthesis of well-intergrown 

micrometre ZIF-69 membrane was promoted by dip coating alumina support into nano-colloidal 
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solution.28 Further modifications of the secondary growth method involved preparation of 

compact ZIF-8 layers in aqueous solutions30-33 at temperatures as low as 50 °C, allowing for the 

synthesis of crystalline layers as thin as ~1 µm. 33 

2.2.1.3 Additional Seeding Techniques 

Although, the early secondary growth protocols allowed for the formation of well-intergrown 

microfilms, a problematic lack of adhesion between the seed crystals and the support was often 

encountered. To circumvent this problem, advanced seeding approaches such as reactive seeding, 

support infiltration with MOF precursors prior thermal synthesis, microwave-assisted seeding 

and pre-coating of supports with seeded polymer films have been proposed. 

First reports on reactive seeding consisted of two-step protocols, where ZnO supports were 

first seeded by hydrothermal synthesis, followed by secondary growth in aqueous solution.34 The 

prepared ZIF-78 membrane displayed a significant reduction in macroscopic defects and inter-

crystalline gaps. A similar approach was utilised to generate ZIF-71 membrane from seeded ZnO 

support in solvothermal conditions.35 Furthermore, mechanically-induced reactive seeding was 

introduced by Tao et al.36 Aiming at improved adhesion between the seeds and the support, the 

authors adapted two-step solvothermal synthesis with intermittent rubbing (Figure 2.6). 

Specifically, a loosely packed layer of crystals obtained via solvothermal synthesis was manually 

treated with fine sandpaper, resulting in compact nanoseed layer on α-alumina hollow fibre tubes. 

The dried seeded support was then transferred to the stainless-steel autoclave vessel, in which 

secondary growth took place. 

 

 
 
Figure 2.6. Schematic representation of two-step solvothermal synthesis of ZIF-8 membranes on 

hollow ceramic tube (HCT), intermitted with manual rubbing of the seeds that promotes 

development of well-intergrown polycrystalline membrane. Re-drawn from ref. 36. Copyright 

2013 Elsevier. 

Another approach consisting of reactive seeding involves the growth of ZIF-8 membrane on 

the inner side of hollow α-alumina tubes via continuous precursors circulation.37 In this instance, 

zinc nitrate and mIm solution pumped through the APTES-modified lumen allows for the in situ 

growth of crystalline seeds. Following the nanoseed formation, ZIF-8 membrane is fabricated 

via the continuous flow of ZIF-8 precursors, using the same set up. This strategy simplifies the 

seeding and secondary growth process, combining them into one single-step synthesis, resulting 

in covalently-bonded, compact crystalline ZIF-8 layer. 
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A more recent example of reactive seeding encompasses the use of electrodeposited 

ZnO/mIm on an etched pencil bar that serves as a nanosheet seed layer for subsequent 

solvothermal secondary growth.38 In this case, mIm organic linker is believed to react with ZnO, 

forming evenly distributed layer of nuclei on the graphite surface, which promotes the growth of 

polycrystalline micrometre films. The graphite-ZnO/mIm nanocomposite provides a strong 

anchoring platform for well-intergrown layers that display high adsorption capacity towards 

acidic drugs commonly found in patients’ urine. 

Support infiltration with MOF precursors is another route investigated by some research 

groups. Despite its similarity to the support modification methods, this strategy differs in the way 

that both organic and inorganic MOF precursors are forced into support pores providing nutrients 

for subsequent solvothermal growth. For example, ZIF-8 membranes can be synthesised via 

embedded precursors inside of the alumina pores, forming 10 µm layer that enhances the 

development of well-intergrown films under subsequent solvothermal conditions.39 

Another route to seeds impregnation consists of microwave-assisted synthesis.40 In this 

instance, the α-alumina support is first soaked in Zn2+ precursor at room temperature. The zinc-

saturated support is then transferred into a Teflon chamber containing mIm ligand solution and 

exposed to microwave irradiation. High microwave energy rapidly increases the local 

temperature on the support surface allowing for fast heterogenous nucleation and high packing 

density of the seeds. Subsequent secondary growth of the pre-seeded layer results in the 

formation of well-intergrown ZIF-8 membranes that display relatively high propylene/propane 

separation. The microwave-assisted approach was also demonstrated to be suitable in the 

synthesis of ZIF-7 and SIM-1 membranes, suggesting the general applicability of the method. 

An alternative way to promote the adhesion between the nanoseeds and the support is to 

introduce hydrogen bonding via the use of polyethylenimine (PEI). Such approach was first 

feasibly demonstrated in the preparation of copper membranes, where the 

[Cu(hfipbb)(H2hfipbb)0.5] seeds were manually deposited on the PEI layer.41 Following seeding, 

a solvothermal synthesis allows for the preferentially oriented, well-intergrown ~20 µm MOF 

layer on porous α-alumina disc. As a result of the competitive van der Drift grain growth, the 

perpendicularly-oriented film layer (with respect to the substrate surface) exhibits high pore 

accessibility. Similar procedure was later applied in the synthesis of ZIF-7 micrometre 

membranes, with the nanoseeds prepared either via colloidal approach or in the presence of PEI 

aqueous solutions.25,42,43 Although, due to its hydrophobic properties ZIF-7 cannot be re-

dissolved in water, it can be homogenously dispersed in PEI aqueous solutions, as PEI 

coordinates with the surface zinc ions of ZIF-7 nanoseeds.44 The PEI-based seeding was also 

demonstrated feasible in the synthesis of ZIF-8 membranes, where the hydrogen interactions 

between the nanoseeds and alumina was facilitated by the use of aqueous PEI,24,45allowing for 

the preparation of compact films that are suitable for separation of higher hydrocarbons and 

aromatic rings.45  

Despite substantial efforts, developing a versatile technique suitable for the fabrication of 

uniform seed layers with controllable thickness on various porous supports proved challenging. 
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To meet this demand, Fan et al. implemented electrospinning as an effective method of support 

seeding.46 This novel approach was adapted from the previous studies reporting good affinity 

between MOF particles and various polymers.47-53 The physical dispersion of MOF nanocrystals 

was achieved via the addition of polyvinylpyrrolidone (PVP) into methanol solution comprising 

ZIF-8. Room temperature stirring allowed for monodisperse ZIF-8/PVP solution of moderate 

viscosity that was then electrospun on microporous SiO2 support forming ZIF-8/PVP composite 

fibre coating (Figure 2.7 a). The tubular supports were fixed on a rotating shaft, with the spinner 

moving periodically at constant speed, allowing for uniform wrapping of the fibres around the 

outer support surface (Figure 2.7 b). The well-intergrown membrane was then grown via 

autoclave-assisted secondary growth. To demonstrate the universality of the electrospinning 

method, the same group have developed protocols allowing for the fabrication of various 

membranes and films on different supports.54 Examples include synthesis of NaA zeolite and 

pure-silica-zeolite Beta membrane on α-alumina tubes, NaY zeolite membrane on stainless steel 

net and MOF JUC-32 film on a silica disc. 

 

 
 
Figure 2.7. (a) Schematic diagram of electrospinning process for seeding porous alpha-alumina 

hollow fibre tubes; (b) SEM images of the ZIF-8/PVP composite fibres electrospun from methanol 

solutions of 10 wt.%; (c) cross-section SEM view of ZIF-8 membrane grown from ZIF-8/PVP 

nanostrands. Adapted with permission from ref. 46. Copyright 2012 Royal Society of Chemistry. 
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2.2.2 Other Synthetic Routes to Crystalline MOF Films 

Despite the apparent progress in the preparation of polycrystalline films, solvothermal synthesis 

has its disadvantages. The method requires expensive supports that can withstand harsh synthesis 

conditions such as elevated temperatures and chemically aggressive solutions. The fabricated 

films often lack orientation, unless complex seeding procedures are applied. Potential 

reproducibility issues may also occur due to the increased number of modification and seeding 

steps prior to solvothermal synthesis.55 In addition, the formation of macroscopic and 

microscopic defects in the films can significantly affect the membrane performance, resulting in 

selectivity loss.56,57 Being crystalline, MOF films are mechanically brittle, meaning that under 

stress crack formation occurs. Cracking of the membranes9,58-60 is associated with tensile stresses 

induced during the cooling stage of the solvothermal synthesis and is attributed to a mismatch 

between thermal expansion coefficients of the film and the substrate.61,62 Furthermore, capillary 

stresses in the drying films can contribute to crack formation. In this instance, film cracking is 

triggered by surface tension at the solid/liquid interface, as well as by vapour-pressure differences 

at the liquid/gas interface. As the film cools, the drying frontier of the liquid moves into the film 

pores, where any nonuniformity in the film structure (i.e. film defects or grain boundaries) will 

result in asymmetric stress in the film due to the difference in vapour pressure in the adjacent 

pores. The increased pressure subsequently leads to enlargement of the existing defects, 

compromising membrane performance. 

To address these disadvantages, several new concepts of crystalline MOF films fabrication 

have been introduced. For example, drying near the saturation conditions has been demonstrated 

to reduce capillary stresses,56 whereas the introduction of a surfactant during film drying 

decreases solid/liquid surface tension and therefore the occurrence of undesirable defects.63,64 A 

significant portion of the studies was also devoted to the development of room temperature 

syntheses that have the potential to diminish the effect of capillary stresses during film drying. 

In this instance, the method relies on the careful adjustment of the precursors molar ratios and 

the stimulation of homogeneous nucleation via heating of the mother solution. After cooling of 

the supersaturated solution, the substrates are introduced into the reaction vessel, in which growth 

of the film commences. Although, room temperature binding of the nuclei to the support surface 

requires prolonged time of up to 100 hours, the synthesised MOF films often display fewer 

defects than their thermally-synthesised counterparts.16-18 

Building on previous experience, more recent ideas towards defect free thin films consists of 

concepts such as utilisation of zinc materials and polymers as supports for ZIFs and MOF growth, 

counter-diffusion technique and interfacial polymerisation, as elucidated in the following 

subsections. 

2.2.2.1 Polymers as Supports 

Most supports utilised in growth of MOF films are ceramic-based materials that require 

functionalisation with organosilane molecules or other functional groups to promote crystals 

adhesion. The poor scalability and high cost of the inorganic supports limit the films’ 

applications, for instance in membrane separation.65-67 In contrast, growing MOFs on polymeric 
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substrates offers a great potential to generate high-quality MOF membranes at low cost. Early 

use of polymeric substrates displayed great affinity between ZIFs and a given polymer.68,69 

Continuous, well-intergrown ZIF-90 membranes were synthesised on poly(amide-imide) 

microporous hollow fibres, exhibiting good separation properties in hydrocarbon separation.68 

Densely packed, well-intergrown ZIF-8 films were also successfully prepared on 

polyethersulfone (PES) via secondary seeded growth, where favourable interactions between 

mIm organic ligand and PES favour heterogenous nucleation.69 The relatively good ZIF-8@PES 

membrane performance is associated with the entrapment of ZIF-8 nanoseeds in the PES pores. 

A slightly different approach was introduced by Barankova et al.,70 where polyester support was 

modified with polyetherimide comprising ZnO nanoparticles. Following support seeding, a ~1 

µm ZIF-8 film was prepared via the secondary growth technique. The final composite coating 

comprised poly-di-methyl-siloxane (PDMS) layer sealing potential pin holes. 

Scarce reports on the in situ growth of ZIF crystalline layers on the polymeric substrates 

exist.71,72 Although, the in situ growth of MOF@polymer enables the omission of the seeding 

step, chemical modification of the polymer support is still required. Continuous and integrated 

ZIF-8 layers can be prepared via ammonia or ethanediamine modification of the polyvinylidene 

fluoride (PVDF) support.72 Another example comprises the hydrolysis of polyacrylonitrile 

(PAN) substrate to promote ZIF-8 attachment via introduction of carboxyl groups.73 Although, 

modification of PVDF and PAN polymeric supports enhances the adhesion of ZIF-8 crystals, the 

solution-based chemical treatment can cause polymers’ swelling, affecting their morphology and 

separation performance.74 Additional disadvantages involve the necessity for purification of the 

contaminated modification solution with each cycle, as well as multiple rinsing and drying of the 

modified supports. Demonstrating the potential applicability of the polymeric substrate 

modification may be suitable for the laboratory scale experiments, however, large scale industrial 

processing requires the prolonged re-cycling and drying steps to decrease. To circumvent these 

problems, Shamsaei et al. came up with a novel strategy entailing chemical vapor deposition of 

ethylenediamine (EDA) onto bromomethylated poly(2,6-dimethyl-1,4-phenylene oxide) 

(BBPO) membrane (Figure 2.8).75 EDA-vapour modification of BBPO is surface limiting 

(reduction  of  the  membrane  pore  size),  with  a  negligible  swelling  effect  of  the  polymer.74 

 
 

Figure 2.8. ZIF-8 polycrystalline membrane grown on BBPO: (a) cross-section SEM displaying 

ZIF-8 thin film on the top of the BBPO polymer, as well as nanocrystals infiltrating polymer porous 

structure; (b) top SEM displaying nanometre crystal layer. Adapted with permission from ref. 75. 

Copyright 2015 Royal Society of Chemistry. 
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The covalently attached amine functional groups of EDA provide a large number of nucleation 

sites and coordinate Zn2+ ions without interfering with the BBPO sublayer structure. Following 

BBPO modification, a stepwise deposition of ZIF-8 precursors allows for the synthesis of ca. 200 

nm compact MOF film. . In addition, the formation of ZIF-8 nanocrystals was observed inside 

of the BBPO and is associated with the diffusion of EDA vapour into the polymer sublayer, 

resulting in additional ZIF-8 nucleation sites. Furthermore, the EDA-deposition strategy 

eliminates the need for recycling of these solvent-free support modifiers, and together with 

feasible room temperature MOF growth, provides a route towards a scalable and viable industrial 

strategy. 

More recently, ~1 µm ZIF-8 membranes that can sustain bending and elongation were 

developed.76 The room-temperature synthesis consisted of coating of PVDF with titania, 

subsequent APTES modification and immersion of the functionalised polymeric support into 

solution comprising pre-synthesised ZIF-8 nanocrystals. The strategy was also extended to the 

formation of ZIF-8 films on modified PAN; however, the utilisation of PAN-supported 

composite led to the synthesis of much thicker films of ~15 µm, as compared to their much 

thinner PVDF counterparts. The growth of considerably thicker ZIF-8 films on PAN support was 

associated with significantly denser outer surface of PAN membrane that possesses small pores 

of 0.025 µm. As a result, the PAN support lack of sufficient micro-scale roughness that serves as 

nucleation and crystal anchoring centres, leading to much slower growth of dense crystalline 

ZIF-8 films. Although, prolonged crystal deposition time allowed for well-intergrown ZIF-8 

polycrystalline layers, the much anticipated increase in film thickness led to the reduction of 

permeance of the guest molecules. Building on the above techniques, similar strategies can be 

extended to the formation of MOF@polymer membranes through rational design of nanocrystals 

and chemical modification of the polymeric supports. 

2.2.2.2 Anchoring Metal MOF Precursors in Polymeric Gels 

Another approach aiming at improved crystals adhesion to the support entails anchoring MOF 

precursors in gels. Similar to blending of the polymers with MOF seeds, the use of gels allows 

for the deposition of compact and monodisperse seeding layers prior membrane growth. The gel-

based route enables to overcome a major drawback of homogenous nucleation occurring in the 

mother solution that is competing with heterogenous nucleation taking place on the support 

surface. The gel method is typically employed to obtain well-shaped single crystals for the full 

crystallographic analysis, and consists of a slow diffusion of the organic linker into the metal-

ion-charged poly(ethylene oxide) (PEO) gel, creating nucleation centres and allowing for the 

growth of large crystals77,78. A modified slow diffusion room-temperature gel-based approach 

for the synthesis of MOF membranes was introduced by Schoedel et al.79 In this instance, the 

authors employed poly(ethylene glycol) (PEG) thin gel layer that serves as a repository for metal 

ions at high concentrations near the nucleating surface of a self-assembled monolayer (SAM) on 

gold, subsequently promoting high heterogenous nucleation rate for secondary film growth. 

Varying the PEG/PEO chain length, as well as the concertation of the metal ions in the gel allows 

for the control of film morphology and its final thickness. The authors also demonstrated that -
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OH and   -COOH functionalised gold substrates allow for highly oriented films of Fe-MIL-88B-

NH2 MOF. Furthermore, the gel layer approach does not require complex pre-treatment of the 

growth solution or a multiple repetition of the secondary growth step to obtain compact MOF 

layers. HKUST-1 films on SAMs functionalised support were also developed in the same study. 

In addition to the enhanced heterogenous nucleation stemming from the anchored MOF metal 

ions in the polymer matrix, the gel-based approach offers an additional advantage over the other 

seeding techniques. In particular, the formation of microscopic and macroscopic defects such as 

grain-boundaries and/or pin-holes could be circumvented in the presence of the continuous gel 

layer, potentially preventing uncontrollable diffusion of guest molecules. As a proof of concept, 

Hu et al. introduced commercially viable gelatine to directly grow ZIF-8 seeds from zinc 

hydroxide nanostrands (ZNHs) anchored in the gel film (Figure 2.9).80 Subsequent secondary 

growth allowed for well-intergrown ZIF-8/gelatine composite membranes that could reasonably 

separate binary gas mixtures. In addition to a simple and straightforward way to prepare MOF 

membranes for gas separation, this low cost fibrous protein with multifunctional groups81,82 has 

been utilised  in  drug  delivery,83 tissue engineering,84 and synthesis of membranes that when 

exposed to high water fluxes perform better than commercial membranes.85 The wide 

applicability across diverse scientific fields, together with high affinity towards MOFs, indicates 

a high potential of gelatine composites in numerous membrane-based processes. 

 

 
 

Figure 2.9. Cross-section SEM image of ZIF-8 film grown on PEG substrate anchored with 

zinc ions, which serve as nucleation sites subsequently promoting development of well-

intergrown polycrystalline layers. Adapted with permission from ref. 80. Copyright 2015 

Royal Society of Chemistry. 

2.2.2.4 Metal-based Supports as Reagents 

Support modification and infiltration with MOF metal precursors gave an insight into the 

formation of MOF crystalline layers on various porous substrates directly from the metal source. 

This strategy took the fabrication of MOF thin films one step further in a way that metal 

precursors act as nucleation centres and no support modification is required. Cu3(BTC)2
86 and 

Fe-MIL-88B-NH2
79 MOFs have been crystallised on metal substrates, although, in both cases an 

additional inorganic source (Cu(NO3)2 or FeCl3) was required to promote crystal growth. In 
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contrasts, ZIF-8 crystals can be directly grown from the zinc foil, without the need for any extra 

metal source, where the metal surface acts both as a reagent and a substrate.87 Therein, the 

synthesis was performed under conventional solvothermal conditions or in stainless steel high-

pressure Parr reactor, giving white to yellowish layer of ZIF-8. This solution mediated strategy 

at the solid-liquid interface was controlled by the pH adjustment, which was identified as a key 

parameter in the formation of pure ZIF-8 phase. At alkaline conditions the predominant zinc 

species in organic solvents are solvated Zn2+ ions. Meanwhile, the neutral imidazole linker 

undergoes deprotonation at moderate to basic pH allowing for the formation of ZIF-8 nuclei via 

coordination assembly of Zn2+ cations with deprotonated mIm- anions.8,87,88 As the degree of mIm 

linker deprotonation increases with increasing pH, the formation of ZIF-8 crystals is significantly 

enhanced.8,87 

The authors also suggested that due to the presence of grain boundaries, the critical nuclei 

radius and the nucleation rate are not the same throughout the surface of the zinc foil, 

subsequently resulting in the formation of ZIF-8 crystalline layer with broad crystal size 

distribution (Figure 2.10). The crystal size distribution was associated with the secondary growth, 

in which the initial crystallites served as seeds for the growth of larger crystals. It was also 

observed that the reduction of pH to less basic in the later stage of the synthesis promoted the 

crystallisation of the framework. To support the hypothesis of the promotion of ZIF-8 film 

growth at alkaline conditions, the acidic pH environment was also employed. In this instance, 

the formation of Zn(OH)2 instead of ZIF-8 was observed as a result of poor deprotonation of 

mIm organic linker. 

 
 
Figure 2.10.  (a) Zinc foil employed as a support and metal base in the synthesis of ZIF-8 

thin films; (b) representative ZIF-8 film grown from the zinc foil; inset: top SEM of the film 

grown on zinc foil. Adapted with permission from ref. 87. Copyright 2012 Royal Society of 

Chemistry. 

A slightly different approach, utilising zinc hydroxide nanostrands (ZHNs) as precursors for 

the synthesis of ZIF-8 nano- and microfilms, was introduced by Li et al.89 Although similar to 

ZHNs/gelatine approach,80 the new strategy allows for the control of nucleation without any 

modification of the support. Generally, ZHNs are deposited on porous anodic aluminium oxide 

(AAO) support via vacuum suction filtering and the nanoscopic Zn(OH)2 precursor thin film is 

formed. Subsequent immersion of the support in ethanol-water solution comprising mIm at room 

temperature enables the growth of polycrystalline ZIF-8 membranes within 24 hours. 
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Noteworthy, no particulate by-product is found in the solution, indicating that the formation of 

ZIF-8 crystals is strictly limited to the heterogenous nucleation. The authors also observed that 

the ultrathin (< 200 nm), positively charged ZHNs film reacts rapidly with mIm linker, forming 

nuclei by sacrificing itself to provide Zn source. Whilst the Zn(OH)2 precursor layer becomes 

thinner, the ZIF-8 layer grows thicker, until the process stops due to limited diffusion of the 

reactants through the developing film. In addition, during the transformation, the precursor ZHNs 

display a structure-directing effect; also, reported during the formation of other MOFs.90-93 

Furthermore, the ZHNs route exhibits excellent reproducibility and versatility,89 suggesting that 

this strategy could be applied in large-scale production of ZIFs and other MOFs. 

2.2.2.4 Counter-diffusion of MOF Precursors 

A counter-diffusion (also referred to as contra-diffusion) is an in situ crystallisation technique, 

where the porous support acts as a permeable barrier providing an interface for reagents. Similar 

to the growth of a single crystal via slow diffusion, metal and linker ions diffuse through the 

membrane and meet at the interface, forming a continuous film layer. Counter-diffusion was first 

introduced by Yao et al. in the preparation of ZIF-8 membranes on flexible nylon support.94 The 

authors reported the synthesis of ~16 µm polycrystalline film on the zinc nitrate side of the 

support, whereas smaller scattered particles were observed on the side of the organic linker 

(Figure 2.11). Film morphology and thickness could be controlled by varying the synthesis time 

and the solution concentrations. Later, the same group synthesised much thinner 2.5 µm ZIF-8 

membranes in aqueous solution from stochiometric Zn2+:mIm molar ratio through a similar 

method.95 Although the counter-diffusion strategy introduced by Yao et al. is straightforward, 

the separation performance of prepared membranes lack anticipated selectivities, suggesting 

underdevelopment of crystalline layers. 

 
 
Figure 2.11. (a) Diffusion cell for the preparation of a ZIF-8 film and (b) the schematic 

formation of ZIF-8 films on both sides of the nylon support via counter-diffusion of Zn2+ and 

mIm through the pores of the nylon support. Reprinted with permission from ref. 94. Copyright 

2011 Royal Society of Chemistry. 

Several other investigations led to the assembly of MOF films in the pores of tubular supports 

via the counter-diffusion method.96,97 Generally, for the formation of a compact layer within the 

support pores, the reaction rate should be greater than the diffusion rate of the reagents.98 To 

fulfil this prerequisite, Xie et al. utilised APTES-modified α-alumina tubular supports to generate 

ZIF-8 membranes via counter-diffusion process.96 Following support pre-treatment, metal and 

linker sources were supplied from the opposite sides of the support, with the system secured in a 
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diffusion cell, assisted by solvothermal synthesis. The major part of the ZIF-8 layer was formed 

on the outskirts of the hollow fibre, however, some small ZIF-8 crystals were also observed inside 

of the support pores. The counter-diffusion strategy was also employed in the synthesis of other 

MOFs, where the polycrystalline film was formed at the outermost part of the tubular support, 

serving as a reasonably selective membrane in gas separation.97 

Very recently, Barankova et al. demonstrated a feasible counter-diffusion route to prepare 

ZIF-8 nanofilms using polymeric supports.99 Based on the previous reports demonstrating that 

poly-thiosemicarbazide (PTSC) forms stable chelates with metals such as iron, nickel, silver, 

copper, mercury and lead,100,101 the authors reasoned that PTSC should display an affinity 

towards zinc ions. Prior to counter-diffusion, the PTSC was exposed to zinc salt; this pre-

treatment step allowed for a higher density of zinc ions on the support surface ensuring adhesion 

between the support and developing ZIF-8 layer. Following modification, the PTSC was placed 

between two chambers, which were then filled with methanol solutions comprising zinc salt and 

mIm on the opposite side of the polymer. The best quality layers were obtained when the zinc 

solution was introduced from the modified side of the PTSC, producing ZIF-8 crystals in the 

desired location. Further experimentation entailing the variation of reactants concentrations 

allows for the synthesis of the thinnest to date (ca. 620 nm) ZIF-8 film on polymeric support 

(Figure 2.12 a and b). The nanofilms display well-intergrown crystalline morphology with 

preferred (110) orientation, with a low surface roughness allowing for light interference (Figure 

2.12 c). To perform the permeation tests, the PTSC/ZIF-8 composite was covered with poly(1-

trimethylsilyl-1-propyne) (PTMSP) resulting in the reduction of membrane defects on the outer 

 
 
Figure 2.12.  (a) Surface and (b) cross-section SEM of 620 nm ZIF-8 film grown on PTSC 

polymeric substrate via counter-diffusion method; (c) digital photograph of PTSC/ZIF-8 

membrane; (d) SEM cross-section of PTSC/ZIF-8/PTMSP composite used in gas separation 

and bending experiments. Adapted with permission from ref. 99. Copyright 2017 Wiley-VCH. 
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edges of the circular composite (Figure 2.12 d). To evaluate mechanical stability of the 

PTSC/ZIF-8/PTMSP membrane, a simple bending test was conducted. The composite displayed 

strong mechanical stability up to 5 degrees bending, without any selectivity loss in the subsequent 

separation experiment. 

2.2.2.5 Interfacial Polymerisation Methods 

Interfacial polymerisation is a synthetic route entailing the use of two immiscible solvents, each 

comprising reagents that come into contact at liquid-liquid interface forming the final product. 

The approach of supplying reagents separately is commonly applied in the synthesis of new 

crystal phases to avoid reagent degradation102,103 or in the fabrication of large single crystals 

required for full XRD analysis.104,105 The concept of the MOF film synthesis via interfacial 

polymerisation was first introduced by Ameloot et al., using Cu3(BTC)2 as a prototypical 

MOF.106 By introducing a biphasic mixture of water and 1-octanol, each comprising one of the 

MOF precursors, uniform Cu3(BTC)2 thin layers were successfully prepared. The intrinsically 

distinct process of interfacial polymerisation differs from heterogenous nucleation in the way 

that the interface between the two immiscible liquids acts as a template for the formation of a 

MOF layer. The self-completing mechanism continues until all the defects in the interfacial layer 

are healed, resulting in continuous polycrystalline nanofilms (Figure 2.13). In contrast, in situ 

heterogenous nucleation on the support surface yields poorly-intergrown films, and therefore 

subjecting the support to complex chemical modification and/or pre-seeding. Furthermore, 

Ameloot et al. demonstrated that free-standing, self-assembled Cu3(BTC)2 layers can be shaped 

into hollow capsules by droplet templating. The capsules entrap guest species during the 

synthesis, whilst retaining the original selectivity of the MOF, suggesting their feasibility in 

applications such as catalytic microreactors. 

 
 
Figure 2.13. Different concepts of MOF films’ synthesis based on Cu3(BTC)2 MOF example: 

(a) deposition of a MOF layer on a support from a well-dispersed mixture of MOF precursors, 

where undesired homogenous nucleation in the liquid, as well as heterogenous nucleation on 

the already formed crystals takes place; (b) interfacial polymerisation of MOF layer occurring 

at the liquid-liquid interface between the two immiscible solvents comprising MOF precursors, 

resulting in self-completing growth. The C, H and O atoms of BTC ligand are shown in grey, 

white and red, respectively; whereas Cu2+ are shown as orange spheres. Adapted with 

permission from ref. 106. Copyright 2011 Macmillan Publishers Ltd. 

 

 



 

 

46 

Following Ameloot’s work, the concept of interfacial polymerisation in the pores of ceramic 

and polymeric supports have been investigated by several groups. Compared to the synthesis of 

free-standing MOFs, the assembly of selective membranes in microscopic confined spaces has 

its drawbacks. As the bore size is decreased to microscopic dimensions, films formation becomes 

limited by reactant availability and transport, available bore volume, as well as local 

inhomogeneities.107 Despite these disadvantages, the hollow fibre interfacial polymerisation 

offers rapid and scalable fabrication due to the large amount of fibres that can be bundled in close 

proximity, whilst avoiding membrane-membrane contact that leads to defective films. As proof 

of concept, Brown et al. utilised interfacial polymerisation for in situ processing of ZIF-8 

membranes in polymeric hollow fibres.108 This technique, also referred by authors to as 

interfacial microfluidic membrane processing (IMMP), can be tuned to achieve localised control 

of the film formation, i.e. at the inner and outer surface, as well as inside the bulk of the porous 

hollow fibres. In particular, a reusable flow module, that serves as both membrane fabrication 

reactor and subsequent gas permeation module, allows for the controlled supply, replenishment 

and recycling of the reactants in the hollow fibre bore. Although the authors demonstrated the 

successful fabrication of the outer-surface and in-fibre ZIF-8 films, the inner-surface membranes 

were the only ones studied in great detail. In this instance, the film growth was controlled by the 

continuous flow of the reactants through the fibre bore, followed by static growth stages 

interrupted only by short periods of reactants’ replenishment. The subsequent ZIF-8 membrane 

localised on the inner surface of the hollow fibre (Figure 2.14 a and b) was ca. 9 µm thick 

throughout the whole fibre length. To prevent the bypass of the gas molecules through the 

potentially defective end parts of the fibres, the ends of the mounted module were healed with 

PDMS. The bypass suppression of the guest molecules resulted in a significantly improved 

module performance, leading to a patent.109 The interfacial polymerisation approach developed 

by Brown et al. overcame many limitations of the crystalline ZIF-8 membrane processing and 

was a notable step towards realising scalable MOF membranes on readily available polymeric 

supports. 

 
 
Figure 2.14.  ZIF-8/hollow fibre membrane: (a) cross-sectional SEM of the hollow fibre 

membrane with ZIF-8 crystals grown on the inner surface of the bore; (b) EDXS elemental maps 

of carbon (red) and superimposed zinc (green) showing the localisation of the ZIF-8 membrane on 

the inner surface of the fibre. Reprinted with permission from ref. 108. Copyright 2014 AAAS. 
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A different strategy was developed by Hara et al.110 In their study, the authors utilised 

immiscible solutions of 1-octanol and water to grow ~30 µm ZIF-8 films on the inner surface of 

the tubular α-alumina support; however, small defects in the films grown via interfacial 

polymerisation were observed. To prevent the uncontrolled permeation of the gas molecules 

through undeveloped ZIF-8 films, the authors introduced a second step to the protocol by 

adapting their previously reported counter-diffusion method.97 A sequential counter-diffusion 

reaction utilising miscible water and methanol solvents allowed for the assembly of compact and 

well-intergrown polycrystalline membranes. 

Inspired by the potential of interfacial polymerisation, the group of Vankelecom developed a 

single-step, one cycle synthesis approach for the preparation of polymer supported ZIF-8 

membranes.111 When bringing into contact a zinc nitrate aqueous solution and hexane-based 

mixture comprising dissolved mIm, a spontaneous reaction at the surface of the two immiscible 

solvents takes place (Figure 2.15 a). Built on this specific observation, a similar approach was 

undertaken when assembling ZIF-8/PES membranes. In particular, the impregnation of the PES 

support with zinc nitrate solution, followed by a gentle pouring of the solution comprising mIm, 

allowed for the synthesis of composite membranes capable of rejecting Rose Bengal from water 

and alcohol solvents. The in situ grown ZIF-8 layer developed mostly on the PES outer surface, 

with a few nanocrystals growing inside the PES pores (Figure 2.15 b and c). By increasing the 

concentration of the polymer casting solutions, the authors demonstrated that PES/ZIF-8 

composite is a suitable candidate for the removal of Rose Bengal, with the rejection as high as 

98.9%. Further studies by the same group focused on the utilisation of another immiscible 

system, 1-octanol and water, as well as the investigation of the effect of ZIF-8 precursors’ 

concentration  on  the  formation of continuous films.112  By increasing  mIm: Zn2+  molar  ratio, 

 
 

Figure 2.15. Interfacial polymerisation of ZIF-8: (a) digital images displaying growth of thin 

film layer over a period of 50 seconds;  (b) TEM image of the PES supporting membrane and 

(c) TEM of PES supported ZIF-8 polycrystalline film. Adapted with permission from ref. 111. 

Copyright 2015 Royal Society of Chemistry. 
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much denser PES-supported ZIF-8 membranes were prepared, resulting in 98% rejection of Rose 

Bengal. Surprisingly, by increasing the reaction time, higher permeances were observed, 

contrasting with general observation for other membranes grown via interfacial polymerisation. 

The conclusions drawn from the diverse interfacial polymerisation approaches can serve as 

guidelines for further studies utilising this appealing and facile synthetic route for membrane 

preparation. Modified versions of introduced strategies can also be applied in the synthesis of 

other MOFs on various porous supports. 

2.2.3 Coating Techniques 

The vast majority of early studies on the preparation of MOF films encompassed the synthetic 

routes that in some way endow the fundamental and applied properties of diverse supports, with 

the main focus on membrane separation and catalysis. However, there has been an increasing 

awareness that crystalline microfilms typically obtained via conventional or modified 

solvothermal methods are not necessarily the best configurations for microelectronic applications 

such as sensors and insulators. Many ZIFs display selective adsorption properties making them 

viable candidates for chemical sensing, whereas ZIFs large microporosity and hydrophobicity 

suggests their potential use as low dielectric constant insulators. In these specific applications, 

growth of high quality ZIF films on dense substrates, with tubanble film thickness within a 

nanometre range is a prerequisite.  

The processing of nanofilms on dense supports entails diverse coating techniques. These 

coating strategies are of a great importance in many industrial domains, as they introduce 

additional functionality to the surface of a given substrate. In general, the preparation of coatings 

is realised either via dry methods (chemical vapour deposition - CVD, plasma-enhanced chemical 

vapour deposition - PECVD, physical vapour deposition – PVD and atomic layer deposition - 

ALD) or wet deposition processes (dip coating, spin coating, spray coating and brush coating); 

depicted in Figure 2.16. 

 

 
 

Figure 2.16. Coating techniques employed in the deposition of thin MOF films. 
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The selection criteria for a coating strategy depend on the subsequent film application. Weak 

physical interactions between the untreated support and MOFs are usually sufficient for the 

fundamental studies of the thin film performance in the vicinity of the guest molecules or when 

the devices are not exposed to high fluid cross-flow potentially contributing towards the 

disintegration of the outer nanoparticulate MOF layer. Much stronger covalent bonding between 

a given MOF and a substrate is introduced when highly oriented layers are a prerequisite. High 

film orientation in the direction of the crystal growth is achieved via the utilisation of self-

assembled monolayers (SAMs), i.e. functional organic thin films typically deposited on Au 

sputtered substrates. Under carefully controlled synthesis conditions SAMs can be highly ordered 

2D arrays, resembling crystalline interfaces. Their spontaneous assembly, ease of preparation, 

functional diversity makes them feasible candidates for the growth of oriented MOF films. 

However, given the relative fragility of the SAM/Au interface, conventional high temperature 

solvothermal techniques are not practical. In contrast, coating room temperature techniques offer 

a number of synthetic routes that allow to circumvent this difficulty. The following subsection 

thoroughly discusses the coating approaches utilised in the synthesis of ZIF nanofilms. 

2.2.3.1 Dip Coating 

Dip coating represents one of the most facile and straightforward wet deposition techniques, as 

it offers reasonably good control of the film thickness.113-116 Organic, inorganic, hybrid and 

composite layers can be easily assembled by evaporation of the solvent comprising film 

precursors or pre-synthesised nanoparticles (NPs). Materials of high porosity can be also 

prepared by dip coating since structure directing agents can be easily removed from the film 

pores by induced evaporation taking place in situ117 or ex situ.118 As any technique, dip coating 

has its disadvantages. Difficulty to homogenously wet the substrate in the vicinity of high surface 

tension solvents such as water, undesired precursor infiltration when depositing on porous indium 

tin oxide (ITO) or fluorine tin oxide (FTO) electrodes, film cracking due to tensile stresses 

occurring during drying and/or consolidation,119-121 all disrupt the quality of the final film layer. 

However, progressive unravelling of the fundamentals of the dip coating,116,122-126 as well as 

recent advances in the controlled synthesis and functionalisation of MOFs127-131 enable to 

overcome these drawbacks, as discussed in the following subsections. 

2.2.3.1.1 Assembly of Preformed Nanocrystals 

The assembly of MOF nanocrystals as thin films consists of the synthesis of monodisperse stable 

colloidal NPs that are subsequently deposited on substrates such as silica surfaces, glass slides 

or polymers. Originally initiated for MIL-89(Fe)132 and MIL-101(Cr)133 MOFs, the colloidal 

route offers several advantages over conventional solvothermal techniques and MOF growth on 

SAMs. Particularly, substrate modification and long repetitive process of immersion and washing 

cycles can be omitted. Another significant advantage is the ability to precisely control the particle 

size, allowing for the enhanced diffusion of adsorbed molecules. In some cases, the presence of 

an intergrain mesoporosity resulting in multi-pore size films is also considered an advantage. 

Subsequently, MOF and ZIF nanofilms of high-optical quality can be easily assembled.132-135 
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Demessence et al. were first to demonstrate the facile NPs colloidal approach in the room-

temperature fabrication of ZIF-8 thin films.134 The thickness of the films can be easily controlled 

between 40 nm and 1 µm by varying withdrawal speed of the receding Si wafer (Figure 2.17 a). 

The developed nanofilms displayed a dual hierarchical porous structure stemming from the 

micropores of the ZIF framework and the mesoporous interparticular voids (Figure 2.17 b). In 

addition, increasing the concentration of the ethanol-based NPs solution, whilst maintaining the 

lowest withdrawal speed, led to much thicker and denser films that corresponded to ca. 40 layers 

of ZIF-8 nanocrystals. The films also displayed thickness-dependent optical interference in the 

visible light region and high optical transmittance (>96%) making them viable platforms for 

sensing applications. 

 
 

Figure 2.17 (a) Effect of the withdrawal speed on the thickness of the ZIF-8 film during one 

deposition cycle, with two different NPs concentrations: 0.2 mol L-1 (black) and 0.02 mol L-1 (red); 

(b) cross-sectional SEM image of ZIF-8 thin film displaying dual porosity; film synthesised at 

0.02 mm s-1 withdrawal speed; scale bar 100 nm. Reprinted with permission from ref. 134. 

Copyright 2010 Royal Society of Chemistry. 

An analogous dip coating approach was undertaken by Tian et al., where Au sputtered silicon 

wafers were utilised to deposit pre-synthesised ZIF-8 NPs.135 Similarly to Demessence’s report, 

the authors also observed the loose packing of the NPs, however, the packing density increased 

with additional coating cycles, whereas the film thickness deviated insignificantly with each NPs 

deposition cycle. Tian’s study also encompassed the detailed investigation of thermal stability 

and surface characterisation of the nanofilms. The exposure of ca. 100 nm particulate ZIF-8 films 

to ultra-high vacuum (UHV), allowed the authors to determine the onset of progressive 

decomposition of the films. After the UHV treatment, the nanofilms retained their surface 

morphology, exhibiting only minor aggregation of NPs. However, the X-ray photoelectron 

spectroscopy (XPS) analysis revealed the presence of carbonates, water, hydroxides and 

uncoordinated amines, in addition to 2-methylimidazole on the external surface of ZIF-8 

nanocrystals. The group findings, supported by previous computational predictions, gave an 

insight into the evolution of ZIF-8’s exteriors during the UHV exposure, also demonstrating that 

tracking of the surface intermediates can contribute to further understanding of adsorption studies 

in ZIF films. 
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2.2.3.1.2 Direct Growth of ZIF Nanofilms from Mixed Precursor Solutions 

Direct growth of MOF thin films distinguishes itself from the assembly of pre-synthesised NPs 

colloidal solutions in a way that the growth of nanolayers occurs in situ during the substrate 

immersion. Typically, a fresh solution is prepared from separate stocks comprising metal and 

linker precursors, prior substrate immersion. Although, during the growth homogenous and 

heterogenous nucleation compete, the synthesis of continuous nanofilms with preferred 

orientation is still feasible. For instance, Hromadka et al. modified the optical fibre long period 

grating (LPG) gas sensors with well-intergrown, very dense ZIF-8 nanolayer.136 The thickness 

of the films increased with the number of repetitive deposition cycles allowing for 50-400 nm 

crystalline films. Simultaneously, the much anticipated enlargement of surface ZIF-8 

nanocrystals, associated with heterogenous nucleation of freshly developing ZIF-8 units on the 

existing larger crystals, was observed. 

2.2.3.1.3 Layer-by-layer Deposition and Epitaxial Growth 

Layer-by-layer (LbL) deposition represents an alternative to in situ synthesis to grow MOF 

nanofilms. The LbL method relies on the stepwise adsorption of the reactants from the liquid 

phase on a surface, resulting in crystalline layers. Similarly to other deposition techniques, the 

repetition of the growth cycle during LbL allows for thicker films and contributes to the 

development of larger surface crystals.137-139 Lu and Hupp were first to demonstrate the feasibility 

of LbL growth for ZIF-8 thin nanofilms.137 The initial 50 nm films were prepared by the 

immersion of Si wafer into a methanolic solutions of metal and mIm ligand at room temperature, 

with film thickness increasing by ca. 100 nm per deposition cycle (Figure 2.18 b-d). The 

supported nanofilms displayed thickness-depended variable colouration due to the optical 

interference  in  the  visible  light  region  (Figure 2.18 a).  In  contrast  to  the  films  grown  from  

 

 
 
Figure 2.18. (a) Digital photograph of a series of ZIF-8 films displaying thickness-dependent 

optical interference manifesting in different film colouration; (b) and (c) cross-sectional SEM 

images of 1- and 40-cycle films, respectively; (d) thickness of ZIF-8 film versus the number 

of deposition cycles. Adapted with permission from ref. 137. Copyright 2010 American 

Chemical Society. 
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colloidal solutions,134 the N2 adsorption isotherms of LbL-deposited ZIF-8 films displayed no 

hysteresis loops, indicating lack of mesopores within the film structure. 

The LbL approach was also explored as an alternative for the controlled growth of 

homogenous ZIF-8 and HKUST-1 films in the interior of ultra-large mesoporous silica foams.140 

Synthesised from an inexpensive source of sodium silicate, the functionalised silica foams 

display enhanced sorption behaviour, as compared to common bulk silicas.141 When integrated 

with ZIF-8, the silica/MOF prototype has shown the potential to serve as hierarchically porous 

architecture, fusing both micro- and mesoporosity of the developed composite. 

Applying the initial LbL deposition knowledge, Shekhah et al.142 extended the synthesis of 

randomly oriented MOF nanofilms to control the fabrication of highly oriented layers. By 

combining the stepwise LbL method with epitaxial growth on functionalised SAMs (i.e. growth 

of monocrystalline films on monocrystalline substrates, also referred to as liquid phase epitaxy, 

LPE), the authors demonstrated a feasible synthesis of HKUST-1 MOF films. Simultaneously, 

feasible in situ monitoring of thin film growth process via the use of the analytical techniques 

such as surface plasmon resonance (SPR) or quartz crystal microbalance (QCM) was 

demonstrated. Following their initial findings, Shekhah et al.143 undertook a similar approach to 

develop highly oriented ZIF-8 nanofilms. The authors proved that the underlying SAM controls 

the orientation of the developing ZIF-8 films. For instance, modifying the Au-sputtered Si wafers 

with 11-mercaptoundecanol (MUD) allows for {110} film orientation associated with the 

introduction of -OH surface groups acting as initial coordination sites for Zn2+ cations, 

subsequently initiating ZIF-8 nucleation. Theoretically, ZIF-8 growth along {110} plane is 

associated  with  a greater number of  6-membered  ring windows  available for sorption of guest  

 
 
Figure 2.19. (a) Perspective drawing of the ZIF-8 SOD topology with the growth orientated 

along the {110} direction (left) and growth along the {100} direction (right); (b) top SEM image 

of  ZIF-8 thin film grown on an -OH-terminated  surface;  and  (c)  cross-section  SEM  of  

{110}-oriented nanofilm. Adapted with permission from ref. 143. Copyright 2013 Royal Society 

of Chemistry. 
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molecules (Figure 2.19 a left; and 2.19 b and c). In contrast, the {100} ZIF-8 orientation, induced 

the orientation of the developing ZIF-8 films. For instance, modifying the Au-sputtered Si wafers 

with 11-mercaptoundecanol (MUD) allows for {110} film orientation associated with the 

introduction of -OH surface groups acting as initial coordination sites for Zn2+ cations, 

subsequently initiating ZIF-8 nucleation. Theoretically, ZIF-8 growth along {110} plane is 

associated with a greater number of 6-membered ring windows available for sorption of guest 

molecules (Figure 2.19 a left; and 2.19 b and c). In contrast, the {100} ZIF-8 orientation, induced 

by the utilisation of 16-mercptohexadecanioc acid (MHDA) to form -COOH terminated SAMs 

mainly exposes inaccessible 4-membered ZIF-8 windows (Figure 2.19 a right). 

The growth of LbL oriented MOF films on SAMs was further explored by controlling the 

growth of ZIF-8 on functionalised ITO electrodes.138 By adapting established APTES 

modification procedures,37 Hou et al. synthesised {110}-oriented crystalline ZIF-8 coatings. The 

successful synthesis of well-intergrown films on porous ITO is associated with the strong affinity 

between the APTES amino groups and zinc cations, subsequently promoting ZIF-8 heterogenous 

nucleation and growth. Repetition of the dipping procedure leads to thicker films, in agreement 

with previous observations.137,139 The successful implementation of epitaxial growth on SAMs 

could serve as a guideline for the development of alternative synthetic routes towards the feasible 

fabrication of a new generation MOF sensors and membranes.144 

2.2.3.1.4 Langmuir-Blodgett Approach 

As emphasised above, the rational design of preferentially oriented ultrathin MOF nanofilms is 

a prerequisite in the assembly of nanosensors, catalytic films and electrodes for fuel cells. The 

Langmuir-Blodgett (LB) approach enables such highly oriented films. Similar to LbL deposition 

on SAMs, the LB method allows for the fabrication of well-ordered monolayers stacked onto 

solid substrates. The major advantage of the LB technique is that the reagents are introduced in 

a sequential manner, with unreacted or physisorbed species removed between the deposition 

steps by rinsing with appropriate solvents. The LB protocols have been widely applied in the 

preparation of various functional molecular systems, leading to the assembly of 2D arrays.145-148 

Inspired by the method feasibility, Kitagawa’s group developed the LB route for the synthesis of 

NAFS-1149 and NAFS-2150 MOFs.  NAFS-1 is a suitable candidate for LB-based synthesis as its 

cobalt-containing porphyrin (CoTCCP) and pyridine (pyr) building units, linked together by 

binuclear copper paddle-wheel units, enable the formation of 2D arrays (Figure 2.20 a). The 2D 

Cu-mediated CoTCPP nanostructures (CoTCPP-pyr-Cu) are then deposited on the Si wafers via 

LbL-assisted Langmuir-Blodgett approach, where π-stack interactions allow for complex 

geometries (Figure 2.20 b). The resultant heterostructures have the potential in fabrication of 

well-defined films that can be efficiently integrated into sensing nanodevices. 

More recently, the Langmuir-Blodgett approach was employed in the assembly of thin films 

derived from pre-synthesised ca. 50 nm MOF particles.151 In this instance, spherical MIL-101(Cr) 

was selected due to its hydrophilicity allowing for the growth of homogenous monolayers at the 
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Figure 2.20. Schematic illustration of the fabrication of NAFS-1, during which the solution 

mixture of CoTCPP (1) and pyridine (2) molecular building units is deposited onto aqueous 

solution of CuCl2*2H2O in Langmuir trough (3). Pressing the surface with barrier walls leads to 

the formation of a copper-mediated CoTCPP 2D array. The 2D arrays are deposited onto the 

substrate by the horizontal dipping method at room temperature. The repetitive process of 

successive sheet deposition and rinsing/solvent immersion leads to the sequential layer-by-layer 

growth of NAFS-1 of desired thickness. Adapted with permission from ref. 149. Copyright 2010 

Macmillan Publishers Ltd.: Nature Materials. 

air-water interface. The authors demonstrated that the addition of behenic acid into chloroform-

methanol suspensions, typically used in the preparation of MIL-101(Cr) MOF NPs, controls the 

formation of ultrathin compact monolayers that can be transferred onto glass, quartz or silicon 

substrates. Furthermore, the route undertaken allowed for the efficient development of one-cycle 

deposition process that requires only micro-quantities of MIL-101(Cr) to effectively adsorb CO2, 

as demonstrated by QCM analysis.151 In contrast, conventional adsorption methods require tens 

of milligrams of MOF quantities to determine material sorption capacities. These results indicate 

the feasibility of the LB method to develop ultrathin, dense MOF nanofilms for applications such 

as chemical sensing or gas sorption. 

Whilst there are no existing reports on Langmuir-Blodgett derived ZIF nanofilms, the LB 

routes employed in the preparation of other MOFs suggest the general applicability of the LB 

technique. Considering the advances in the controlled synthesis of nanoparticulate ZIFs in water-

based environments,20,152,153 the LB approach could be extended to the synthesis of ZIF 

nanofilms. 
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2.2.3.2 Spin Coating 

Amongst the variety of wet deposition methods, spin coating represents one of the most advanced 

industrial wet thin film deposition techniques. Typically, a small amount of coating material is 

applied on the centre of a rotating substrate, allowing for thorough distribution of the thin layer 

due to centrifugal force. The spin coating process can be achieved either via the deposition of 

pre-synthesised NPs or stepwise introduction of material precursors.  Solvents with low viscosity 

and low surface tension are usually utilised to enhance evaporation during the optimised spinning 

process, allowing for desired film thickness and morphology. 

The spin coating technique is widely applied in the microfabrication of sol-gel films,154 and 

was recently extended to the synthesis of ultrathin MOF nanofilms. In an attempt to address the 

limitations of LPE dipping method or conventional thermal synthesis,2,155,156 the Eddaoudi group 

implemented spin coating to develop a cost-effective, high-throughput approach.157 By coupling 

LPE with spin coating, the authors demonstrated a successful construction of crystalline MOF 

films, ranging in thickness from micrometre down to nanometre scale. The developed strategy 

allows for the assembly of diverse, highly-oriented MOF films (i.e. ZIF-8, HKUST-1 and 

structural analogues of Cu2(bdc)2·xH2O and Zn2(bdc)2·xH2O), on a variety of substrates 

comprising functionalised gold, glass, silicon, porous stainless steel and aluminium oxide. The 

fully automated approach consisted of four microsyringes integrated into a custom-made setup, 

allowing for controlled deposition of MOF precursors microdrops on the rotating substrate 

(Figure 2.21 a). With the centrifugal force enabling the fluid to evenly spread over the spinning 

substrate, thin and homogenous MOF layers were developed. To ensure the removal of residual 

unreacted species, the deposited metal and linker layers were rinsed with microdrops of 

appropriate solvent.  The  whole cycle  can  be  repeated  to generate  thicker films. In case of the 

 
 
Figure 2.21. (a) Depiction of the LPE-assisted spin coating setup employed in the fabrication of 

MOF thin films; (b) cross-section SEM image of ZIF-8 microfilm deposited on alumina support; 

(c) cross-section SEMs of Cu2(bdc)2·xH2O MOF displaying the growth of the ticker layers with 

increasing number of the deposition cycles. Adapted with permission from ref. 157. Copyright 

2016 American Chemical Society. 
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ZIF-8, the LPE-assisted spin coating allowed for the reduction of the number of depositions 

cycles and synthesis time, as compared to conventional LPE approach. Ca. 2.5 µm thick films 

can be generated on porous alumina via the utilisation of 200 growth cycles within an 80 min 

time span (Figure 2.21 b), in contrast to 300 cycles conventional LPE growth of 30 hours.158 

The authors also demonstrated the facile fabrication of much thinner films via the utilisation 

of SAMs in order to induce the growth of Cu2(bdc)2·xH2O MOF via LPE-assisted spin coating. 

Layers of ca. 140 nm can be achieved by employing only 10 growth cycles, which notably is 

very close to the film thicknesses obtained by state-of-the-art spray coating techniques under 

analogous conditions.159,160 Similar to the successive assembly of ZIF-8, the deposition of 

multiple Cu2(bdc)2 layers was achieved within a much reduced time span of 50 min, as compared 

to 25 hours long conventional LPE route. 2,161-163 Allowing for solvent minimisation and 

shortened time spans, this modified spin coating technique represents the next generation method 

of oriented MOF thin film fabrication, paving the way towards high-throughput synthesis. 

2.2.3.3 Supersonic Cold Spray 

Despite numerous studies, the majority of developed MOF deposition techniques lack the 

potential for commercial manufacturing and scale up. To address disadvantages such as multiple 

repetitions of the growth cycle, time-consuming and complex support modifications, and harsh 

synthesis conditions, a high-rate supersonic spray coating was introduced to produce thin ZIF-8 

films.164 Whilst some MOF reports involve spray-type strategies,156,165-167 the versatile cold-spray 

technique adopted by Kim et al.164 offers tunable processing suitable for generating textured 

crystalline or randomly oriented polycrystalline films on metallic and non-metallic supports. The 

utilised cold-spray method relies on the high-impact kinetic energy of the accelerated MOF 

particles, bonding with the substrate upon impact (Figure 2.22 a). 

Prior to high-pressure spray deposition, the monodisperse suspension of ZIF-8 NPs is 

prepared. The high-throughput synthesis of the nanofilms is realised via the introduction of 

organic solvents (e.g. dimethylformamide, dimethylacetamide, dimethylsulfoxide) into ZIF-8 

cage, acting as framework stabilisers against extreme supersonic velocities (up to 500 m s-1), 

subsequently preventing the structural collapse of the MOF. The as-synthesised nanofilms 

exhibit preferred orientation with dominant Bragg peaks at 12.7 two Theta degrees, assigned to 

the {112} plane (Figure 2.22 b). The preferred {112} film orientation, contrasting polycrystalline 

particulate diffractograms (Figure 2.22 b inset), is associated with the presence of occluded 

organic molecules within ZIF-8 cavities. However, the intensity of the XRD peaks decreases 

with increasing pressure of supersonic spray process, indicating gradual loss in long-range order 

(i.e. loss of film crystallinity). At 7 bar the main sharp peak is replaced by a small “bump” 

indicating pressure-induced amorphisation of the nanofilms, similar to that observed during 

hydrostatic compression168 or ball milling of crystalline ZIF-8.169 

By simultaneous examination of SEM micrographs and AFM tomographs, the authors 

demonstrated that the introduction of organic solvents such as DMF into the synthetic mixture 

allows  for  the  control  of  film  crystallinity.  When  no  amides  are  present,  the film roughness 
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Figure 2.22. (a) Depiction of custom-built supersonic spray coating system allowing for controlled 

deposition of pre-synthesised ZIF-8 nanoparticles on copper supports; (b) X-ray diffractograms 

displaying preferential {112} orientation of ZIF-8 nanofilms synthesised in the vicinity of 

dimethylformamide solvent, with Bragg peaks diminishing with increasing air pressure; inset shows 

the XRD pattern of polycrystalline nanoparticulate ZIF-8; (c) X-ray diffractograms of ZIF-8 

nanofilms synthesised without organic solvents leading to polycrystalline microstructures. Adapted 

with permission from ref. 164. Copyright 2016 Elsevier. 

 

 

 
 

Figure 2.23. Atomic force microscopy images of ZIF-8 nanofilms synthesised with and without 

DMF solvent, displaying increasing film roughness upon rising air pressure. Adapted with 

permission from ref. 164. Copyright 2016 Elsevier. 
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significantly increases and is associated with the random stacking of ZIF-8 nanoparticles. Raised 

air pressures also induce undesirable film roughness, however, films with higher surface areas 

are obtained, in comparison with amide-assisted synthesis of the nanofilms (Figure 2.23). To 

summarise, the supersonic cold spray method represents a new strategy for manipulation and 

control of the microstructure and crystallinity of MOF nanofilms. 

2.2.3.4 Dry Deposition Techniques 

Alternative strategies aiming at high-throughput synthesis of MOF nanofilms comprise dry 

deposition techniques (please refer to Figure 2.16 in section 2.3.3 for general classification). The 

compatibility of dry deposition routes with existing infrastructure, both in academic and 

industrial research, have the potential to greatly facilitate MOF integration in microelectronics. 

The feasibility of dry deposition is particularly beneficial when very thin, conformal films with 

thickness controlled on the atomistic level are a prerequisite. In contrast to conventional solvent-

based protocols, typically adapted from powder preparation routes, the formation of rough, 

defective films is circumvented. During dry film processing, the MOF precursors are never 

introduced simultaneously into the reaction vessel; instead, they are injected as a series of 

sequential, non-overlapping pulses. In each of these pulses, the reaction between MOF precursors 

progresses until all the reactive sites are consumed. This self-limiting process allows for the high-

precision growth of very uniform films and nanostructures on diverse substrates. As in the case 

of wet MOF techniques, the repetition of the deposition cycles allows for thicker films. 

The dry techniques are sometimes combined with wet chemistry approaches. For instance, 

Fisher’s group developed a two-step strategy for the synthesis of crystalline ZIF-8 nanofilms.170 

The first step consists of the fabrication of 15-150 nm ZnO films either via atomic layer 

deposition (ALD) or confocal radio frequency magnetron sputtering. The second step is realised 

via the immersion of as-synthesised ZnO nanofilms into DMF/H2O solvent comprising dissolved 

mIm linker, with the microwave irradiation facilitating ZIF-8 growth. Depending on the choice 

of ZnO deposition method, either poorly-intergrown layers or well-intergrown films displaying 

rhombic dodecahedrons were developed (Figure 2.24). This discrepancy in the quality of the 

final ZIF-8 films is associated with the orientation of ZnO precursor, with magnetron sputtering 

leading to columnar growth perpendicular to the substrate, as opposed to randomly-oriented 

ALD-grown ZnO layers. Although, the authors underlined that the full conversion of ZnO into 

ZIF-8 can be achieved only within a few nanometre film depth, the developed strategy 

demonstrates the possibility of the combined dry and wet methods in the preparation of 

miniaturised devices. 

Taking into consideration the crucial role of the complete conversion of ZnO into ZIF-8, 

Ameloot’s group developed a strategy that combines two different dry techniques.171 ALD was 

selected as the first step of deposition of vaporised zinc precursor, with consecutive chemical 

vapour deposition (CVD) delivering organic linker (Figure 2.25 a). The key to the success of 

CVD relies on the fact that precursor ions remain localised within a nanometre-range diffusion 

radius, allowing for the efficient transformation of ZnO into ZIF-8. The immobilisation of zinc 

precursor is often enhanced by the deposition of a TiO2 layer, which facilitates the adhesion of 
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zinc ions.5,6,172 The resultant uniform coatings exhibit highly-reflective mirror-finish, comprising 

nanocrystallites forming continuous ZIF-8 layers (Figure 2.25 b). 

 
 

Figure 2.24. Schematic illustration of the synthesis of ZIF-8 films from ZnO nano-precursors 

deposited via ALD (a) or magnetron sputtering (b); and top SEM images of converted ZIF-8 films 

displaying rhombic dodecahedron films achieved via ALD zinc deposition (c) and poorly 

intergrown ZIF-8 layers assisted by magnetron sputtering route (d). Adapted with permission from 

ref. 170. Copyright 2014 Wiley-VCH. 

The efficiency of the combined ALD and CVD strategy was evaluated via the precautious 

monitoring of the variations in the composition and density of the transformed films. The authors 

demonstrated that ultrathin 3-6 nm ZnO layers allow for the complete transformation of ZnO into 

ZIF-8, whereas films obtained from thicker 15 nm ZnO comprise residual precursor (Figure 2.26 

a and b, respectively). As anticipated, transformation of dense zinc oxide to porous ZIF-8 causes 

an expansion of the film thickness, resulting in 52 and 104 nm films when fully converting 3 and 

6 nm ZnO layers, respectively. Simultaneously, the change in the interference-based film 

colouration is observed, indicating transformation of zinc oxide coatings to high-optical quality 

ZIF-8 films. Further ZnO consumption leads to an increase in the film roughness, with crystallites 

up to 500 nm emerging on the film surface. These observations demonstrate that the growth of 

ZIF-8 during solid-vapour conversion process is predominantly confined to the substrate, 

underlining low mobility of deposited zinc ions. The feasibility of the ALD/CVD combined 

strategy was further demonstrated when growing ZIF-8 on silicon pillars, with 25 nm ZnO layers 

were successfully transformed into homogenous ZIF-8 layers (Figure 2.26 c and d). The CVD 

approach marks a milestone in solvent-free processing of compact and continuous ZIF-8 

nanofilms, with the possibility for extending the method to other MOFs. 
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Figure 2.25. (a) Depiction of tow-step deposition of ZIF-8 thin films: step 1 – atomic layer 

deposition of zinc precursor, step 2- chemical vapour deposition of 2-methylimidazole organic 

linker; (b) SEM image of developed ZIF-8 nanofilms (top) and focused ion-beam TEM cross-

section (bottom). Adapted with permission from ref. 171. Copyright 2016 Macmillan Publishers 

Ltd.: Nature Materials. 

 
 

Figure 2.26. High-angle annular dark-field (HAADF) and energy-dispersive spectroscopy (EDS) 

cross-section images of ZIF-8 nanofilms developed via CVD for 6nm (a) and 15 nm (b) ZnO layers; 

SEM images displaying ZIF-8 coated silicon pillar array. Adapted with permission from ref. 171. 

Copyright 2016 Macmillan Publishers Ltd.: Nature Materials. 

 

2.3.4 Localised Film Growth 

For any material to find practical utility, there is a need for its efficient processing and 

formulation into application specific configurations. Achieving desired assemblies requires 

techniques that allow for film growth in confined spaces, with controlled film orientation, 

thickness and surface roughness. Several strategies such as pre-patterning of the substrates 
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171,173,174 or electrochemical methods175-181 have been introduced over the years. Although the 

field is still developing, the proposed synthetic routes towards localised growth of MOFs offer a 

significant advantage over other existing techniques. 

2.3.4.1 Electrochemical Methods 

Electrochemical methods for MOF synthesis were first introduced by scientist at BASF during 

the development of the full-scale production of powdered MOFs.175 Mild environments, shorter 

reaction times and the possibility to control reaction conditions during the crystal growth make 

the electrochemical methods attractive for the preparation of MOF thin films. In addition, the 

ability to control the localisation of the crystal nucleation and growth offers significant 

advantages over other methods, especially when coating of the active sensing areas in the 

integrated devices is required. Although, the progress in electrochemical MOF deposition has 

lagged behind conventional and modified solvothermal techniques, recent development in this 

field demonstrates the enormous potential of electrosynthesis. 

Direct and indirect electrochemical routes exist, differing in the number of the steps involved 

in the overall procedure.182 In the synthesis of MOF coatings, anodic dissolution is one of the 

most common electrochemical techniques.182 Typically, an electrode employed as a source of 

metal ions is placed in a solution of organic linker, often also comprising electrolyte. Upon 

voltage or current appliance, the metal ions are released near the electrode surface reacting with 

the linkers dissolved in the solution, with MOF film growing on the electrode. Usually, a two-

electrode set-up is sufficient to carry out an oxidation reaction. Various MOFs, including ZIF-8 

have been synthesised, via the facile anodic approach, demonstrating the potential of this direct 

electrochemical route.175-177,183,184 

Anodic dissolution can be also performed wirelessly for the growth of nanoparticles on a 

conductive substrate via bipolar electrodeposition.185,186 The bipolar electrochemistry is a 

straightforward route that allows for the intentional confinement of NPs to a targeted area of the 

substrate without the need for surface templating. Yadnum et al. was first to demonstrate the 

applicability of the bipolar electrodeposition for the synthesis of ZIF-8.178 The home-built 

electrochemical cell consists of two outer electrode compartments separated by Nafion 

membranes, preventing the polymerisation of the mIm linker at the electrodes, and an inner 

reaction compartment comprising a zinc wire that serves as both metal source and a substrate for 

ZIF-8 deposition. By applying the voltage, the zinc wire becomes polarised at both ends with 

metal dissolution at one end and the hydrogen evolution on the opposite end (Figure 2.27 a). The 

combination of these two redox couples results in a spontaneous formation of ZIF-8. By 

optimising the reaction time, mIm concentration and applied voltage, site-selective modification 

of the zinc wire was executed (Figure 2.27 b, c and f). The authors also extended the bipolar 

approach to the electrosynthesis of HKUST-1 on a copper substrate allowing for the growth of 

composite Janus type NPs (a specific type of particles displaying two or more distinct  physical 

properties enabling different  chemical reactions occurring on the same particle; Figure 2.27 d 

and e).187 In contrast, the conventional three-electrode setup inhibited the localised MOF growth, 

underlining the crucial role of the bipolar approach in the fabrication of the asymmetric MOFs. 
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Figure 2.27. (a) Mechanism of ZIF-8 formation on the anodically polarised side of a zinc wire via 

bipolar electrodeposition; (b) experiment conducted on zinc wire without electric field and (c) 

optimised bipolar electrodeposition of ZIF-8 allowing for site-selective growth of ZIF-8 

nanocrystals; (d) site-selective modification of a coper bead via optimised synthetic route 

displaying Janus type hybrid HKUST-1; (e) SEM of HKUST-1 nanocrystals grown via optimised 

electrodeposition, and (f) SEM of ZIF-8 crystals grown on the anodic side of the zinc wire. 

Adapted with permission from ref. 178. Copyright 2014 Wiley-VCH. 

 

More recently, anodic dissolution method was successfully utilised in the synthesis of ZIF-4, 

ZIF-7, ZIF-8, ZIF-14, ZIF-67 and ZIF-zni coatings for supercapacitor electrodes.188 Careful 

adjustment of the anodic growth parameters (time, temperature, molar ratios of the precursors) 

allows for localised reaction at the electrode, as opposed to cathodic route that promotes MOF 

growth in the solutions. In addition, the authors were able to obtain topologies other than the 

most thermodynamically stable, potentially expanding the number of structures that could be 

grown via the anodic dissolution. 

Another appealing approach towards electrochemically grown ZIFs consists of two-step 

indirect electrosynthesis. First, ZnO is electrochemically deposited on a substrate, acting both as 

a nucleation site and as a metal precursor. The second step typically involves the use of another 

mature technique allowing for the conversion of ZnO into desired ZIF in the presence of the 

organic linker. For instance, Stassen et al.189 demonstrated solvent-free transformation of 

electrochemically deposited ZnO flakes on a carbon steel support into ZIF-8 film. The 

morphology of the ca. 0.1 µm thick precursor layer displaying randomly stacked flakes is 

preserved in the final ZIF-8 film (Figure 2.28 a and b, respectively). However, it is hardly 

possible to distinguish between crystals that started growing at either side of the single ZnO flake. 

This observation implies that the growing crystallites have penetrated through the original ZnO 

plane, indicating high consumption of ZnO. The authors suggested that these highly hierarchical 

ZIF-8 films have the potential in gas separation, as high sorption capacity is coupled with 

facilitated mass transport due to multiporosity of the films.189,190 
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Figure 2.28. SEM images of electrochemically deposited ZnO layers and arrays and their 

conversion to ZIF-8 films: (a) ZnO flakes deposited electrochemically on carbon steel support;  

(b) ZnO transformed into ZIF-8 film; (c) array of ZnO nanorods; (d) array of  ZnO  nanotubes;  

(e) converted ZnO nanorods and (f) transformed ZIF-8 nanotubes. Adapted with permission from 

ref. 189 Copyright 2013 Royal Society of Chemistry (a and b) and ref. 191 Copyright 2013 

American Chemical Society (c-f). 

Another interesting example of indirect electrosynthesis involves the growth of ZIF-8 on ZnO 

nanorod and nanotube arrays.191 ZnO arrays were grown on an FTO electrode by galvanostatic 

electrodeposition from zinc nitrate and hexamethylenetetramine electrolyte additive (Figure 2.28 

c). Through electrochemical dissolution, the nanorods were etched allowing for the hollow fibre 

structures (Figure 2.28 d). Autoclave-based solvothermal synthesis was selected as a second step, 

enabling the conversion of ZnO-modified FTO surface into ZIF-8 (Figure 2.28 e and f), with 

subsequent heterostructures possessing core-shell morphology. Noteworthy, the transformed 

nanotubes display thinner internal diameter and thicker external diameter, as compared to bare 

etched ZnO arrays, indicating that ZIF-8 grow on both sides of the ZnO arrays. Together with 

ZnO high consumption, this phenomenon reveals that using metal oxides as templates can control 

the nucleation sites by sacrificing themselves when providing metal ions. 

The above examples demonstrate that the electrochemistry provides an optional route for the 

efficient and effective synthesis of ZIFs and MOFs, with good control over the crystal 

morphology. In addition, costly metals such as europium can be electrodeposited as oxides and 

converted to MOFs.192 Although the field is still in its infancy, the number of reports on the 

electrosynthesis of various MOFs is systematically growing. With more research dedicated 

towards the investigation of the effect of the side reactions, oxidation or reduction of the linker 
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and organic solvents, formation of metallic by-products, the electrochemical methods could offer 

facile and efficient routes for depositing of micro- and nanocrystal films in confined spaces. More 

on electrochemical synthesis of MOFs can be found in detailed reviews by Al-Kutubi et al.182 

and Li et al. 193 

2.3.4.2 Photolithography and Microcontact Printing 

Localised growth of MOF films can also be achieved via the utilisation of traditional patterning 

techniques such as photolithography (also termed optical lithography or UV lithography) or 

microcontact printing, µCP (also referred to as soft lithography).194 Both methods allow for the 

area-selective deposition of MOF NPs or even single crystal to realise patterned microstructures 

at mild conditions. Various substrates such as Au sputtered Si wafers, glass, FTO and ITO 

electrodes, as well as polymers can be utilised, demonstrating the feasibility of the patterning 

methods. Similarly to other deposition techniques, enhanced adhesion, film growth and 

orientation can be attained by the introduction of -OH, -COOH, -CH3 terminated SAMs.157,194-197 

In a typical protocol, the fabrication of patterned MOF film is realised via the combination of 

lithography with wet or dry deposition technique. As a result of precise MOF positioning, nearly 

any geometric microstructure can be fabricated, underlining the potential of the MOF patterning 

route. 

Whilst early reports on MOF patterning date back as far as 2005,195 the Hupp group was first 

to utilise both photolithography and microprinting in the fabrication of ZIF-8 patterned films.196 

The photolithographic protocol consisted of the synthesis of a 200 nm ZIF-8 thin film via the 

immersion of the Si wafer in a fresh methanol solution comprising Zn and mIm precursors, 

allowing for in situ crystallisation. A layer of photoresist was subsequently spin coated over ZIF-

8 film. The exposed areas of ZIF-8 film were then etched away by sample immersion in a diluted 

solution of nitric acid. After acetone-assisted removal of the remaining photoresist, an array of 

10 µm x 10 µm squares patterned in ZIF-8 films emerges (Figure 2.29 a (left) and 2.29 b). 

The second method of patterning of ZIF-8 films entails silicon surface modification with a 

CH3-terminated octadecyltrichlorosilane (OTS) SAM that effectively inhibits the deposition of 

ZIF-8. When combined with µCP, the hydrophobic silane SAM offers a route towards area-

selective growth of ZIF-8, featuring ca. 55 µm rectangles (Figure 2.29 a (right) and 2.29 c). High-

magnification SEM imaging reveals more defined edges of the microcontact printed film, as 

compared to the ones obtained via photolithography (insets Figure 2.29 b and c). 

The successful implementation of µCP was also demonstrated by Stassen et al.189 in the 

assembly of hexagonal ZIF-8 motif. Here, the pattern emerges from microprinted zinc acetate 

and its conversion to ZnO via calcination. Subsequent stamping with sol-gel ink allowed for the 

transformation of ZnO into ZIF-8 hexagonal pattern. The sharp edges of the pattern confirm that 

nucleation and crystal growth are restricted to the location of the ZnO precursor pattern. The 

well-defined edges of the print are associated either with the insolubility and therefore immobility 

of the zinc ions in the melted sol-gel or slow diffusion of dissolved species. More recently, Chen 

et al. successfully utilised µCP approach when patterning sol-gel films, where carboxylic acid 
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groups on sol-gel films prompted the adhesion of ZIF-8, allowing for microcrystalline structures 

on ITO glass substrates.174 

 

 
 
Figure 2.29. (a) Patterning of ZIF-8 films via photolithography (left) and microcontact printing 

(right);  and  typical  SEM  images  of  patterned ZIF-8 films obtained by means of 

photolithography (b) and microcontact printing (c). Adapted with permission from ref. 196. 

Copyright 2012 Wiley-VCH. 

 

As an alternative to wet chemistry ZnO conversion approach, the Ameloot group proposed dry 

CVD route to grow ZIF-8 patterns.171 In this study, the lithographically patterned photoresist was 

employed as a mask during vapour-phase material ZnO precursor deposition, with subsequent 

CVD processing (Figure 2.30 a). The removal of the photoresist reveals substrates patterned with 

evenly spaced 1.7 µm diameter rings (Figure 2.30 b and c). The well-defined shapes of developed 

ZIF-8 rings are associated with the solvent-free CVD that prevents the distortion of the 

photoresist and pattern reproduction fidelity, as opposed to typical photoresist removal with polar 

organic solvents. Furthermore, the authors utilised combined µCP and CVD in the patterning of 

PDMS arrays (Figure 2.30 d) that are typically too fragile to withstand the capillary forces during 

conventional solvent processing. The µCP-CVD approach allows for conformally coated PDMS 

without the loss of their original micropattern features, as opposed to solvent processing (Figure 

2.30 e and f, respectively). These functionalised  elastomeric  pillars  have potential in a wide 

range of applications ranging from microfluidic sensing,198 stem cell simulation199 to biomimetic 

adhesives.200 
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Figure 2.30. (a) Depiction of MOF pattern deposition by MOF-CVD and subsequent lift-off 

patterned photoresist; (b) and (c) SEM images of the fabricated ZIF-8 patterns; (d) schematic 

representation of the production of ZIF-8-coated PDMS pillars by soft lithography and MOF-

CVD; (e) SEM image of MOF-CVD-coated PDMS pillars; and (f) SEM image of identical PDMS 

pillars after conventional solution processing of ZIF-8. The MOF-CVD processing steps are 

identical with a dashed line in (a) and (d). Oxide and MOF films are represented in red and blue, 

respectively. Adapted with permission from ref. 171. Copyright 2016 MacMillan Publishers Ltd. 

 

In summary, the microcontact printing and photolithography combined with state-of-the-art 

dry deposition techniques can greatly facilitate the integration of MOFs in microelectronic 

miniaturised devices such as lab-on-a-chip or micro-fluidic assemblies, indicating the next step 

towards development of patterned MOFs for commercial applications.194 

2.3.5 Hybrid MOF Films 

2.3.5.1 Incorporation of Functional Nanoparticle Layers into ZIFs 

The potential applications of MOFs can be extended by encapsulation of various functional 

nanoparticles within the MOF framework. For instance, Lu et al.201 developed a feasible route 

for controlled incorporation of multiple NPs within a single ZIF-8 crystallite. The NPs/ZIF-8 

composites exhibit active optical, magnetic and catalytic properties derived from nanoparticles, 

as well as the molecular sieving effect originating from ZIF-8 framework. In another study, 

Zheng et al.202 demonstrated a facile encapsulation of single noble metal NPs with arbitrary 

shapes within ZIF-8. A comprehensive core-shell morphology of NPs/ZIF-8 nanocomposites 

allowed for selective diffusion of guest molecules towards the active metal core. In both studies, 

the successful encapsulation of NPs in ZIF-8 was promoted by the introduction of surfactants 

such as polyvinylpyrrolidone (PVP)201 or quaternary ammonium solutions.202 

Inspired by the tunability of ZIF-8 composites via correlation of MOF molecular selectivity 

with the response of the incorporated NPs, Zhang et al.203 developed a general strategy to 

controllably deposit various nanoparticles between ZIF-8 layers. First, a glass substrate 

comprising hydroxyl groups was immersed into freshly prepared methanol solution containing 

zinc and mIm precursors, where the in situ crystal growth commenced. Dried ZIF-8 nanofilms 

were then spin coated with various functional NPs of controlled composition, shape and size. 
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The spin coating method was selected as it eliminates the use of strong chemical solvents, 

preventing the corrosion of MOF films or their peeling from the glass substrate. To facilitate the 

growth of additional MOF layers on the hybrid ZIF-8/NPs nanofilms, the NPs were modified 

with PVP, enhancing NPs-ZIF-8 interactions. Subsequently, dense and continuous ZIF-8/NPs 

hybrid thin films with adjustable sandwich structure (Figure 2.31 a-c), displaying the active 

magnetic, sensing and catalytic properties derived from the functional NPs, were obtained. The 

prepared hybrid nanofilms have the potential to broaden the scope of MOF thin film applications. 

 

 
 
Figure 2.31. (a) Cross-section SEM image of Au/ZIF-8 hybrid nanofilm; (b) TEM images of 

NP/ZIF-8 hybrid thin films, displaying sandwich-like structures; (c) digital photograph of various 

NPs/ZIF-8 hybrid nanofilms. Adapted with permission from ref. 203. Copyright 2014 Royal 

Society of Chemistry. 

2.3.5.2 MOF-Coated Colloidal Crystals 

Other studies on hybrid MOF/NPs materials encompass the design of MOF-coated colloidal 

crystals (CCs).204,205 Colloidal crystals, often referred to as photonic arrays, are highly ordered 

assemblies of sub-micrometre oxide or polymer microspheres capable of reflecting light of 

specific wavelength due to the crystals’ periodic nature. Initial studies of MOF-coated CCs 

employed the use of silica beads as templates to prepare MOF-silica CCs hybrid films, where the 

authors demonstrated that the introduction of an ordered CCs arrays enhances the optical 

properties of HKUST-1 and ZIF-8 MOFs.204 

The successful implementation of the aforementioned 3D photonic materials inspired 

Hinterholzinger et al.206 to design one-dimensional MOF photonic crystals (PCs) as platforms 

for organic vapour sorption. Representing the structurally simplest form of photonic crystals, 1D-

PC multilayer structures, also known as Bragg stacks (BS) or Bragg mirrors, interact with visible 

light as a consequence of the periodicity in the dielectric function. Specific wavelengths are 

reflected due to the diffraction and interference of the incident light and require layer thickness 

to correspond to optical wavelengths. Enhanced reflectivity can be achieved either by increasing 
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the number of layers or by selecting dielectric materials displaying high refractive indices. 

Employing two different strategies, the authors fabricated ZIF-8/TiO2 Bragg stacks of high 

optical quality. First approach involved ZIF-8 in situ crystallisation from methanol stock 

solutions, with reaction vessels exposed to vigorous shaking or ultrasonic bath to enhance 

heterogenous nucleation. Dried films were then spin coated with 10-15 nm mesoporous titania 

oxide NPs, with the whole procedure repeated three times to obtain multiple alternating ZIF-

8/mesoporous-TiO2 architectures (Figure 2.32 a and b). The second approach consisted of 

colloidal spin coating of pre-synthesised ZIF-8 NPs, followed by TiO2 deposition (Figure 2.32 c 

and d). The hybrid’s thickness was controlled by the adjustment of the particles concentration 

and/or by repeating the deposition cycles. Both methods towards Bragg stack synthesis yield 

fairly uniform thickness throughout the entire film architecture, with no layer delamination, 

amorphisation upon heating, adsorption or extraction of guest molecules observed. This 

reproducible synthetic route allows for two distinct multi-layered photonic architectures that 

provide the basis for chemical sensors. 

 
 

Figure 2.32. Photograph of 3-bilayer ZIF-8/TiO2 Bragg stacks prepared via: (a) in situ 

crystallisation of ZIF-8 layers or (c) spin coating of ZIF-8 NPs on Si wafers; and cross-section SEM 

images of the corresponding Bragg stacks (b and d). Adapted with permission from ref. 206. 

Copyright 2012 Royal Society of Chemistry. 

More recently, an alternative strategy to prepare MOF-coated monolayer colloidal crystals 

(MCCs) was developed.207 The authors employed nano polystyrene (PS) spheres as MCCs, 

exploiting PS beads’ predisposition to self-assemble. The utilisation of PS colloids allows for 

much faster response towards alcohol vapours, as compared to, for instance, well-studied 3D 

opal sensing prototypes,208-210 and is associated with significantly lower requirement of the 

adsorbed analyte to initiate the sensor. Pursuant to the preparation of densely packed PS 

monolayers, the in situ growth of ZIF-8 ultrathin coatings is realised. Considering that smaller 

crystals adsorb guest molecules stronger than the large ones,211 the authors aimed for small ZIF-

8 particulates. In order to prevent the formation of large crystallites on PS, the MCC substrate 

was immersed in 1:2 Zn2+:mIm precursor solution for a shortened period (ca. 10 min as compared 
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to typical 30 min dipping). These precautions allowed for the control of the ZIF-8 layer thickness, 

with denser microstructures achieved via the repetition of the dipping cycle (Figure 2.33). 

 
 
Figure 2.33. SEM images illustrating different morphologies of ultrathin ZIF-8-coated MCCs for 

one (a) and (e), two (b) and (f), three (c) and (g), and four cycles (d) and (h) of ZIF-8 growth. 

Reprinted with permission from ref. 207. Copyright 2015 American Chemical Society. 

The lack of microscopic continuity makes the MOF@MCCs hybrids unsuitable in molecular 

separations, however, introducing polycrystalline particulate MOF coatings results in higher 

surface area and porosity, which is desirable in chemical sensing. Specifically, grain boundaries 

and interparticulate voids can significantly contribute to the overall MOF sorption capacity.212 

Subsequently, a small degree of dual porosity can facilitate analyte diffusion while sorption 

properties are still dominated by the targeted MOF micropores. To achieve ultrathin 

polycrystalline ZIF-8 coatings of the PS spheres within the sub-nanometre range, the authors 

optimised the synthesis process via the utilisation of different size of the PS colloids, as well as 

the number of the growth cycles. With increasing PS diameter and the number of dip coating 

cycles, significant changes in film colouration were observed (Figure 2.34). Such coating-

dependent optical sensitivity might provide a colourimetric method to directly monitor the 

growth of MOF materials and estimate their thickness with a good approximation. 

 
Figure 2.34. Optical  micrographs  illustrating  the  variations  in  the  colour  of   the  ultrathin  

MOF-coated MCCs supported by silicon wafers for an increasing PS sphere diameter and number 

of ZIF-8 growth cycles (N). Adapted with permission from ref. 207. Copyright 2015 American 

Chemical Society. 
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2.3.5.3 MOFs at MOF Interfaces 

As clearly demonstrated in previous sections, the successful assembly of MOF thin films into 

specific application configurations relies on the interactions between the underlying substrate 

and a MOF of interest. One way to enhance substrate-MOF interactions is to introduce 

heteroepitaxial growth of a MOF at another MOF interface (MOF@MOF). In this instance, a 

close lattice match between the two MOFs is crucial and particularly beneficial when metals 

and/or ligands can be varied without any disruption of the network topologies. For that reason, 

MOFs with isoreticular structures (often referred to as IRMOFs)213,214 are suitable candidates. 

To date, two approaches have been explored to demonstrate the potential of MOF@MOF 

hybrids. The first approach relies on the utilisation of isoreticular series of MOFs enabling yield 

core-shell type crystal morphologies.215-217 Examples include early work of Kitagawa and co-

workers on heterometallic epitaxial growth of tetragonal [M2(ndc)2(dabco)], where M represents 

Zn2+ for core crystal and Cu2+ for the deposited MOF shell.215 The core-shell structure of the 

hybrid MOF@MOF was confirmed via cross-sectional optical microscopy imaging, with green 

colouration of the copper-based shell contrasting colourless zinc core. While there is a ca. 1% 

mismatch between [Zn2(ndc)2(dabco)] and [Cu2(ndc)2(dabco)] unit cell parameters, the rotational 

growth of two Miller domains of the shell lattice allows the maximisation of the coincidence 

angle between the two lattices, subsequently offsetting their mismatch. In the following study, a 

stepwise LbL method on SAMs on Au allowed this mismatch to be offset, resulting in perfect 

coincidence between the two lattices and thus films of preferred orientation.218 Another route 

towards heteroepitaxial growth of hybrid core-shell MOFs consists of varying the ligand source.  

 
 

Figure 2.35. Optical microscope images of core-shell MOFs: (a) IRMOF-3(shell)@MOF-5(core); 

(b) MOF-5(shell)@IRMOF-3(shell); (c) MOF-5(2nd layer)@IRMOF-3(1st layer)@MOF-5(core); 

(d) IRMOF-3(2nd layer)@MOF-5(1st layer)@IRMOF-3(core). Inset colouration: grey-MOF-5, 

orange-IRMOF-3. Adapted with permission from ref. 216. Copyright 2009 Royal Society of 

Chemistry. 
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For instance, Koh et al.216 investigated [Zn4O(dicarboxylate)3] IRMOF series to prepare core-

shell microstructures comprising ligands with different functionalities. By mixing two different 

organic linkers with the same topology, the authors could control crystal growth and nucleation 

to generate core-shell MOF@MOF structures (Figure 2.35 a and b). Furthermore, the addition of 

fragmented core MOF to a solvothermal synthesis easily effected the synthesis of multi-layered 

MOF@MOF, resulting in sequential growth of “Matryoshka” doll-like structures (Figure 2.35 c 

and d). 

The second approach allows for the synthesis of Janus type hybrids by selective epitaxial 

growth.219 Therein, the authors utilised ZIF-8, [Zn(mIm)2]n, and isostructural ZIF-67, 

[Co(mIm)2]m, as both of these MOFs possess sodalite topology with tetrahedral, divalent metal 

centres bridged by mIm ligands.220 Briefly, pre-synthesised 200-500 µm in diameter single ZIF-

8 crystals were partially embedded in a poly(methyl methacrylate) (PMMA) film to passivate the 

bottom part of ZIF-8 crystals (Figure 2.36 a). The embedment of ZIF-8 in PMMA was realised 

at the water-polymer solution interface, effectively trapping ZIF-8. The latter part of the protocol 

encompasses the immersion of the ZIF-8/polymer film in ZIF-67 precursor solution, allowing 

for distribution of purple deposits, identified by XRD as ZIF-67, on the entire surface of the film. 

In contrast, the controlled addition of PVP modulator suppresses ZIF-67 nucleation on the 

polymer surface, targeting selective growth of the purple ZIF-67 only on ZIF-8 crystals (Figure 

2.36 b). Subsequent removal of the polymer yields Janus ZIF-8/ZIF-67 hybrid crystals (Figure 

2.36 c-e).  With  continuously  growing  interest  in  Janus  MOFs,178,221-223   the  straightforward 

 

 

 
 
Figure 2.36. Schematic illustration of the procedure for producing Janus MOF crystals: (a) ZIF-8 

crystals are partially embedded in PMMA; (b) subsequent modification of the exposed portion and 

removal of the polymer resulting in Janus particles; and (c) optical microscope photograph; (d) 

video capture; (e) X-ray fluorescence elemental map of the Janus particles cross-section. Adapted 

with permission from ref. 219. Copyright 2014 Royal Society of Chemistry. 

 

 



 

 

72 

synthesis route broadens the scope of MOFs in applications such as supraparticular assemblies,224 

catalysis,219 or sensing and photonic materials.225 

2.3.6 Two-dimensional MOF Nanosheets 

In recent years, two-dimensional (2D) nanomaterials have gained considerable attention in 

diverse research fields, with substantial efforts devoted to 2D graphene-related materials,226 as 

well as metal oxides227 and transition metal dichalcogenides.228,229 The 2D nanostructures often 

exhibit exceptional physicochemical properties, originating from their sub-nanometre thickness 

and extended lateral dimensions,226-231 making them viable platforms for applications in 

optoelectronics,232 energy harvesting and gas separation.233,234 The demonstrated potential of 2D 

nanostructures stimulated keen interest in developing thin-layered 2D nanosheets derived from 

self-assembled supramolecular systems, where weak non-covalent van der Waals interactions 

between the stacked multi-layers can provide chemical and physical tunability, as well as 

structural flexibility. 

Generally, the 2D nanosheets can be synthesised via either top-down exfoliation or bottom-up 

strategy. The top down approach relies on the disintegration of 3D layered solids; the challenge, 

however, is to retain morphological and structural integrity of the exfoliated layers.234 Recently, 

Peng et al. extended the exfoliation approach to a 3D MOF family.235 The authors utilised a 

polymorph of well-known thermodynamically stable ZIF-7,236,237 poly[Zn2(benzimidazole)4], 

here denoted Zn2(bIm)4,236 as a precursor for 2D nanosheets. The as-synthesised Zn2(bim)4 

crystals exhibit flake-like morphology with 2D layers connected via weak van der Waals forces 

(Figure 2.37 a and inset, respectively). In the 1nm thick layers, each Zn ion is coordinated by 

four benzimidazole (bIm) ligands in a distorted tetrahedral geometry, bridging two Zn atoms via 

a bis-monodentate coordination bond (Figure 2.37 b and c). To retain in-plane structure of the 

layers, soft physical exfoliation was applied in the process of 2D nanosheets fabrication. Pristine 

Zn2(bIm)4 crystals were wet ball-milled at very low speed, followed by ultrasonic-assisted 

exfoliation in volatile methanol/propanol solvent. The hypothetical explanation of the exfoliation 

mechanism, stated by the authors, is that wet ball-milling facilitates the penetration of small 

methanol molecules into the galleries of multilayer Zn2(bIm)4, whereas propanol stabilises the 

exfoliated nanosheets via hydrophobic alkane tails adsorption on the nanosheets surface. 

Subsequent colloidal suspension of 2D nanosheets is clear but exhibits Tyndall effect due to the 

light scattering (Figure 2.37 d). In addition, the 2D nanosheets display higher N2 adsorption 

capacity, as compared to pristine Zn2(bIm)4 crystals. To demonstrate their potential in membrane 

processing, a hot-drop coating process was applied in the deposition of 2D nanosheets on the α-

alumina support. To prevent nanosheets re-stacking into ordered pristine structures, a disordered 

deposition of 2D nanosheets was introduced, resulting in uniform, few nanometre thin support 

coverage, with flexible 2D nanosheets folding over the support edges (Figure 2.37 e). 

As opposed to top-down exfoliation approach, bottom-up strategies allow for ultrathin 

materials at their genesis. In this instance, 2D nanostructures are realised by either imposing 

anisotropic growth238,239 or restricting thermionically favourable layer stacking process.240-242 For 



 

 

73 

 
 
Figure 2.37. (a) SEM image of as-synthesised Zn2(bIm)4 crystals; the inset displays typical flake-

like morphology of the crystals; (b) the asymmetric unit of Zn2(bIm)4 illustrating the coordination 

environment of Zn atoms; (c) architecture of 3D layered MOF precursor; the ab planes are 

highlighted in purple to illustrate the layered structure of the MOF; (d) TEM image of Zn2(bIm)4 

2D nanosheet colloidal suspension displaying the Tyndall effect (inset); (e) SEM cross-section of 

2D Zn2(bIm)4 nanosheet layer on α-alumina support. Adapted with permission from ref. 235. 

Copyright 2014 AAAS. 

example, Zhao et al.239 developed surfactant-assisted bottom-up protocol for the direct synthesis 

of sub-10 nm 2D Zn-TCPP (TCCP = tetrakis(4-carboxyphenyl)porphyrin) MOF nanosheets. 

Therein, the addition of PVP surfactant molecules, which selectively attach to the specific facets 

of the growing MOF, plays an essential role in the formation of ultrathin 2D nanosheets. In 

contrast, the surfactant-free route leads to isotropic crystal growth producing 3D MOF crystals 

(Figure 2.38). Furthermore, the authors extended the surfactant-assisted bottom-up approach to 

a series of nanosheets comprising metals such as Cu, Cd and Co. 

A different bottom-up synthetic route was undertaken in the preparation of 2D CuBDC (BDC 

= 1,4-benzenedicarboxylate) MOF nanosheets.242 The method relies on the diffusion-mediated 

control of the crystal growth kinetics, realised via the utilisation of a reaction medium consisting 

of three liquid layers. The solvents arrangement is in accordance with their densities, with the 

bottom solution comprising BDC acid and topmost solution containing Cu2+ metal precursors, 

both separated by miscible DMF co-solvent (Figure 2.39 a). Under static conditions, Cu2+ cations 

and BDC linker precursors diffuse through the intermediate DMF layer, slowly supplying the 

nutrients for MOF growth.  The advantage of this strategy is that no immiscible phases, that can 
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Figure 2.38. Depiction of conventional and surfactant-assisted synthesis of MOF films. The 

traditional approach generates bulk MOF crystals (top), whereas surfactant-assisted bottom-up 

approach produces ultrathin 2D nanosheets. Reprinted with permission from ref. 239. Copyright 

2015 Wiley-VCH. 

lead to the growth of 3D crystalline MOFs, are present, as in case of interfacial polymerisation.106 

Furthermore, the growth kinetics of the 2D CuBDC nanosheets can be controlled by the 

adjustment of the synthesis temperature, enabling variations of the nanosheets thicknesses. With 

increasing temperature, the <10 nm 2D nanosheets evolved into thicker platelets, and finally into 

anisotropic 30-500 nm crystals (Figure 2.39 b-d). The same three-layer strategy was then 

extended to other 2D MOFs via the substitution of Cu2+ with other metal nodes such as Zn2+ and 

Co2+, or alternative dicarboxylate linkers, underlining the versatility of the method. 

 

 

Figure 2.39. (a) Schematic representation of spatial arrangement of distinct liquid layers during 

the synthesis of CuBDC MOF nanosheets; layers labelled as i, ii, iii correspond to BDC acid 

solution, DMF spacer solvent and the solution comprising Cu2+ ions; and SEM images of 2D 

CuBDC synthesised at 298 K (b), 313 K (c) and 323 K (d). Adapted with permission from ref. 

242. Copyright 2014 MacMillan Publishers Ltd. 

The control of the MOF film thickness and dimensionality was also demonstrated during the 

modular assembly of solvothermally synthesised 2D Cu-TCCP nanosheets.241 The as-synthesised 
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nanosheets were dispersed in ethanol and drop-deposited onto the water surface. Due to their 

hydrophobicity, the Cu-TCCP nanosheets easily spread out to form a continuous film, which can 

be simply transferred to a gold or quartz substrate by stamping. Repetition of this procedure 

enables layer-by-layer assembly of uniformly grown films with nanoscale-controlled thickness. 

The 2D nanosheet-derived films display characteristics similar to SAM-functionalised MOF 

nanofilms, such as preferentially oriented framework and high crystallinity but can be obtained 

at much shorter time spans. 

Although, few reports on the synthesis and assembly of 2D MOF nanosheets exists, the 

preparation of functionalised 2D MOFs is uncommon in literature, as opposed to the diverse 

reports on their 3D counterparts. Only very recently, imparting the functionality to 2D MOF 

nanosheets have been demonstrated by Tan’s group at Oxford.243 Therein, 2D MOF nanosheets 

were extracted from hybrid fibrous gel material synthesised from Zn(NO3)2 and BDC in the 

vicinity of triethylamine deprotonation agent. Extensive washing with DMF, acetone and 

methanol allowed for breaking of the gel fibres, releasing nanosheets, designated as OX-1 

(Oxford University-1) (Figure 2.40). Subsequent sonication was used to exfoliate the OX-1 into 

even thinner 2D nanosheets, suggesting the presence of weak molecular interaction in as-

synthesised mother gel material. Functionalisation of exfoliated OX-1 nanosheets was performed 

simply via in situ mixing of DMF solution comprising luminescent species, allowing for 

photonic-based chemical sensing. 

 
 

Figure 2.40. 2D nanosheets of self-assembled OX-1 MOF: (a) supramolecular synthesis showing 

stepwise development of fibrous soft matter (left), forming a bulk of hybrid gel material (right: 

confirmed by vial inversion test); (b) optical microscopy image of highly oriented fibrous material 

revealing shiny fibre surfaces; (c) SEM images of aligned fibre microstructures, and (d) densely 

packed nanosheets on gel fibres connected by weak intermolecular interactions; (e) TEM images of 

thin 2D morphologies of the exfoliated OX-1 nanosheets; the inset shows similar morphology of 

functionalised nanosheet. Adapted with permission from ref. 243. Copyright 2017 Wiley-VCH. 

Imparting functionality to 2D MOFs was also demonstrated by Falcaro et al. with crystalline 

copper hydroxide, Cu(OH)2, nanotubes and nanobelts serving as inorganic substrates.244 

Cu(OH)2 crystallises with unit parameters of a = 2.95 Å, b = 10.59 Å, c = 5.26 Å. Considering 

that MOF design is realised via the modular synthetic approach, an epitaxially aligned 2D 

framework can be achieved providing the lattice dimensions of the MOF closely match the ones 
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of the substrate. Cu2(BDC)2, constructed from copper paddle-wheel units and 1,4-

benzenedicarboxylic acid (H2BDC), possess a and b lattice parameters that match and align with 

a and c axes of Cu(OH)2 nanotubes. Analogous to the isostructural growth of MOF@MOF, the 

concept of the 2D nanofilms alignment on Cu(OH)2 was successfully achieved, as result of 

matching lattice parameters. The simple immersion of orthogonally oriented Cu(OH)2 deposited 

on silicon surface allowed for almost instant growth of crystals aligned perpendicularly to the 

nanotube surface. The detailed XRD analysis suggested that the lattice parameters of the grown 

MOF were preferentially oriented out-of-plane with respect to the Cu(OH)2 substrate. The 

unusual shape of the perpendicularly grown 2D MOFs arises from a distortion of the b-c plane 

at the Cu2(BDC)2/Cu(OH)2 interface that gives a rise to locally aligning unit cell parameters. 

These readily fabricated, precisely aligned MOF films can orient dye molecules within their 

pores and engender switch “on” and “off” response, demonstrating the potential of new 

generation anisotropic materials. 

To summarise, the discussed supramolecular strategies represent a paradigm shift in the 

preparation of innovative 2D nanomaterials, with tunable thickness and functionality. The 

proposed methodologies will open a new door towards the design of a unique family of low-

dimensional MOF-based smart materials, with potential applications in electronics, 

optoelectronics and photonics. 

2.3.7 MOF Biomimetic Coatings 

There has been an ever-expanding number of reports on biocompatible MOFs for drug delivery 

applications, where a MOF acts as a protective coating and cargo carrier, with pH-triggered 

release of the drug within the physiological environment.245-250 However, there remains a very 

limited number of MOF biomineralised materials prepared by exploiting MOFs rich functionality 

and processability into functional thin films. Originally, the fabrication of MOF biocomposites 

thin films and patterns was achieved via spatial control of pre-synthesised MOFs, with the 

incorporation of biomolecules in a secondary functionalisation step.251,252 However, this two-step 

strategy introduces an additional degree of complexity into the synthesis procedure, resulting in 

time consuming fabrication processes. To overcome these disadvantages, the Falcaro group 

introduced a novel method inspired by natural biomineralisation process.253 

In nature, biomineral coatings develop to protect soft tissue from surrounding harsh 

environments. Examples include an egg shell around the egg white, enamel protecting the soft 

teeth tissue, spikes around a sea urchin and many others (Figure 2.41 a and b). Inspired by this 

widespread phenomenon, Falcaro et al.253 reasoned that robust MOFs can provide a similar 

barrier that enable the embedded biomacromolecules to withstand extreme conditions that would 

typically lead to decomposition or irreversible loss of bioactivity. The introduced method relies 

on biomacromolecules affinity towards both MOF precursors, arising from intermolecular 

hydrogen bonding and hydrophobic interactions.254,255 In a typical experiment of biomimetically 

mineralised ZIF-8, an aqueous solution comprising mIm organic linker and the selected 

biomolecule was mixed with zinc precursor solution at room temperature. Increasing the local 

concentration of both precursors facilitates prenucleation of ZIF-8 clusters, resulting in a rapid, 
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one-step biomimetic crystallisation of MOFs around proteins, enzymes and DNA. After 

centrifugation and washing, a crystalline ZIF-8 comprising encapsulated biomolecules is 

recovered, with crystal morphology depending on the shapes of encapsulated guests (Figure 2.41 

c). Compared with the performance of naturally occurring CaCO3 and SiO2 protective layers, the 

ZIF-8 biomimetic coating provides superior stability of the prototypical horseradish peroxidase 

protein in boiling solvents. The biocomposites’ robustness is associated with the interactions 

between the carbonyl groups of the protein backbone and the Zn2+ cations of ZIF-8. Extending 

the biomimetic approach to other MOFs such as Cu3(BTC)2, Eu2(1,4-BDC)3(H2O)4, Tb2(1,4-

BDC)3(H2O)4 and Fe(III) dicarboxylate (MIL-88A) and other proteins also indicated strong 

protein-MOF interactions due to the Zn-protein backbone coordination. 

 
 
Figure 2.41. Biomimetically mineralised MOF: (a) schematic illustration of a sea urchin, where 

hard porous shell biomineralises around soft biological tissue; (b) depiction of MOF biocomposite 

showing a biomacromolecule encapsulated within the crystalline MOF porous shell; (c) SEM 

images displaying ZIF-8 adopting morphologies of the encapsulated biomacromolecules, from left 

to right: human serum albumin, ovalbumin, horseradish peroxidase and trypsin; scale bar 1 µm. 

Adapted with permission from ref. 253. Copyright 2015 Macmillan Publishers Ltd. 

The use of biomacromolecules as crystal and structural directing agents was also 

demonstrated in another study by Falcaro and co-authors.256 Distinctive crystal morphologies 

were obtained by adding polar and non-polar amino acids into an aqueous ZIF-8 precursor 

solution. The resulting size, morphology and number of biocomposite particles strongly depend 

on the polarity of the amino acid side chains. For instance, increasing hydrophobicity of the non-

polar amino acids leads to morphological transition of spheroid ZIF-8 to the most 

thermodynamically stable rhombic dodecahedron and finally to truncated cube, while reducing 

the particle size and increasing the number of particles. Whilst similar trends were observed for 

the polar neutral amino acids, the negatively charged polar amino acids facilitated the growth of 

small, nearly monodisperse ZIF-8 spheres. When the mixture of two different amino acids was 
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introduced into the MOF precursors’ solution, a bimodal morphology of ZIF-8 biomineralised 

coating emerged, indicating a strong dependency of the mineralising MOF on the shapes of the 

encapsulated molecules. Similar observation of ZIF-8 precursors facilitating and directing the 

growth of the functional protective coating was reported in the fabrication of lipase@ZIF-8 

biocomposites257 and rod-shaped tobacco mosaic virus with tightly regulated MOF shell 

thickness, width and legth.258 

The concept of biomimetic mineralisation was also explored in the fabrication of patterned 

MOF thin films directly from surface bound proteins.259 In this instance, the ZIF-8 pattern was 

replicated from the preserved bovine serum albumin (BSA) protein deposit, imprinted on the 

support surface via stamping. Subsequent deposition of the MOF precursor solution comprising 

metal ions and organic ligands enabled the replication of the protein pattern (Figure 2.42 a). The 

thickness of the ZIF-8 film can be tuned via an additional re-growth step by adding fresh ZIF 

precursors. This approach was then extended to other MOFs (Figure 2.42 b), where Ln ion and 

BDC ligand deposit was immediately (30 s) transferred over the protein pattern. Upon exposure 

to UV light the Ln2(BDC)3 MOF thin film exhibited a fluorescent response, with the BSA 

presence enhancing the UV light induced emissions (Figure 2.42 c). To demonstrate the 

versatility of this technique, the authors extended the deposition of MOFs onto other polymeric 

substrates that for instance could bend without affecting the integrity of the printed pattern. 

Furthermore, a serial microfluidic lithographic technique was employed to deposit BSA dots of 

various sizes, allowing for the sub-micrometre control of biomineralised MOF. 

 

 
 

Figure 2.42. Biomimetically mineralised MOFs on silica supports: (a)  cross-section  SEM of  

ZIF-8; (b) cross-section of Ln2(BDC)3; (c) digital photograph of the Ln2(BDC)3 upon exposure to 

UV light displaying thin films formed without (top row) and with (bottom row) the presence of 

BSA. Adapted with permission from ref. 259. Copyright 2015 Wiley-VCH. 

To summarise, the rapid process of biomimetic mineralisation performed at mild room 

temperature conditions allows for the synthesis of protective coating and imprints with a 

submicron or nanometre resolution range. This biomimetic strategy is forecast to give rise to new 

possibilities in the exploitation of biomacromolecules for biosensors, biomedical devices and 

criminology.253,259 
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2.3 Selected Methods of Thin Films Characterisation 

Characterisation of the films strictly depends on their thickness. Techniques used in the 

identification of the micrometre films are not always suitable for the characterisation of their 

much thinner nanometre counterparts, and vice versa. In the following subsections, relevant 

characterisation approaches are discussed, with the main focus on the techniques employed in 

this dissertation. 

2.3.1 Phase Composition and Orientation of the Film 

The composition and orientation of the film is usually identified by X-ray diffraction (XRD). 

XRD is a non-destructive technique that provides structural information on length scales from 

microns down to atomic levels. A range of different XRD analyses are possible, including the 

collection of full crystallographic data of newly discovered molecules, where structural 

arrangement of the atoms, charge densities, coordination and hydrogen bonding can be 

defined.260-262 

Typically, the high-throughput standard structure determination of a new molecule requires 

micrometre crystals in bulk quantities.260 These molecular structures are reported to Cambridge 

Crystal Structural Database (CCSD) and used for identification of thin film assemblies. Allowing 

for two scattering geometries, termed out-of-plane and in-plane, the XRD technique offers an 

insight into the crystalline film alignment with respect to the underlining substrate. The out-of-

plane mode is a simple Bragg-Brentano geometry, which allows for identification of the films 

assembled parallel to the substrate (i.e. the direction of crystal lattice growth; Figure 2.43 a and 

b). In contrast, the in-plane mode utilises grazing incidence to determine the film composition 

(Figure 2.43 c and d). To obtain the complete XRD pattern the utilisation of both modes is often 

a prerequisite, with valuable information gathered via the combined analysis from both 

diffraction modes. 

In most cases, the simple comparison between the CCSD reported structures and the 

laboratory obtained XRD patterns is sufficient to accurately describe the film morphology and 

orientation. However, it is possible to grow thin film structures that cannot be synthesised in a 

single crystalline or bulk powder form, essential for the full XRD structural identification of a 

new structure.149,150 In this instance, supplementary computational analyses are sometimes 

employed, allowing for the build-up of the full structural model from related known structures. 

The X-ray photoelectron (XPS) and Fourier Transform Infrared (FTIR) spectroscopy analyses 

are often simultaneously run to assist the computational development of the model. The former 

can provide a measure of chemical or electronic state of the elements within the existing material, 

as well as elemental composition at parts per thousand range. The latter enables the collection of 

high spectral resolution data of the sample exposed to a multiple frequency light beam, providing 

quantitative information based on the absorbed frequencies characteristic for each molecule. 

However useful, these approaches are not always applicable for the analysis of new crystalline 

structures that only develop on specific substrates but are difficult or impossible to obtain in a 

bulk powdered form. 
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Figure 2.43. Depiction of out-of-plane XRD mode (a) with corresponding XRD pattern for ZIF-8 

films prepared via repetitive LbL dip coating (b); and in-plane mode (c) with corresponding XRD 

pattern of 40 cycles ZIF-8 film (d). Figure (b) and (d) adapted from ref. 137. Copyright 2010 

American Chemical Society. 

In addition to structural determination, the XRD analysis can also provide some insight into 

the film morphology and homogeneity. For instance, domain size of the crystallites can be 

calculated using Scherrer equation263,264 or more advanced computational tools.265 This approach 

is particularly insightful and beneficial when a single or multistack layer of highly oriented 

nanofilms is considered. In this instance, the linear growth of the self-terminated oriented film 

corresponds to the number of applied 2 Theta scan cycles multiplied by the crystal cell 

dimension.149 In the case of highly oriented films, the prominence of the highest peak designates 

the preferred orientation of the crystalline layer, whereas peaks diminishing and broadening 

indicate the reduction in crystal size. In contrast, randomly oriented layers display peaks of a 

similar intensity. 

Energy Dispersive X-ray Spectroscopy, referred to as EDS, EDX or EDXS, is another 

technique that can provide complementary elemental or chemical information with respect to 

film composition.266 EDXS relies on the high energy X-ray beam interacting with the exposed 

sample, owing to a unique response of the X-ray excited element. The intensity and the back 

emitted X-rays, characteristic for each analysed specimen, enable the elemental identification of 

the layer. Coupled with scanning electron microscopy (SEM), the EDXS technique allows for 

elemental mapping of the sample displaying the spatial distribution of the elements.   
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2.3.2 Film Morphology and Thickness 

The study of thin film morphology can provide a useful insight into its future potential 

applications. The most common techniques applied include field-emission scanning electron 

microscopy (FE-SEM)267 and atomic force microscopy (AFM).268 SEM allows for top and cross-

sectional visual examination of the films. Sputtering of the sample with Au, Pt or Pd is often 

required in order to obtain good resolution images of non-conductive samples. In the case of 

thicker polycrystalline films, SEM is usually sufficient to estimate the film thickness. However, 

ultrathin samples may not always be suitable for adequate examination of the film morphology, 

due to, for instance, high electron charging causing significant damage to the sample. In this 

instance AFM allowing for the local study of the film homogeneity and roughness, is often 

employed.164,269 A specific example includes the monitoring of the epitaxially deposited HKUST-

1 MOF on SAM-terminated surface as a function of LbL growth cycle.269  In this case, the AFM 

study gave direct evidence of the linear growth mode of the film, with an increase of the film 

thickness corresponding to half of a unit cell per deposition cycle. The surface roughness of the 

45-cycle film oscillated around 5-6 nm, equivalent to step heights of only two-unit cells, 

displaying high lateral homogeneity. 

Spectroscopic ellipsometry (SE) is another non-destructive technique allowing for precise 

estimation of the film thickness and profiling of the film surface. The SE relies on the changes 

in the polarisation state of the light reflected from a film layered on a substrate. In a typical 

experiment, a certain angle reflection light from a sample generates changes in the light 

polarisation state, with the reflected light adopting an elliptical shape (Figure 2.44). A probing 

beam provides two angle information with respect to the reflected polarised light: psi (Ψ) and 

delta (Δ), with Ψ representing the angle determined from parallel (p) and perpendicular (s) plane 

of incidence, and Δ representing the phase difference between the two components analysed. In 

certain cases, Ψ and Δ can be directly used to calculate the properties of the sample such as  film 

 
 

Figure 2.44. Principle of ellipsometric measurement, adapted with permission from ref. 274. 

Copyright 2007 Maruzen. 
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thickness, h, and refractive index, n, providing valuable information with respect to film 

homogeneity, roughness and density. In more complex cases, models enabling the qualitative 

information are employed. The layer thickness that can be determined via SE ranges between 30 

– 2000 nm.270-273 In case of MOF thin film analysis, smooth layers assembled from pre-formed 

nanocrystals or by stepwise deposition of reactants, intermitted with careful washing of unreacted 

species, are prerequisite, as larger crystals induce light scattering effect complicating the analysis 

or making it impossible. Another crucial requirement for SE is that the support beneath the 

deposited film needs to be very well defined in advance. Suitable substrates include polished 

silicon wafers, glass slides, metallic disks and polished gamma-alumina. An easy assembly of 

MOF thin films on these types of supports makes the SE a convenient method for obtaining 

valuable information with respect to film morphology. More information on the qualitative and 

quantitative in situ SE analysis can be found in academic textbooks.274,275 

2.3.3 Sorption and Porosity Measurements 

The application of a specific MOF strictly depends on its porosity and sorption capacity. The 

accommodation of guest molecules within the activated (i.e. solvent-free) MOF micropores can 

provide valuable qualitative and quantitative information with respect to accessible material 

voids. During sample drying and activation, special precautions must be undertaken to avoid 

delamination of the supported film and thermal-induced crack formation, that significantly affect 

final film morphology. To circumvent the occurrence of these defects, low-temperature 

activation methods are preferred. Solvent exchange for a more volatile one or drying near the 

saturation conditions often prevents the formation of film defects. Another approach involves 

displacement of a solvent from the pore cavities with vacuum or an inert gas such as N2. 

Typically, standard N2 or Kr measurement of the bulk powdered sample provides sufficient 

information with respect to the material porosity, with the extracted data considered sufficient to 

describe micrometre thick film assemblies. However, in the case of ultrathin films (nanometre 

range), very sensitive techniques that can provide accurate qualitative and quantitative 

information are required. A straightforward method involves quartz crystal microbalance (QCM) 

equipment. Thin samples synthesised under mild conditions are compatible with sensitive QCM 

substrates, as the QCM surface can be easily covered with gold or SiO2, allowing for growth of 

ultrathin films with controllable thickness.276-281 A sample is then placed in an isolated QCM cell, 

with controlled dosage of the vapourised analyte. The sorption of the analyte is detected as a shift 

in frequency and converted to a mass uptake using Sauerbrey equation.282 Sorption isotherms of 

water and volatile organic compounds (VOCs) were successfully recorded on HKUST-1 and 

MIL-101 MOFs, and BTEX (benzene, toluene, ethylbenzene, xylene) compounds and hexane 

isomers can be also systematically detected in ZIFs. The investigation of MOF/QCM devices is 

beneficial for the practical applications of ZIF sensors based on array-sensing technology. 

Porosity of the ultrathin film assemblies can be also estimated via SE.283 In this instance, the 

optical properties of the host MOF matrix and the guest molecule can be assessed using an 

effective medium approximation theory proposed by Bruggeman (BEMA).284 BEMA theory is 

based on the assumption that the mean optical dispersion of a medium consisting of two different 
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dielectric substances can be estimated by mixing their dielectric constants or refractive indices. 

In other words, the polarizability of the intruded material is related to the polarizability of the 

hosting MOF. As such, the porosity of a MOF can be expressed as a combined value of refractive 

indices of accessible void (n = 1) and MOF framework (nfram > 1).134,137 The BEMA approach 

can be also used to determine sorption isotherms of different volatile molecules entering MOF 

pores. In this instance, inserting any polarisable molecule into a MOF cavity allows for a 

displacement of vacuum or an inert gas, resulting in an increase of the overall refractive index, 

n. In addition to the in situ monitoring of the analyte uptake, changes in the film thickness can 

be simultaneously recorded. This approach could be particularly beneficial when investigating 

MOFs possessing flexible frameworks (e.g. ZIF-8), where the nanoscale monitoring of the film 

thickness changes upon analyte uptake can provide information with regards to prolonged film 

response and swelling. In addition, more advance studies allowing for the determination of the 

analyte diffusivity in the film are possible. 

2.4 Potential Applications of ZIF Thin Films and Coatings 

During the last decade, major breakthroughs on MOFs allowed for the demonstration of their 

potential in diverse applications, opening up a revolutionary direction for interdisciplinary 

research across various scientific fields. Combining materials, chemical, biological and nano 

sciences, the integration of MOFs into functional thin film devices became a realistic option with 

the possibility to replace some of the state-of-the-art industrial thin film devices. In the following 

sections, an overview of the potential applications of a MOF thin films and coatings is thoroughly 

discussed, with the emphasis on ZIFs. 

2.4.1 Separations 

In general, the adsorption-based separation in MOFs relies on four phenomena: steric hindrance, 

kinetic separation, equilibrium separation and gate-opening, or their co-existence. Separation 

based on steric mechanism is a result of molecular sieving effect that relies on size and shape 

exclusion of the molecules entering MOF pore openings. Kinetic separation is associated with 

the differences in diffusivities of the guest molecules, which involves molecular interactions 

between gas molecules, as well as collisions between guest molecules and the walls of porous 

MOF channels. Typically, molecular diffusion and Knudsen diffusion can be distinguished and 

relate to the Knudsen number, Kn, expressed as the ratio of the gas mean path (λ) to the pore 

diameter of the MOF channel (dp). Molecular diffusion (or continuum diffusion) refers to the 

relative motion of various gas species and governs the total diffusion process, when λ is at least 

one order greater than dp. When λ is of the same order of magnitude as dp, Knudsen diffusion 

becomes dominant. Generally, the Knudsen process is significant only for small pore diameters 

and at low process pressures. The transport of guest species through MOF pores also depends on 

equilibrium separation, in which case dp is large enough to allow for passage of all entering 

molecules, with the separation performance reliant upon magnitude of isosteric heat of 

adsorption, Qst. The Qst value signifies the relative affinities of guest adsorbates towards the MOF 

surface. In contrast, the gate-opening phenomena is associated with structural transition of an 
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inaccessible non-microporous structure to open porous structure upon pressure-induced gas 

sorption. The gate-opening phenomena is also observed in porous ZIFs, and, in this instance, is 

related to the swing effect of imidazole linkers,285 allowing for the entry of molecules with larger 

kinetic diameter, dk, than that of MOF dp estimated from theoretical calculations based on a rigid 

crystal structure.286,287 Noteworthy, the four mechanisms often overlap. 

2.4.1.1 Membrane-based Processes 

Several approaches have been proposed to develop thin MOF membranes, and can be classified 

into the following categories: (i) purely crystalline membranes, (ii) MOF composites and (iii) 

two-dimensional nanosheets. The pore size of ZIF-based membranes is typically below 5 

Å,15,220,237,288-293 which is within the range of small gas and liquid molecules. Over the years, 

considerable efforts have been made, with some successful developments demonstrated in gas 

separations such as hydrogen purification, natural gas upgrading, CO2 capture, separation of light 

hydrocarbons, olefin/paraffin mixtures and linear and branched alkane isomers, as well as in 

liquid separation via pervaporation. 

The performance of a specific membrane thin film assembly depends on the thickness 

of the layer and its continuity. Reducing the film thickness from micro to nanometre enhances 

the diffusion of guest molecules, whereas the prevention of defects formation increases 

membrane selectivity. The basic equations for membrane separations are based on Fick’s law: 

                                                                𝐽𝑖 = −𝐷𝑖𝑗
𝑑𝑐𝑖

𝑑𝑥
                                                      (Eq. 2.1) 

where Ji is the flux of component i (mol m-2 s-1), Dij is the diffusion coefficient (m2 s-1) and dci/dx 

is the concentration gradient for component i over the thickness x (mol m-3 m-1). When 

considering gases, eq. 2.1 converts to: 

                                                                𝐽𝑖 =
𝑃𝑖

𝑙
(𝛥𝑝𝑖)                                                       (Eq. 2.2) 

where Pi = Di · Si is the permeability of i (D is diffusion x S solubility) and Δpi/l is the partial 

pressure driving force of component i. Permeability of the membrane can be also expressed as 

the flux of the component i through the membrane per unit driving force per unit membrane 

thickness, with Barrer unit (1 Barrer = 10-10 cm3 (STP) cm cm-2 s-1 cmHg-1). Similarly, the flux 

and the permeance can be written for single gas j. The ideal selectivity (also termed ideal 

separation factor or permselectivity), 𝛼𝑖𝑗
∗ , is defined as the ratio of the two permeances Pi and Pj: 

                                                                  𝛼𝑖𝑗
∗ =

𝑃𝑖

𝑃𝑗
                                                            (Eq. 2.3) 

The separation factor for gases in a mixture, αij, is expressed by the mole fractions of the 

components in the feed x and the permeate y: 

                                                                 𝛼𝑖𝑗 =

𝑦𝑖
𝑦𝑗
𝑥𝑖
𝑥𝑗

                                                            (Eq. 2.4) 
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In practice, gas permeation unit (GPU) is often employed to characterise membrane performance, 

where 1 GPU = 1 x 10-6 cm s-1 cmHg-1 = 3.3 x 10-1 mol m-2 s-1 Pa-1. 

 In separation of liquid mixtures via pervaporation, where a liquid stream of a feed 

mixture comprising two or more components flows on one side of a membrane, with the 

penetrants of appropriate size diffusing through the membrane and being collected on the other 

side by purge gas or vacuum-induced evaporation. In this instance, the flux of a component i is 

expressed in terms of partial vapour pressures on both sides of the membrane: 

                                                            𝐽𝑖 =
𝑃𝑖

𝐺

𝑙
(𝑝𝑖𝑜 − 𝑝𝑖𝑙)                                                 (Eq. 2.5) 

where pio and pil are partial vapour pressures of component i on the feed and permeate side, 

respectively, 𝑃𝑖
𝐺  is the gas separation permeability coefficient and l is the membrane thickness. 

2.4.1.1.1 Separation of Small Gas Molecules and Light Hydrocarbons 

Early synthesis of ZIF (and other MOF) membranes on porous supports was aimed at 

development of well-intergrown polycrystalline layers, with the covalent bonding between the 

substrate and MOF deposit often improving film continuity, as well as membrane 

permselectivity.8,11-14,24 Solvothermally grown ZIF-7, ZIF-8, ZIF-22 and ZIF-90 were 

successfully deposited on porous alumina and titania substrates, with film thickness ranging 

between 1 – 70 µm. However, with a few exceptions, the performance of polycrystalline 

micrometre films grown on porous substrates is rather poor with GPU values rarely exceeding 

35, the threshold at which a membrane becomes commercially viable.294 This inefficient 

membrane performance is associated either with defects such as cracks, pin holes and grain 

boundaries related to tensile stresses occurring during film drying (Figure 2.45 a-d), or 

difficulties in repeatability of the synthesis process on relatively rough porous substrates (Figure 

2.45 e). Common practices to heal defective polycrystalline membranes include repetition of the 

synthesis cycle, support infiltration with precursors, as well as support modifications and seeding. 

However often these approaches lead to continuous and denser crystalline layers, subsequently 

increasing membrane selectivities, but at the same time also resulting in much thicker films, 

contributing to much lower values of gas permeation. 

ZIF-8 belongs to one of the most studied MOF thin film assembles. To some degree, ZIF-8 

membranes can separate small hydrogen molecules with dk of 2.9 Å from larger ones, as ZIF-8 

possesses pore aperture of 3.4 Å. For instance, single gas permeation tests at 298 K and 1 bar 

resulted in α* of 12.5 for 1:1 H2:CH4, considerably exceeding Knudsen separation factor of ca. 

2.8, indicating that the separation performance depends on the molecular sieving effect.5,24 Ideal 

separation factors above 11, much greater than corresponding Kn, were also reported for H2/N2 

separation, with H2 permeances ranging between 1.75 and 2.4 x 10-7 mol m-2 s-1 Pa-1.8,296 

Furthermore, assembly of much thinner, ca. 5 µm, ZIF-8 membranes on hollow fibre α-alumina 

supports allowed for an order of magnitude higher H2 permeances in the region of ca. 1.1 x 10-6 

mol m-2 s-1 Pa-1, with ideal separation factors of 5.2, 7.3 and 6.8 for H2/CO2, H2/N2 and H2/CH4, 

respectively.36 Even higher ideal selectivity, > 1000, was achieved in H2/C3H8 permeation tests,31 
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Figure 2.45. Defected polycrystalline ZIF-8 membranes grown on porous  α-alumina supports:  

(a) SEM displaying crack formation upon membrane cooling; (b) SEM showing  pin-holes  in 

well-intergrown layer; (c) cross-section TEM with (d) traced grain boundaries for the improved 

visibility of the columnar crystal growth; (e) top SEM displaying lack of layer continuity. (a) and 

(b) unpublished data, ref. 295; (c) – (e) adapted with permission from ref. 24; copyright 2011 ACS 

Publications. 

underlining the molecular sieving effect of 2 µm thick ZIF-8 hollow fibre membrane. Notably, 

when separating small gases from binary and ternary mixtures comprising CO2, strong 

interactions between the acidic CO2 sites and ZIF-8 dominate, resulting in adsorption-diffusion 

based mechanism. This hypothesis is supported by decreasing separation factors for binary CO2 

mixtures, as compared to ideal α* in single gas permeation tests.297 Favourable increased 

interactions between CO2 and ZIF pores were also reported for SIM-1, which is isostructural with 

ZIF-7 and ZIF-8.298 Despite its reduced cavity size stemming from bi-functionalised imidazole 

linker, SIM-1 membranes show higher CO2 fluxes than its isostructural counterparts, and are 

attributed to interactions between CO2 molecules and the polar aldehyde group in SIM-1 pores, 

as evidenced by increased heat of adsorption.298 

Until recently, minimisation of non-selective defects was realised via preparation of thicker 

membranes that display an inverse relationship between permeance and selectivity. In contrast, 

Peng et al.235 found an anomalous proportional relationship between permeance and selectivity 

for developed 2D Zn2(bIm)4 nanosheets (Figure 2.45 a and b). The H2 permeance varied between 

760 and 3760 GPUs along with the variations of H2/CO2 selectivity from 53 to 291. The non-

zero permeance of CO2 through ca. 2.1 Å four-membered Zn2(bIm)4 window is attributed to the 

flawed sealing of the 2D nanosheets layers, although, the authors suggested that CO2 

impermeable and superselective molecular sieve could be obtained if the membrane consisted of 

fully disordered nanosheets. The 2D Zn2(bIm)4 nanosheet membranes were also tested for 
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thermal and hydrothermal stability, demonstrating no degradation in prolonged tests of 120 

hours. The performance of these nanosheet membranes exceeds the latest Robeson’s upper bound 

(an empirical plot that shows a trade-off between selectivity and permeability of gases, whose 

upper boundary is often used to evaluate the membrane performance) for H2/CO2, as well as 

performance of other 3D MOFs, and  is  indicative  of  future  directions  for  development  of  

practical  membranes. 

 
 

Figure 2.45. Performance of membranes derived from 2D Zn2(bIm)4 nanosheets: (a) H2/CO2 

selectivities measured from 15 membranes assembled on alumina support at different 

temperatures; (b) anomalous relationship between selectivity and permeance measured for all 15 

membranes. Adapted with permission from ref. 235. Copyright 2014 AAAS.  

Typically, diffusivity of gasses in defect-free ZIF membranes decreases with increasing 

molecular size of gaseous permeates: He > H2 >> CO2 > N2 > CH4 > C2H6 >> C3H8,299 with 

corresponding permeances following the same order.5,31,36,42 In cases of binary or ternary 

mixtures, hydrogen permeance is not adversely affected by the presence of a larger, 

comparatively slower diffusing molecules as a result of advantageous ZIF pore structure. With a 

sharp cut-off observed between H2 and other permeates (Figure 2.46), as well as demonstrated 

hydrothermal stability in the presence of steam,15,43,298 ZIF membranes were initially assumed to 

be suitable for separation of gases based on ZIF window size. However, the size of the pore 

aperture was found to unlikely be a limiting factor, as evidenced by non-zero permeance of gases 

with dk larger than pore openings, arising from the swing effect of the imidazole linkers.285,300,301 

For instance, ZIF-8 was predicted to show high membrane permselectivity towards CO2/CH4 

mixtures in theoretical calculations based on a rigid crystal structure.287 However, practical 

experimentation show that molecules as large as benzene (dk of 5.8 Å) can diffuse into ZIF-8 

micropores45. Other ZIFs also display a similar behaviour in the vicinity of guest molecules that 

possess dk exceeding diameters of ZIFs’ pore openings.12,235,302,303 The window flexibility opens 

up new opportunities for ZIFs as potential materials with unique separation properties, as 

explained below. 

Based on the empirical results, the effective aperture size of ZIF-8 is about 5.8 Å, up to a 

maximum of 6.3 Å.304 This surprising flexibility is associated with the transitory opening of the 

pore aperture (Figure 2.47), which acts as a gate allowing for the entry of the passing molecules 

and closes again when they entered the cage. Window flexibility plays an important role when 
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Figure 2.46. Permeation of single gases through ZIF-8 membrane in relation to the kinetic 

diameters of the gases measured at room temperature via Wicke-Kallenbach technique. Adapted 

with permission from ref. 30. Copyright 20112 Royal Society of Chemistry. 

the competitive adsorption and difference in permeate diffusivities are identified as the prevailing 

separation mechanisms. For instance, ZIF-8 polycrystalline membranes are able to separate 

krypton and xenon mixtures at industrially relevant compositions (92:8 Kr/Xe), representing a 

promising alternative to the benchmark technology – cryogenic distillation, currently employed 

to upgrade krypton gas mixtures.305 In their study, the authors demonstrated that smaller Kr 

molecules (dk ≈ 3.6 Å) diffuse through ZIF-8 pores much faster that larger Xe molecules (dk = 

4.1 Å), with membrane selectivities up to 16 and GPU of 51, falling in the range of the 

commercially viable membranes. The relatively good performance of ZIF-8 membrane is 

attributed to higher Xe polarisability than Kr,306 resulting in much stronger van der Waals 

interactions with -C=C- in the imidazole ligand, the preferential adsorption site in ZIF-8 porous 

cage.307 

 

Figure 2.47. Transitory deformation of ZIF-8, illustrating pore opening phenomena allowing for 

the accommodation of molecules with kinetic diameters larger than ZIF-8’s 3.4 Å pore apertures. 
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2.4.1.1.2 Separation of Olefin/Paraffin Mixtures 

Industrial separation of olefins from paraffins is one of the most energy-intensive large scale 

distillation processes in the petrochemical industry.308 The difficulties in separation stem from 

similar molecular sizes and close relative volatilities of these saturated and unsaturated 

hydrocarbons (few K differences in boiling points), with columns containing over 100 trays and 

operating pressures up to 30 bars being a necessity to effectively carry out the separation 

process.309 An alternative olefin/paraffin separation technology with low energy consumption 

could significantly reduce the operating expenditure. 

Li et al.302 were first to report single-component diffusion studies of propylene and propane 

in three isostructural ZIFs, namely Zn(2-cIm)2 (2-cIm = 2-chloroimidazolate), Zn(2-bIm)2 (2-

bIm = 2-bromoimidazolate) and ZIF-8. Although, under equilibrium conditions ZIF-8 displays 

almost identical propylene and propane adsorption uptake with similar Qst at low loadings, the 

diffusion rates of propylene and propane through ZIF-8 pores differ significantly. For instance, 

C3H6/C3H8 ratio of diffusion rates through ZIF-8 at 30 °C is as high as 125 (Figure 2.48 a). In 

contrast, C3H6/C3H8 diffusion ratio in Zn(2-cIm)2 is 60, indicating that the effective size of the 

pore openings in these ZIFs is the controlling factor determining the separation capability. Owing 

to a significant difference between propylene and propane diffusion, ZIF-8 has become one of 

the most studied membrane assembly in separation of these hydrocarbons. Reported propylene 

permeances through polycrystalline ZIF-8 films assemblies on porous supports are in the range 

of 10-8 mol m-2 s-1 Pa-1, with C3H6/C3H8 selectivities varying between 30 and 50,32,40,299,310 

surpassing Robeson upper bound trade-off of existing polymer and carbon membranes. The 

determined diffusivities through ZIF-8 membranes are 1.25 x 10-8 and 3.99 x10-10 cm2 s-1 for 

propylene and propane, with respective activation diffusion energy of 12.7 and 38.8 kJ mol-1.299 

Furthermore, performance of scalable and inexpensive hollow fibre ZIF-8 membrane modules 

was quantitatively characterised during the separation of binary equimolar C3H6/C3H8 mixture as  

 

Figure 2.48. (a)  Propylene and propane uptake, Q, by powdered ZIF-8 as a function of the square 

root of time. Adapted from ref. 302. Copyright 2009 ACS. (b) Propylene/propane separation factor 

and  propylene  permeation  through  PDMS  sealed  hollow fibre  ZIF-8  membrane  module  as  

a function of temperature. Adapted from ref. 108. Copyright 2014 AAAS. 
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a function of temperature.108 Although, the initial unusually low α values, associated with the 

bypass of the feed through the ends of the fibres, oscillated around 2, the PDMS sealed assemblies 

allowed for α of 12 and propylene permeance of up to 35 GPU (Figure 2.48 b). 

Contrary to separation of C3 olefin/paraffin mixtures, both computational and experimental 

studies indicate that the separation of C2 hydrocarbons with ZIF-8 is quite limited.7,311-313 For 

example, polycrystalline ZIF-8 membranes developed by Bux and co-workers7 show relatively 

low selectivities of 2.8 and 2.4 for equimolar C2H4/C2H6 at 1 and 6 bar, respectively. Independent 

sorption uptake studies performed by the same group on a single ZIF-8 crystal by IR microscopy 

in combination with grand canonical Monte Carlo (GCMC) simulations revealed favourable 

ethane adsorption selectivity competing with preferential ethene diffusion selectivity.7 In other 

words, greater ethene diffusivity overcompensates the adsorption preference for ethane, resulting 

in a membrane permselectivity for ethene. In addition, calculation based on ideal adsorption 

solution theory (IAST) show that increasing ethene concentration in the feed gas mixture results 

in indistinguishable loading capacities between C2H4 and C 2H6, as compared to 1:1 equimolar 

binary C2 feed.  

A more realistic evaluation of ZIF-8 performance in separation of C2H4/C2H6 binary mixtures 

was obtained by the detailed analysis of ethene/ethane streaming through a ZIF-8 bed reactor.313 

Under ambient conditions, passing a typical cracked gas mixture of 15:1 C2H4/C2H6 (relevant to 

industrial operations) through 1 litre of ethane-selective ZIF-8 adsorbent directly produces >50 

litres of ethene with 99% + purity. Similar to the behaviour observed in separation of binary 

C2H4/C2H6 mixtures via membrane-based processes, an increased C2H4 concentrations in the feed 

stream result in lower C2H4 productivities, as compared to 1:1 molar feed mixtures. Analogous 

observations were also reported for ZIF-7 and are attributed to the extremely low C2H4 adsorption 

capacity of these ZIF adsorbents in the low pressure region.303,13,314 Single-crystal X-ray 

diffraction and computational simulation studies showed that C2H6 adsorption selectivity arises 

from the positioning of multiple electronegative and electropositive functional groups on the 

microporous ZIF pore surface, which form multiple C-H---N hydrogen bonds with C2H6 instead 

of the more polar C2H4.313,315 Although, MOF (e.g. MAF-49) examples of ultrahigh adsorptive 

separations that strongly favour saturated ethane over unsaturated ethylene exist,313 the in situ or 

post-synthetic functionalisation of ZIF linker molecules might allow the controlling of the 

interactions with the olefins to improve C2H4/C2H6 selectivity. Using alkane-selective adsorbents 

may accomplish adsorptive olefin/paraffin separations with fewer cycles and less energy, as 

compared to current industrial adsorbents.313 It is also believed that the combination of aperture 

flexibility and pore dilation make ZIF-8 a suitable candidate in separation of iso-butene from iso-

butane, with iso- C4H8/iso-C4H10 kinetic selectivities of 180 based on powder samples.316 

2.4.1.1.3 Separation of Linear, Branched and Aromatic Isomers 

The unexpected molecular sieving properties of ZIFs opened up new opportunities in 

hydrocarbon separations that cannot be economically achieved via conventional microporous 

adsorbents such as zeolites. For instance, zeolite 5A, commonly used in the purification of the 

contaminated industrial product of catalytic isomerisation of linear alkanes, only selectively 
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adsorbs unreacted linear n-hexane but fails to separate di-branched alkanes from mono-branched 

ones.317 As the di-branched hexane isomers such as 2,3-dimethylbutane (2,3-DMB) and 2,2-

dimethylbutane (2,2-DMB) possess high Research Octane Number (RON), typically increasing 

with the degree of alkane branching,318 they form the major components of gasoline. The search 

for alternative sorbents that could selectively separate di-branched alkanes from mono-branched 

and linear ones in order to achieve high RON is on-going, with highly microporous and thermally 

stable MOFs being of particular interest. Amongst a few MOFs that have shown promising 

results in separation of linear alkanes from their branched isomers,317-326 ZIFs gained 

considerable attention due to their rapid, yet selective adsorption of large hydrocarbons. 

Computational studies performed on over 100 crystalline materials, including MOFs, highlighted 

the superior separation performance of ZIF-77, which is able to fractionate the alkane isomers 

individually according to their degree of branching.327 It is suggested that the selective separation 

of ZIF-77 originates from its non-cylindrical pore structure, where the larger main channels 

confine linear and mono-branched alkanes, whereas the smaller channels size-exclude the mono- 

and di-branched alkanes. Compared to conventional zeolites, ZIF-77 displays up to two orders 

of magnitude selectivities in C6 alkane separation.327 

Experimental investigations also demonstrated the potential of ZIF-8 as a competitive 

alternative to zeolite 5A in separation of n-hexane isomers.317,328 For instance, studies performed 

on n-hexane/2,2-dimethylbutane/3-methylpentane ternary mixture showed a complete separation 

of n-hexane from branched paraffins at temperatures ranging from 313 to 423 K and partial 

pressures up to 20 kPa.328 The separation process is considered kinetically-driven by gate opening 

phenomena. Another study by Ferreira et al.304 also demonstrated selective adsorption of 2,3-

DMB with dk of 5.8 Å, whereas larger 6.2 Å 2,2-DMB molecules were rejected, suggesting that 

the effective ZIF-8 pore aperture is about 5.8 Å. Considering that the theoretical size of ZIF-8 

accessible window aperture is 3.4 Å, the observed sorption behaviour confirms the dynamic 

flexibility of ZIF-8 pore window. 

Even more surprising results were reported by Peralta et al.,329 whose XRD and 1H NMR 

studies demonstrated for the first time that ZIF-8 can accommodate large aromatic C8 isomers 

such as para-xylene (PX), ortho-xylene (OX) and meta-xylene (MX). When exposed to by-

passing xylenes, the transitory opening of the ZIF-8 pore aperture allows for sorption of xylene 

isomers causing the distortion of the initial ZIF-8 conformation. This spatial re-arrangement of 

the atoms is associated with the steric hindrance between the methyl groups of the imidazole 

linkers.329,330 The -CH3 groups of mIm rings that face each other in pairs inside the pore window, 

swing away from each other, opening the pore channels and subsequently favouring the diffusion 

of xylenes through the window.329 The swing effect is then reversed, when straining of the 

relaxed Zn-N bonds results in the closing of the pore  channels  (Figure 2.49). The recorded 

diffusion selectivities of 4 and 2.4 for PX/OX and PX/MX mixtures, respectively, indicate that 

diffusion of the molecules larger than 5.8 Å is hindered.331 In addition, an increasing elution of 

quaternary mixture of PX/MX/OX/EB (where EB is ethylbenzene) is entirely coherent with a 

separation mechanism based on molecular sieving, with OX < MX < EB < PX diffusion 

following the respective order of their kinetic diameters 7.4 < 7.1 < 6.7 < 6.7 Å. Other ZIFs also 
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Figure 2.49. Zn-N bond stretching in ZIF-8 upon sorption of large molecules, and their reversible 

transformation into the initial spatial arrangement. The view captures 2-methylimidazole swinging 

from 4-membered ring perspective. 

show similar diffusion selectivities for PX/OX ad PX/MX mixtures, indicating the kinetic 

separation mechanism due to a certain degree of structural flexibility.332 Although, the 

experiments on the xylene separation involve only studies performed on powdered ZIF samples, 

the results suggest that ZIF-based bed reactors or thin film assemblies may offer a commercially 

attractive solution for obtaining high-purity PX from the mixed C8 isomer by-products. In 

addition, the infinite number of possible metal-ligand combinations in ZIFs and other MOFs 

offers a high degree of tailorability in comparison with the limited options of current zeolite-

based industrial xylene separation processes.333 

2.4.1.1.4 Pervaporation 

The potential applicability of ZIF thin film assemblies has been also suggested as an alternative 

in pervaporative separation. For instance, Gupta et al.334 performed an atomistic simulation study 

for seawater pervaporation through five ZIFs (ZIF-8, - 93, -95, -97, -100) and predicted 100% 

salt rejection. Amongst studied ZIFs, ZIF-100 possessed the highest water permeability of 5 x 

10-4 kg m m-2 h-1 bar-1, which is substantially greater compared to zeolite,335,336 graphene oxide337 

and commercial reverse osmosis membranes.338 When investigating ZIFs with similar pore 

apertures ranging from 3.4 to 3.65 Å, the water flux depends on framework hydrophilicity, with 

hydrophobic ZIF-8 and ZIF-95 favouring water transport. In contrast, hydrophilic ZIF-93 and -

97 show much lower water fluxes, associated with much longer lifetime of hydrogen bonds in 

these ZIFs (Figure 2.50). 

Initially, the perceived robust stability of ZIFs339,340 was regarded as an appealing feature, 

prompting research efforts in the field of membrane science. However, experimental reports 

indicated that some ZIFs undergo hydrolysis under hydrothermal conditions.341  For instance, 

dynamic and static stability tests performed on ZIF-8 powders and α-alumina supported 

membranes showed progressive degradation of the ZIF layers during the pervaporation test, with 

sharp increase in water flux proportionally rising with the exposure time (increase from 0.04 to 

1.39 kg m-2 h-1 observed).341 Simultaneous morphological changes confirm the structural 

degradation of the exposed samples (Figure 2.51 a and b), with the diminishing XRD peaks 

indicating progressive ZIF-8 dissolution into the aquatic environment (Figure 2.51 c and d). To 

better understand the mechanism of ZIF-8 stability in aqueous media, the authors designed an 

experiment where controlled dosage of 2-methylimidazole prevented membrane degradation 

during the pervaporation tests. In contrast, the lack of mIm excess resulted in progressive release  
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Figure 2.50. On the left: simulation system for seawater pervaporation through a ZIF membrane; 

an aqueous NaCl solution with 2 wt.% NaCl and a vacuum are on the left and right chambers of 

the membrane, respectively; a graphene plate is exerted under atmospheric pressure p in the left 

and an adsorbing plate is placed in the right chamber; blue, Na+; green, Cl−; white, H of H2O; red, 

O of H2O. On the right:  number of water molecules passing through ZIF membranes. Adapted 

from ref. 334. Copyright 2016 ACS. 

 
 

Figure 2.51. Top SEM of freshly synthesised ZIF-8 polycrystalline membrane (a) and degraded 

ZIF-8 layer displaying sponge-like morphology after 72 hours exposure to water (b). The (c) and 

(d) figures show XRD data of as-synthesised membranes (bottom c and d) with the diminishing 

peaks indicating membrane degradation (upper c) and sharp peaks remaining after the membrane 

exposure to aquatic environment containing 2-methyimidazole excess (upper d). Adapted from 

ref. 341. Copyright 2015 Elsevier. 
 

of Zn2+ ions into the aquatic environment, as evidenced by decreasing changes in pH value. 

Although the suggested solution offers a temporary answer, more pragmatic approaches, where 

the in situ or post-synthetic modifications of ZIFs allow for hydrophobicity, are desired, with a 

few proposed concepts being developed.342-344 
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2.4.1.2 Chromatographic Separations 

The enormous ZIF structural diversity allowing for the controlled design of materials with 

different pore sizes and adsorption affinities suggested their potential in chromatography 

separations. The most convenient method to synthesise MOF-based chromatographic columns 

involves stepwise deposition of reactants inside a hollow of the porous chromatographic 

column.345,346 This approach allows for constant concentration gradient of the reactants along the 

capillary column, during which the column surface can be uniformly saturated with either metal 

or the linker at each step of the growth cycle. A demonstration of this concept was first reported 

by Chang et al.347 for ZIF-8 coated capillary columns in sieving of the branched alkanes from 

their linear isomers. Similarly, a complete separation of linear n-pentane from the branched 

isopentane was governed by the molecular sieving effect.348 The extremely good separation 

performance of ZIF-8 is associated with its predominantly accessible organic surface that results 

in much weaker adsorption of n-alkanes, as evidenced by much lower surface energies in 

comparison with the values reported for well-performing IRMOF-1 (isoreticular MOF-1).348 In 

addition, significantly smaller ZIF-8’s pore aperture, as compared to for instance IRMOF-1, is 

believed to enhance molecular sieving effect for branched alkanes,347,348 aromatics332 and heavily 

halogenated compounds.349 Furthermore, the significance of electrostatic forces was underlined 

by Luebbers et al.348 with the obtained results demonstrating the direct correlation between the 

dipole moment of the specific adsorbates and the free energy of adsorption. As a result, enhanced 

adsorption of propylene and ethylene in ZIF-8, compared to their respective branched isomers, 

was observed. 

The weak van der Waals interactions between the linear alkanes and the hydrophobic inner 

surface of the ZIF-8 micropores was also emphasised in the initial work by Chang et al.347 

Therein, ZIF-8 nanocrystal coated capillary gas chromatography column showed a strong ability 

to sieve branched alkanes from the linear isomers. The high-resolution cut-off was observed at 

1.5 minutes, with sharp, disjoined peaks characteristic of linear n-C6 and higher alkanes 

appearing separately (Figure 2.52). In contrast, peaks of highly branched alkanes were 

inseparable from their linear counterparts, indicating the potential of ZIF-8 coated capillary 

column in the separation of alkanes in complicated matrices. 

More recently, hydrolytically stable ZIF-8@PDMS composite microspheres were utilised as 

solid stationary phase in separation of gas-liquid mixtures.350 In their study, the authors employed 

PDMS microbeads as an underlying template for the crystallisation of ZIF-8 thin film coating. 

The composite core-shell microspheres were then packed into a stainless steel column serving as 

a unit in alkane, xylene isomers and natural gas separation. In addition, when used as a stationary 

phase for quantification of ethanol in aqueous solutions, the composite did not undergo any 

structural changes suggesting its excellent hydrostability. Other successful demonstrations 

include employing ZIF-8 for on-line solid-phase extraction coupled with high-performance 

liquid chromatography (HPLC) for the determination of tetracyclines in water and milk samples, 

which are threats to humans;351 the use of monodisperse ZIF-8@SiO2 core-shell microspheres 

for fast and efficient HPLC separation of endocrine-disrupting chemicals and pesticides;352 as 
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well as the use of silica microspheres/ZIF-8 composite particles for separation of aromatic 

molecules on the basis of π-π interactions in HPLC.353 

 
 

Figure 2.52.  Gas chromatogram illustrating separation of linear high carbon content alkanes from 

branched alkanes. Reprinted from ref. 347. Copyright 2010 ACS. 

2.4.2 Chemical Sensing  

In general, to employ MOFs for chemical sensing, some external stimuli allowing for signal 

transduction such as optical, electrical or mechanical schemes must be applied.163,251,354-358 These 

approaches rely on a readout of changes in macroscopic properties of the sensing material. 

Therefore, a physical interface for a signal transduction must be formed on a substrate of known 

physical properties, suitable for a specific analytical method. To date, the most common 

techniques allowing for a readout of the adsorbed analyte in thin MOF films include reflectance 

spectroscopy, spectroscopic ellipsometry and quartz crystal microbalance. 

The potential of ZIF thin films in chemical sensing was first demonstrated by the group of 

Hupp, with ZIF-8 employed as a prototypical MOF.137 The authors configured ZIF-8 as a 

transparent film on a glass slide and optically monitored the energies of Fabry-Pérot interference 

peaks as a function of analyte exposure. The interference peaks can be detected when the 

thickness of a supported material is comparable to the wavelength of light, with the peak energies 

directly dependent on the refractive index. For instance, exposure to propane shifts the visible 

region Fabry-Pérot fringes by up to 49 nm (Figure 2.53 a and b). The analyte-induced peak shift 

occurs within one minute with N2 purging allowing for ZIF-8 regeneration (Figure 2.53 c), 

demonstrating the potential of ZIF-8 film in rapid chemical sensing. The authors also took 

advantage of ZIF-8 hydrophobicity and measured the sensor response in the vicinity of 

ethanol/water mixtures, where increasing ethanol content gave rise to peak shift, with the sensor 

response saturating at ca. 40% ethanol (Figure 2.53 d). Meanwhile, the ZIF-8 sensor was 

unresponsive to water vapour. Later, the same group presented the concept of utilising ca. 300 

nm hybrid Pd/ZIF-8 bilayer films for detection of various gases and vapours.196 These hybrid 

films are also capable of detecting H2 concentrations at levels as low as 0.15% H2 in N2, 

demonstrating their excellent sensing capability. 
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Figure 2.53.  Dynamic response of 10 cycle ZIF-8 nanofilm grown on a glass substrate: (a) UV-

vis transmission spectra after exposure to propane of various concentrations; (b) corresponding 

interference peak (originally at 612 nm) shift versus propane concentration in the presence of 

nitrogen diluent; (c) interference peak shift of the film exposed  to nitrogen, pure propylene (first 

3 cycles) and pure propane (fourth cycle); (d) interference peak shift versus ethanol concentration 

in ethanol/water solutions; the concentration is expressed as a volume percentage. Reprinted from 

ref. 137. Copyright 2010 ACS. 

The potential of ZIF-8 in chemical sensing was also demonstrated by Demessence et al.134 

Therein, the performance of high optical quality thin films with dual hierarchical porosity (i.e. 

ZIF-8’s micropores and inter-grain mesopores) was evaluated via spectroscopic ellipsometry. 

When exposed to iso-propanol, a dynamic film response within 20 s was observed, highlighting 

the fast filling of the micropores with alcohol (Figure 2.54 a). Simultaneously, a rapid shift in 

refractive index from 1.16 to 1.24 was recorded, indicating the potential of the nanofilm in 

chemical sensing of the alcohol vapours. Although, the complete desorption process takes ca. 20 

min, desorption of 50% of the pores takes only few minutes, meaning that the filling and 

emptying of the half-filled pores is fully reproducible, and that the material is able to withstand 

cyclic exposure to the alcohol vapour. The authors also studied sorption of water, tetrahydrofuran 

(THF), n-heptane, iso-octane, cyclohexane and toluene (Figure 2.54 b). The films maintained 

hydrophobic character, displaying no significant adsorption of water below p/p0 = 0.8, whereas 

sorption of aprotic polar solvents (i.e solvents that cannot donate hydrogen) such as THF 

occurred at very low pressures of p/p0 = 0.01, indicating high affinity of the THF towards ZIF-8 

micropores. For other studied hydrocarbons, the vapour uptake and the diffusion rate into the 

pores follows the kinetic diameter of the guest molecules, with the affinity order following: linear 

chains > branched chains > non-aromatic ring (n-heptane > iso-octane > cyclohexane, 

respectively). 
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Figure 2.54.  Response  of  ZIF-8  nanofilm  synthesised  from colloidal NPs solution: (a) 

isopropanol vapour cycling ellipsometric experiment at 25 °C, employing a flow of p/pvapsat = 60% 

of isopropanol in air, followed by air purging; (b) evolution of sorbed liquid volume (filled circles) 

during water (black), THF (green), n-heptane (red), iso-octane (grey), cyclohexane (blue) and 

toluene (pink) adsorption. Adapted with permission from ref. 134. Copyright 2010 Royal Society 

of Chemistry. 

Analyte-size dependent sorption of alcohol vapours in ZIF-8 was also reported by 

Hinterholzinger et al.206 In their study the authors investigated the sorption of alcohol vapours in 

1D 3-bilayer Bragg stacks (BS) deposited via layer-by-layer (BS-1) or colloidal approach (BS-

2) (for images of the films please refer to section 2.3.5.2, Figure 2.32), as well as reference single 

layer thin films. Variations in optical thickness give rise to optical shift, with smaller alcohols 

such as methanol and ethanol adsorbing readily, and larger sterically demanding tert-pentanol 

adsorbing much slower with increasing partial pressure (as illustrated in Figure 2.55 a and b for 

LbL and colloidal reference thin film samples). At the highest pressure of p/p0 ≈ 1.0, the 

nanoparticulate ZIF-8 reference film displays 30 nm greater optical shift than dense reference 

assembly, associated with the mesoporosity of NPs film. Noteworthy, in both films larger optical 

shifts are observed for ethanol than for methanol, despite its larger kinetic diameter (dkEtOH = 4.5 

Å, dkMeOH = 3.6 Å), owing to a greater ethanol hydrophobicity.206 These S-shaped isotherms for 

ethanol and methanol in both dense and colloidal NPs films are attributed to changes in  ZIF-8 

triggered by interactions of the framework with guest molecules.300 In contrast, iso-butanol 

sorption isotherm for BS-2 yields almost linear trend with an absolute shift of 100 nm at the 

highest partial pressure (Figure 2.55 c). Slightly different trend is observed for bulkier tert-

pentanol that readily adsorbs in BS-2 ZIF-8 film at low partial pressures with the linear 

adsorption at higher dosing steps, attributed to dual film textural porosity. 

The selective adsorption behaviour of ZIFs was also demonstrated in the recent work by Tu 

et al.280 The fabricated ZIF/QCM microdevices can detect alcohol vapours, whilst irresponsive 

to water vapour, with ethanol and methanol S-shaped isotherms observed for ZIF-7, -8, - 9, - 

65(Zn), - 67 and -90. For larger alcohol molecules, the adsorption trends are linear, with the 

detection limits depending on the carbon number of the alkyl groups in the following order: 

methanol > ethanol > propanol > butanol > pentanol > hexanol.  As  previously  highlighted  by  
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Figure 2.55.  Optical  vapour  sorption  isotherms  demonstrating  the  adsorption  of  (a)  dense, 

(b) nanoparticulate and  (c)  Bragg  stack  nanoparticlualte  ZIF-8  nanofilm  during  exposure  to 

a series of alcohol vapours. Reprinted from ref. 206. Copyright 2012 Royal Society of Chemistry. 

Hinterholzinger et al.,206 this phenomenon can be explained by increasing hydrophobicity of the 

adsorbates entering the ZIF framework. Furthermore, the authors investigated the adsorption of 

BTEX (i.e benzene, toluene, ethylbenzene and xylene isomers), as well as hexane isomers in 

ZIF-7, -8 and -65(Zn). Despite the large molecular size of para-xylene and ethylbenzene, these 

sodalite ZIF films adsorb the bulk molecules due to the pore opening phenomena, displaying 

selective adsorption over larger meta- and ortho-xylene. However, amongst the aforementioned 

ZIFs, ZIF-7 displays different behaviour when exposed to large xylene molecules. Considering 

ZIF-7’s dp of 3.0 Å359,360 and strong π-π interactions between the adsorbates and the framework, 

the size of the guest molecules is too large to open the pore window of ZIF-7 at low pressures 

(Figure 2.56 a). However, at higher partial pressures the pore opening allows for the adsorption 

of EB, OX and MX. In contrast, PX isotherm exhibits much lower adsorption, despite its smaller 

kinetic diameter, as compared to EB, OX and MX. This phenomenon can be explained by 

structural transformation of ZIF-7 to an unknown phase upon PX adsorption, as evidenced by 

the XRD data. In addition, the authors observed that the new pore phase can transform to its 

original narrow pore phase upon removal of BTEX compounds, demonstrating the reversible 

flexibility of ZIF-7 framework. In contrast, cobalt analogue of ZIF-7, ZIF-9, shows similar 

detection performance of BTEX except at higher gate opening pressures, associated with lower 

pore volume expansion of ZIF-9. Moreover, ZIF-67 and ZIF-90 QCM devices also display 
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selective detection of xylene isomers and EB. ZIF-8 exhibits sorption isotherms following the 

size and shape of xylene isomers (Figure 2.56 b). 

 
 

Figure 2.56. Various ZIFs adsorption isotherms: ZIF-7 (a) and ZIF-8 (b) isotherms for xylene 

isomers: PX, OX, MX and EB; and ZIF-8 (c), ZIF-67 (d), ZIF-7 (e) and ZIF-9 (f) displaying 

adsorption isotherms for linear and di-branched hexane isomers. Adapted with permission from 

ref. 280. Copyright 2015 Wiley-VCH. 

Furthermore, Tu and co-authors demonstrated selective detection of mono-branched and di-

branched hexane isomers (Figure 2.56 c-f). Similar to the results reported by Ferreira et al.304 and 

Mendes et al.328 for the powdered ZIFs (for details see subsection 2.4.1.1.3), the adsorption of 

alkanes in ZIFs is governed by shape selective exclusion. Amounts as high as 2.4 mmol g-1 of 

hexane  can  be  readily  adsorbed  in ZIF-8 thin film assembled on QCM substrate, with 3.7 

mmol g-1  reached at ca. 95%  of relative partial  pressure.  Isomers  such  as  2-methylpentane 
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(2-MP), 3-methylpentane (3-MP), 2,3-DMB can be also detected but with ca. 80% lower 

saturation amounts, whereas sterically more demanding 2,2-DMB is excluded from ZIF-8 

micropores. ZIF-67 also showed rapid and high uptake of hexane, similar adsorption of 2-MP 

and 3-MP, and size exclusion of 2,2-DMB in addition to 2,3-DMB rejection, which can be 

attributed to lower flexibility of ZIF-67, as compared to ZIF-8. In contrast, ZIF-7 based QCM 

device displays sorption of hexane, 2-MP, 3-MP and 2,3-DMB at relatively low partial pressures, 

confirming the flexibility of ZIF-7 framework, whereas rejecting 2,2-DMB due to steric 

hindrance. Cobalt based ZIF-9 QCM film showed only gate opening upon exposure to hexane at 

higher partial pressures, as compared to ZIF-8, ZIF-67 and ZIF-7, suggesting much lower 

flexibility of cobalt-based ZIFs. To summarise, the different gate opening pressures for hexane 

isomers and xylenes may offer an alternative to pressure swing adsorption (PSA), as well as 

current sensing devices. 

Other example of sensitive and selective detection of vapours include ZIF-8-coated 

monolayer colloidal crystals sensors, where photonic eigenmodes and Fabry-Pérot oscillations 

can be detected.207 The integrated ZIF-8 device displays selective response towards alcohols, 

water and acetonitrile, with linear response depending on the thickness of ZIF-8 coating. The 

authors also stated that grain boundaries contribute to the sorption of the vapours, as initially 

reported by Kreno et al.212 Ultrafast response within 5 s and excellent recyclability were also 

demonstrated. Another recent example of ZIF-8 integration into a sensing device involves in-situ 

growth of the crystals from pre-mixed mother solutions, where optical fibre long period grating 

(LPG) gas sensors were modified with ZIF-8 thin film.136 The LPG sensor gave a rapid response 

to methanol, ethanol, 2-propanol and acetone, with the measurement of the response times 

limited by guest molecule evaporation (with upper limit of three minutes). A higher sensitivity 

was observed for the sensor coated with 5 growth cycles, indicating that the sensor sensitivity 

increases with the number of growth cycles. The most recent concept representing highly 

promising sensing device involves photonic-based chemical sensor, where the transmission 

spectra of 2D MOF nanosheets display a rapid response towards volatile compounds.243 Although 

this zinc and 1,4-benzenedicarboxylic linker based 2D nanosheets are not ZIFs, there is no reason 

why far less widespread ZIFs that possess weak interlayer interactions cannot be assembled as 

2D nanofilms. 

To summarise, the sensing performance of ZIF thin films depends not only on the quality of 

the film, but also on the properties of the host matrices such as pore aperture flexibility, micropore 

volume expansion, limited pore diameter and surface functionality. In addition, integrating a 

range of various ZIFs into thin film devices offers a possibility to employ them as platforms for 

organic vapour sorption, electronic and optoelectronic devices.  

2.4.3 Bioapplications 

Owing to open pore architectures, some ZIFs facilitate the selective transport of 

biomacromolecules such as enzymes, proteins, DNA,253 or anticancer drugs.361 The utilisation of 

ZIFs as biomimetic coatings was first demonstrated by the group of Falcaro,253 wherein ZIF 

biomineralisation provided a protective nanoporous shell for encapsulated macromolecules. This 
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unprecedented protection from thermal, chemical and biological degradation enables for the 

encapsulated biomolecules to maintain their bioactivity.253 The authors posited that the 

biomineralised protective coatings around ZIF-8 and other MOFs are facilitated by Ca2+and 

Zn2+cations affinity towards amino acids, peptide fragments and other complex biological 

entities, seeding biominerals and promoting naturally occurring biomineralisation.253,362-364 In 

addition, locally increased concentration of both metal cations and imidazole containing linkers 

favours intermolecular hydrogen bonding and hydrophobic interactions. The biomimetically 

mineralised ZIF-8 shell offers a superior protection in comparison with naturally occurring and 

synthetic calcium carbonate (CaCO3) or silicon dioxide (SiO2), two of the most common 

protective shells (Figure 2.57). The authors also demonstrated potential of ZIF-8 protective 

coating by extending the synthesis to other biomolecules such as ovalbumin, ribonuclease A, 

human serum albumin, pyrroloquinoline, quinone-dependent glucose dehydrogenase, lipase, 

haemoglobin, lysozyme, insulin, trypsin urease and oligonucleotide. 

 
 

Figure 2.57. Protective performance of ZIF-8 coating on horseradish peroxidase (HRP) in 

comparison with CaCO3, SiO2 (average pore size of 7, 20, 50 and 100 nm) coating and unprotected 

HRP, in the presence of proteolytic agent, trypsin, after treatment in boiling water and DMF. 

Reprinted from ref. 253. Copyright 2015 Macmillan Publishers Ltd. 

Falcaro’s group also demonstrated that the bonding between biomolecules and ZIF-8, as well 

as lanthanide based MOFs (Tb3+, Eu3+ and Ce3+) facilitate intermolecular interactions.259 The idea 

stemmed from the authors previous work, where combined UV lithography and imprinting 

technique allowed for MOF patterning.259 To take the full advantage of MOF and ZIF affinity 

towards biomolecules, the Falcaro group developed a method  for ZIF-8 and lanthanide (Ln3+) 

terephthalate ligand (bdc2-) based MOF to form thin films and patterns.251 The  proposed  

biomineralization  process  relies  on  protein  films,  bovine  serum albumin (BSA) being a 

promoting agent for ZIF-8 and Ln2(bdc)3 formation. This rapid process was performed at room 
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temperature in aqueous solution, proving the simplicity of the method. The authors also 

demonstrated the capability of the technique to form MOF patterns from fingerprint residues 

(Figure 2.58 a - h), suggesting that the technique has a potential in crime scene investigations, as 

well as MOF-based biosensors and biomedical devices. 

 
 

Figure 2.58. Photographs of Tb2(bdc)3 patterns grown from fingerprint residues on different 

object (a – d), and under UV lights (e – h). Adapted with permission from ref. 259. Copyright 

2015 Wiley-VCH. 

Another potential bioapplication includes the use of a robust protein template, tobacco mosaic 

virus (TMV), that regulates the size and shape of ZIF-8 protective coating.258 By adjusting 

mIm:Zn2+ molar ratio the thickness of the TMV@ZIF-8 surface coating can be controlled. The 

as-fabricated core-shell TMV@ZIF-8 retained highly anisotropic rod shape of the parent virus 

that is comparatively massive, unlike enzyme- and caffeine-based drugs. The rod-like composites 

are stable in polar organic solvents for 16 hours, whereas much thicker core-shell coatings display 

extended stability in low polarity organic solvents and at higher temperatures. In addition, the 

authors were able to recover the intact virus by exfoliating the ZIF-8 shell using an aqueous 

solution of ethylenediaminetetraacetic acid. The authors also stated that the synthetic strategy 

they developed will allow the fabrication of one-dimensional nanoparticles, potentially 

benefiting applications such as drug delivery, imaging, catalysis and sensing. Other example of 

ZIF-8 protective coating includes immobilisation of thermophilic lipase enzyme via biomimetic 

mineralisation, where lipase@ZIF-8 composite exhibited high catalytic activity and stability in 

ester hydrolysis and enantioselectivity, as well as reusability in the kinetic resolution of sec-

alcohols.257 To summarise, the biomimetically mineralised thin films and functional coatings will 

bring value to a broader audience. 

2.4.4 ZIF Films in Microelectronics 

MOFs and ZIFs thin films show potential in microelectronics, where insulating materials are 

required to separate the conducting parts of the microchip such as on-chip copper interconnects 

to mechanically support the chip structure.365 The progressive miniaturisation of microelectronic 

devices requires relatively high elastic modulus (>3 GPa), hydrophobicity, pore size below 5 nm 
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and low dielectric constant, ҡ. According to International Technology Roadmap for 

Semiconductors (ITRS) the chips with the effective ҡ of 2.1 – 2.5 are essential to meet the 

requirements for miniaturised low-ҡ dielectrics.366 ZIF-8 was demonstrated to offer such solution 

in the work conducted by Eslava et al.139 Therein, measured elastic modulus and hardness of 

1090 nm ZIF-8 film prepared by step-by-step dip coating displayed stiffness comparable to 

methyl silsesquioxanes, currently considered the most suitable candidates for miniaturised low-

ҡ dielectrics.365 The mechanical properties of ZIF-8 thin films (Figure 2.59 a) are crucial when 

employing MOFs as low-ҡ dielectrics, due to the need for the film to withstand the semiconductor 

manufacturing process. In addition, FT-IR spectra showed no O-H band stretching attributed to 

water, indicating hydrophobicity of ZIF-8 nanofilms. As the authors stated, it differs significantly 

from zeolite low-ҡ films that always showed infrared O-H stretching bands indicating water 

adsorption, despite the hydrophobicity of pure silica zeolite crystals such as silicate-1.367-369 This 

phenomenon can be explained by the presence of Si-OH moieties on zeolite crystal surfaces, 

crystal defects and grain boundaries in the films, which result in abundant water adsorption. In 

contrast, ZIF-8 thin films hydrophobicity below ca. 0.8 relative partial pressures is attributed to 

the presence of hydrophobic mIm ligands on the outer surface of the crystalline nanofilm, despite 

the existence of possible grain boundary and grain defects. In addition, measurement on 10 

different ZIF-8 films with thicknesses ranging between 400 – 1000 nm resulted in ҡ values below 

2.4 (Figure 2.59 b), which is between 2.1 and 2.5 ҡ recommended by ITRS for future fabrication 

of microchips beyond 2016. 

 

Figure 2.59. Low-ҡ dielectrics ZIF-8 nanofilms with the top grain size ranging between 100 – 

400 nm: (a) nanoindentation continuous stiffness measurement on a 1090 nm film displaying 

elastic modulus and hardness; (b) representative dielectric constant real part ҡ; dashed line 

indicates the 5% penetration at which the elastic modulus and hardness are measured to avoid 

substrate effects. Adapted with permission from ref. 139. Copyright 2013 ACS Publications. 

The potential of ZIFs in microelectronics was also demonstrated by Zhan et al.,191 where 

ZnO@ZIF-8 nanorod and nanotube arrays assembled on FTO substrate displayed a selective 

photoelectrochemical response towards 30% hydrogen peroxide (H2O2) and 99.7% ascorbic acid 

(AA). By combining ZIF-8 with one of the most promising semiconductors with excellent 

photoelectric properties, ZnO, the ZnO@ZIF-8 core-shell heterostructures allow for photocurrent 

responses towards guest molecules of different sizes. Demonstration of the performance 

difference between pure ZnO and ZnO@ZIF-8 nanoarrays is illustrated in Figure 2.60 a and b, 
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where switch on and off photocurrents give a shift and drop in the semiconductor response. The 

selective photocurrent response of ZnO@ZIF-8 nanorod arrays towards scavengers depends on 

the size of the penetrants. Structurally, H2O2 is much smaller than 3.4 Å pore aperture of ZIF-8, 

so it is able to penetrate ZIF-8 pores and arrive in the ZnO surface, whereas larger AA is rejected. 

Other semiconductors@MOF core-shell heterostructures can be potentially developed and 

integrated into new type of photoelectrochemical sensors with highly selective response. 

 

 

Figure 2.60. Photocurrent responses of ZnO (a) and ZnO@ZIF-8 (b) nanorod arrays against H2O2 

(0.1 mM) and AA (0.1 mM). Adapted with permission from ref. 191. Copyright 2013 ACS 

Publications. 

More recent work on ZIF thin films involves growth of ZIF-8 nanocrystalline layers on 

microstructured surfaces for liquid crystal (LC) alignment.174 LCs are non-classical state of 

matter (i.e. not falling into the conventional 4 states of matter category) that flow like liquids but 

possess long-range order characteristic for solid crystals. LCs find use in liquid crystal 

microelectronic devices that rely on the changes in optical properties in the presence or absence 

of an electric field (switch on and off response). However, reports on MOF nanocrystalline films 

associated with light polarisation remain scarce. As demonstrated by the authors,174 this issue can 

be easily resolved by employing LC devices with high voltage-dependent features, where 

fabricated LC alignments provide LC molecules with a specific orientation, crucial to the LC 

display industry. Therein, the growth of nanocrystalline ZIF-8 layers on carboxylate-terminated 

sol-gel films was achieved via soft lithography (microcontact printing). The vertical alignment 

ability of ZIF-8 nanocrystalline films for nematic liquid crystal E7 (a mixture containing 

cyanobiphenyl and cyanoterphenol) was demonstrated for two different cells: hybrid aligned 

nematic (HAN) cell A and cell B (Figure 2.61 a and b, respectively). Both cells were synthesised 

on ITO glass with suitable cell gaps ranging from 8 – 12 µm, with HAN cell A prepared with a 

PVA alignment layer facing a ZIF-8 coated pristine sol-gel film, and grated HAN cell B prepared 

with a PVA alignment facing ZIF-8 coated sol-gel film with surface-relief microstructures arising 

from microcontact stamping. Both cells demonstrated switchable LC alignment response, with 

HAN cell A displaying slightly higher transmittance value than cell B. In case of HAN cell B, 

the LCs played a passive role, as far as the main diffraction properties were governed by the 

grating underneath (Figure 2.61 c-e), indicating the crucial role of high-quality interconnected 

ZIF-8 layer. Although the purpose of this study was only to present the existence of diffraction 
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in HAN cells with grating-stripe microstructures, the work demonstrates the potential of MOFs 

in smart microdevices, if the right parts of these nanodevices are targeted. 

 
 

Figure 2.61.  HAN LC  cells:  (a) cell A, a rubbed homogenous PVA alignment layer facing a 

ZIF-8 coated pristine sol-gel film; (b) cell B, a rubbed PVA alignment layer facing a ZIF-8 coated 

surface-relief sol-gel film; and SEM top views of ZIF-8 layer prepared on patterned sol-gel films 

after 1 cycle growth of 30 min with grating periods of (c) 3.9 µm, (d) 9.7 µm and (e) 13.6 µm. 

Adapted with permission from ref. 174. Copyright 2016 Royal Society of Chemistry. 

2.4.5 Other Emerging Applications of ZIF Thin Films and Coatings 

A few other studies focused on incorporation of nanoparticles into MOF thin films.203,370 

Strategies encompassing facile encapsulation of various NPs species have been developed. For 

instance, catalytic properties of Pt-ZIF-8 hybrid sandwich films have been demonstrated in 

selective hydrogenation of linear hexane and cyclooctene, whereas functional CdSe species 

incorporated into ZIF-8 nanofilm allow for the hybrid to exhibit good fluorescence properties 

under UV lamp.203In addition, surface chemistry dependence of the CdSe emission and ZIF-8’s 

size and shape exclusion selectivity demonstrate optical sensing capability of the hybrid 

nanofilm, when exposed to linear and cyclic thiols. Gaseous thiols of smaller kinetic diameter, 

such as 2-mercaptoethanol, access the ZIF-8 pores rapidly, quenching the emission of CdSe 

quantum dots encompassed in the hybrid film, whilst larger cyclic cyclohexanethiol are excluded. 

Furthermore, hybrid ZIF-8 nanofilms sandwiched with 8 nm Fe3O4 NPs exhibit field-dependent 

magnetisation curve with no hysteresis (i.e. zero coercivity), indicating superparamagnetic 

behaviour arising from the small size of the NPs.203 These unprecedented NP-ZIF-8 hybrid thin 

films simultaneously display exceptional molecular sieving properties of MOFs, as well as the 

functionality of incorporated NPs, broadening the scope of MOF in thin films applications. 

Another example of hybrid NPs@ZIF approaches include the simple and facile method to 

encapsulate Fe3O4 in ZIF-8.370 This strategy relies on Fe3O4@ZIF-8 magnetic core-shell 

microspheres being loaded into a capillary microreactor with the aid of a magnetic field, forming 

a film layer of microspheres at the walls of microreactor (Figure 2.62 a). This solution offers the 
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possibility of the precise location of the catalyst within the reactor, as well as catalyst recovery 

with a minimum loss by application of the magnetic field, without the need for complex 

downstream separation and recovery operations. The authors carried Knoevenagel condensation 

reaction of benzaldehyde and ethyl cyanoacetate in microreactor, as well as in a batch reactor, 

using Fe3O4@ZIF-8 microspheres with no additional activation of the as-prepared catalyst 

(Figure 2.62 b). The nearly complete conversion of benzaldehyde to ethyl-2-cyano-3 

phenyacrylate was realised for the initial 3 ml reactant mixture in capillary microreactor with 0.6 

mg core-shell catalyst, comprising only 0.1 mg ZIF-8 shell. In order to elucidate the role of ZIF-

8 in catalytic reaction, the authors performed a parallel experiment employing pure ZIF-8 NPs 

(synthesised by the same procedure as core-shell microspheres) in a batch reactor. The results 

showed no significant difference in conversion rate between pure ZIF-8 and Fe3O4@ZIF-8 NPs, 

demonstrating that ZIF-8 is mainly responsible for the catalytic conversion of benzaldehyde. To 

summarise, the microreactor embedded with Fe3O4@ZIF-8 microspheres offers a potential in 

modern miniaturised lab-on-chip devices, where the catalyst could be located in position exactly 

needed, forming ultrathin film layers. 

 
 

Figure 2.62. (a) Scheme diagram of capillary microreactor for the Knoevenagel 

reaction; (b) results of the Knoevenagel reaction for different residence time in 

microreactor and batch reactor, assisted by Fe3O4@ZIF-8 microspheres. Adapted with 

permission from ref. 370. Copyright 2013 Elsevier. 

Another approach towards novel functional thin film applications includes aligned 2D MOF 

nanofilms that can be used to switch the fluorescence of the guest dye molecules ‘on’ or ‘off’ by 

changing the orientation of the substrate with respect to the polarisation direction of the incident 

light.244 Although developed for Cu2(BDC)2 MOF, this application can be extrapolated to 2D 

ZIFs, such as ZIF-7, that are easy to exfoliate and form 2D nanosheets. 

2.5 Conclusions and Future Perspectives 

Over the last decade, synthesis of thin MOF and ZIF films has been actively explored, with 

design aimed towards functional ultrathin nanofilms. Early stages of thin film development 

involved the preparation of micrometre-thick polycrystalline layers on various porous supports, 

as well as the fundamental understanding of support-MOF interactions. Multiple parameters such 

as surface functionalisation and pre-seeding, precursor infiltration or counter-diffusion methods 



 

 

107 

have been considered and thoroughly investigated, allowing for the correlation between thin film 

growth and performance in various membrane separation processes. Combination of different 

methods proved pivotal whilst tuning the properties of MOF thin films and allowes for the 

development of ultrathin film layers that show potential in catalysis, chromatography and 

membrane separations, as well as sensing applications. 

Owing to their intrinsic properties, such as gate opening and pore volume expansion, ZIFs, a 

subclass of MOFs, gained considerable attention in various research communities, with ZIF-8 

frequently being a prototypical MOF. New synthetic strategies adapted from microelectronic thin 

film industry have been implemented, allowing for development of hierarchical ZIF structures 

that are of a great importance for many future applications such as portable electronics, 

photovoltaics, conductive substrates and switch ‘on’ and ‘off’ devices, providing that these 

MOFs can be assembled as ultrathin nanofilms. In addition, the biocompatibility of ZIF-8 

towards various biomolecules offers potential in the fields of drug delivery, diagnostics and 

criminology. 

With gathered knowledge regarding MOF and ZIF crystal growth, controlled downsizing of 

the crystallites, MOF gelation and amorphisation, as well as the understanding of the MOF-

support interactions, the incorporation and positioning of multi-functional MOFs into 

miniaturised devices such as lab-on-a-chip or micro-fluidic devices became a realistic option for 

commercial applications. The most recent concepts involve 1D and 2D MOF thin films, 

indicating the direction, in which future MOF nanotechnology is heading. 

Scope of the Thesis 
 

Within the scope of this thesis, the fabrication of thin ZIF-8 and new phase zinc-imidazole 

nanofilms is investigated, aiming at a better understanding of the film formation during the facile 

dip coating process. Significant attention is dedicated to the identification of the optimal 

synthesis parameters to fabricate ultrathin (<200 nm) nanofilms. The dynamic properties of the 

developed films are also studied, demonstrating their potential in chemical sensing and 

membrane separations. The study is divided into three primary areas: 

(i) Chapter 3: Determination of the optimal conditions to synthesise ultrathin ZIF-8 films 

from stable noncolloidal solutions. The aim is to demonstrate the feasibility of the dip 

coating method, with the objective focused on experimental data supporting the 

hypothesis that the theoretical models conventionally applied to describe systems such as 

sol-gels or polymers adequately capture the nano-scale assembly of ZIF-8 thin films. 

 

(ii) Chapter 4: Demonstration of the feasibility of the dip coating route in the synthesis of 

ultrathin zinc-imidazole nanofilms, with the preliminary focus on the design of films that 

are continuous on a molecular level, with the absence of grain boundaries, typically 

present and problematic in polycrystalline MOF films. Optimum coating parameters are 

also identified. Besides, the dynamic response of zinc-imidazole nanofilms in the 

presence of carbon dioxide is investigated,  demonstrating  film’s  potential in  membrane 
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separation and chemical sensing. In Chapter 5, the intrinsic properties of zinc-imidazole 

nanofilms, when exposed to carbon dioxide, methane and nitrogen at up to 55 bar 

pressures, are investigated. The nanofilms performance is compared to state-of-the-art 

industrial polymeric thin films in the presence of CO2 plasticising penetrant, as well as 

ZIF-8 crystals’ sorption capacity. 

 

(iii) Chapter 6: Demonstration of the potential of zinc-imidazole/poly-di-methyl-siloxane 

composite nanofilms in sensing applications. The study presents the evidence that the 

composite is a suitable candidate for sorption of small vapour molecules, as the response 

of zinc-imidazole and the polymer can be clearly distinguished. The analyte-size sorption 

dependent response of the nanofilm is also investigated and discussed, with respect to the 

diffusion of the penetrants and their affinity towards crystalline zinc-imidazole nanolayer. 

The studies on presented nanofilm are summarised in Chapter 7. The obtained results are 

evaluated with the concluding remarks and the key insights gained into the performance of ZIF-

8 and zinc-imidazole based nanofilms, pivotal for development of continuous and dense 

nanolayers for membrane and sensing applications. In addition, preliminary findings on the 

synthesis of zinc-imidazole thin films that form new phases on various polymeric supports are 

presented. This chapter also reports on the discovery of zinc-imidazole pseudopolymorph. In 

addition, the discussion covers remaining fundamental questions with regards to the formation 

of new phases and superimposed solvates and hydrates, highlighting the future research questions 

that can be pursued. 
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Abstract 

Integration of metal-organic frameworks (MOFs) into sensing devices requires the fabrication of 

dense, defect-free and ultrathin nanofilms with the ability to control film thickness and 

morphology at nanoscale. These prerequisites can be achieved by the facile dip coating method, 

simply via the adjustment of the withdrawal speed and precursor concentration. We show 

experimentally that dip coating of ZIF-8 nano-colloids allows for the assembly of continuous and 

dense nanofilms. The quantity of deposited ZIF-8 versus withdrawal speed exhibits a minimum, 

with a film thickness ~60 nm. This minimum corresponds to a crossover between the draining 

and capillary regimes. Excessive nanoparticle deposition in the capillary regime leads to thicker 

films with disruptive crevice-like crack formation, associated with the buildup of the residual 

stresses upon film equilibration with external humidity. Regardless of the coating regime, films 

of comparable thicknesses, derived from different concentration solutions, display similar 

morphologies. This demonstrates that the amount of deposited ZIF-8 mass strongly affects the 

final coating properties, whereas the influence of the deposition regime is subjacent. A theoretical 

model that was previously developed by the Grosso group for sol-gel films allows for a fairly 

good prediction of the nano-colloids film thickness for a whole range of coating velocities. These 

results demonstrate the pertinence of the approach of Grosso in forecasting the thickness of MOF 

nanofilms. 

3.1 Introduction 

Highly porous molecular sieving metal-organic frameworks (MOFs)1,2 have very sharp pore size 

distributions that can be tailored via the construction of their modular molecular building blocks. 

The porous MOF architecture represents a high molecular-size selective sorption capacity that 

provides an excellent platform for applications that include molecular storage, separation and 

detection,3-5 in particular when the non-size-selective sorption of guest molecules can be 

circumvented. The practical implementation of MOF devices often requires the synthesis of 

dense, uniform, thin films with the ability to tune the film thickness, h. The prerequisite of h 

control is particularly imperative in optics, microelectronics and chemical sensing, where 

ultrathin nanofilms with high optical quality are desirable. Currently, several strategies exist to 

prepare MOF thin films of high optical quality. Examples include chemical vapor deposition,6 

spin coating,7 dip coating8,9 and photolithography.10 Amongst these methods, dip coating remains 

the simplest, fastest, and cheapest route for thin film preparation. Moreover, advances in the 

control of the size of MOF crystallites11 initiated thin film fabrication via dip coating from 

colloidal MOF nanoparticle (NP) solutions.12 The colloidal approach enables excellent control 

of the film thickness in the nanoscale range, simply via the adjustment of the withdrawal speed 

and solution concentration, as previously demonstrated for various silica, polymer and MOF 

systems.12-14 In contrast, in cycled MOF step-by-step dip coating, the precise nanoscale control 

of the film thickness remains difficult due to the crystal growth occurring in situ during the 

deposition. In addition to high control of h, colloidal dip coating eliminates the need for repetitive 

dipping, washing and drying, as opposed to cycled step-by-step deposition.  Furthermore, the 

colloidal route allows for the assembly of ultrathin monolayers of NPs, a very attractive approach 
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if the MOF functional coatings ought to endow sensing and optical properties of existing 

nanomaterials. 

For a given colloidal solution of certain physicochemical properties, two phenomena govern 

the deposition process. These phenomena depend on the withdrawal speed of the receding 

substrate, u, on which the colloidal NPs are deposited, with u directly affecting the film thickness. 

At low withdrawal speeds, typically below <0.1 mm s-1, the deposition process strongly depends 

on the reliant effects of solvent evaporation and capillary feeding.15-17 With the slow withdrawal 

of the substrate from the colloidal solution, solvent evaporation becomes faster than the motion 

of the drying frontier, which promotes the continuous capillary rise of NPs (Figure 3.1a). This 

continuous feeding of the upper part of the meniscus at low u speeds subsequently leads to thicker 

films and is known as a capillary or evaporation regime. Nanoparticle deposition at high u speeds, 

usually >1 mm s-1, is referred to as a draining regime and is well described by Landau-Levich 

model.18 The phenomena governing the draining regime are solvent evaporation and viscous 

forces that are large enough to drag a film from the liquid bath (Figure 3.1b). Decreasing u in the 

 

Figure 3.1. Scheme of dip coating from colloidal solutions in: (a) capillary regime, where solvent 

evaporation and capillary rise dominate the deposition process resulting in elongated meniscus; 

(b) draining regime, where viscous forces overtake the recessive gravitational pull of the liquid, 

resulting in steeper meniscus. 

draining regime results in the fabrication of thinner films as the gravity-induced draining of the 

liquid overtakes the viscous forces. Further decrease of u let one enter the intermediate regime, 

in which the capillary and draining forces overlap. The delicate balance between the 

interdependent fluid viscosity and solvent evaporation rate often enables the formation of 

ultrathin and most uniform films.13,19 The prediction of the minimum thickness with respect to 

the critical withdrawal speed, uc, has been recently demonstrated by the group of Grosso for sol-

gel films, with the proposed model summing the contributions of both capillary and draining 

regimes.20 In terms of MOFs integration into sensing devices,  the  sensitivity  and  the  rapid  

response  of  the  sensor  depends  on  the thickness of the MOF nanolayer, i.e., the thinner the 

layer the faster the response due to the high diffusivity of the guest molecules. As such, herein, 

we extend the Grosso approach to the MOF nanosystems to predict the minimum film thickness. 

We have chosen zeolitic imidazolate framework 8 (ZIF-8) as a prototypical MOF due to its high 

chemical and thermal stability, as well as previously demonstrated potential in chemical sensing. 



 

 

128 

We show experimentally that the deposited MOF quantity plotted versus withdrawal speed 

exhibits a minimum, corresponding to a crossover between the Landau-Levich and capillary 

regime. Furthermore, we validate the models for all three regimes of deposition by adjusting the 

exponent of the withdrawal speed and demonstrate the universality of the Grosso model. 

3.2 Experimental 

3.2.1 Synthesis of ZIF-8 Nanoparticles 

Precursor solutions were prepared from commercial reagents (Sigma-Aldrich, A.C.S. grade) via 

modification of the procedure developed previously by Cravillon et al. (2009).21 A 9.9 mmol 

solution of Zn(NO3)2·6H2O in 99.9% pure methanol was poured into a 79.1 mmol solution of 2-

methylimidazole (mIm) in 99.9% pure methanol; the vol.:vol.% was maintained 50:50. The 

mixture was capped, vigorously shaken and left to react for one hour at ambient conditions, whilst 

becoming turbid. After one hour, the reaction was stopped in order to avoid the formation of 

large crystals, and followed by centrifugation at 20,000 rpm for 20 min. The mixture was then 

readily re-dissolved in absolute ethanol, followed by three centrifuge washing cycles to remove 

unreacted species and zinc by-products. For the nanoparticle analysis, the product was dried 

under vacuum at 100 Pa and 100 °C, whereas for the synthesis of thin films the particles were 

left in absolute ethanol. 

3.2.2 Synthesis of ZIF-8 Nanofilms 

3.2.2.1 Deposition on Si-wafers 

The nanofilms were synthesized by 30 min dip coating of single-side polished silicon wafers 

(100, Silchem, Germany) in freshly prepared, three times washed, ZIF-8 nanoparticle/ethanol 

colloidal solutions of 0.2 and 0.4 mol L-1 concentrations. The nanoparticles were deposited at 

withdrawal speeds ranging from 8.33 x10-5 to 6.7 mm s-1. The whole dip coater (QPI-168, 

Qualtech Products Industry, Hong Kong) was isolated from the external convective air flow by 

custom-made Plexiglas box. In advance of film synthesis, the box was flushed with pure nitrogen 

to reduce humidity to 18 ±1%. The N2 flow was stopped 5 min prior to nanoparticle deposition 

commencement in order to diminish the convective flow during the film withdrawal. Silica beads 

(Silica Gel Orange, 1-3 mm with indicator, Carl Roth GmbH, Germany), thoroughly distributed 

inside the box, allowed for constant humidity level, as confirmed by in situ monitoring. The 

temperature inside the box was 19 ±1 °C. After nanoparticle deposition, the films were left to 

dry in the isolated low humidity environment for 3 hours. The equilibrated films were then 

broken in half, with one half left for ellipsometric measurement and another half post-

synthetically vacuum treated at 100 Pa, 100 °C. 

3.2.2.2 Deposition on -OH Functionalised Au Supports 

200 nm Au layer was sputtered on the Si wafers and dried under nitrogen flow. The gold 

substrates were immersed in 0.5 mmol 11-mercaptoundecanol/ethanol solution for 30 min, 
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followed by withdrawal at 0.003 mm s-1 and nitrogen dry. The –OH functionalized substrates 

were then immersed in 0.4 mol L-1 ZIF-8 colloidal suspensions for 30 min. Film withdrawal was 

carried out in the isolated environment at humidity of 18 ±1% and 19 ±1 ˚C, with withdrawal 

speed of 0.00017 mm s-1 and 5.0 mm s-1 for capillary and draining regime, respectively. 

3.2.3. Characterisation 

X-ray diffraction (XRD) patterns were recorded at 25 °C on a X’Pert PRO θ-θ powder 

diffractometer (PANanalytical) with parafocusing Bragg-Brentano geometry using Cu-Kα 

radiation (Kα1 = 1.5406 Å; Kα2 = 1.5444 Å;  U = 40 kV; I = 30 mA). The data were scanned with 

an ultrafast detector X’Celerator in the angular range of 5-30° (2θ), using a step of 0.017° (2θ) 

and 21 s per step in a continuous mode. XRD data evaluation was performed using HighScore 

Plus software. Transmission electron microscopy (TEM) of NPs was performed on a JEOL JEM-

1010 (JEOL Ltd.) microscope at an accelerating voltage of 80 kV. The TEM micrographs were 

proceeded with MegaView III digital camera and AnalySIS v2.0 software. The nitrogen 

physisorption isotherm was measured at 77 K on an ASAP 2020 (Micromeritics; USA) 

volumetric instrument with 10 s equilibration interval. Prior sorption measurements, the sample 

was degassed overnight at 150 °C and 10 µmHg. The apparent specific surfaces areas for bulk 

ZIF-8 nanopowder were determined by the Brunauer-Emmett-Teller (BET) and Langmuir 

methods, whereas the micropore volume was estimated using Dubinin-Astakhov method. 

Thermogravimetric analysis was performed on a Linseis STA 700LT (Linseis Inc., Germany) 

For this purpose, ca. 8 mg of nanoZIF-8 vacuum treated powder was heated in a 20 mL min-1 air 

flow with a heating rate of 5 °C min-1, from 25 °C to 700 °C. Dynamic light scattering was carried 

out using a Zetasizer Nano ZS (Malvern Instruments Ltd., UK)  equipped with a  He-Ne  laser  

(λ = 633 nm) in backscattering detection mode. Field emission scanning electron microscopy 

(FE-SEM) images were obtained using a HITACHI S4700 (HITACHI, Japan) under 10 – 15 keV 

acceleration voltage with the magnification ranging between 1500 – 70,000. Prior FE-SEM 

analysis the samples were sputtered with a 20 nm Au/Pd layer. Spectroscopic ellipsometry 

measurements were performed on a M2000X ellipsometer (J.A. Woollam Co.). Data were 

recorded at multiple spots per sample at an angle of incidence of 60°, 70° and 80°. The data were 

modelled using the CompleteEase software package (Version 5.07, J.A. Woollam Co.) in the 

wavelength range of 370-1000 nm. The substrate was modelled using the built-in optical constant 

for silicon with a 2 nm native oxide on top. The ZIF-8 layer was modelled using a Cauchy 

dispersion with fit parameters A and B (n(λ) = A + B/λ2) combined with an Urbach absorption tail 

with fit parameters kamp and E (k = kamp∙exp(E-Eband). The model was fitted simultaneously to the 

data  obtained  at  the  three  angles,  with  a  pre-fit  for the thickness  and a global fit  for  the 

A-parameter in the range of 1-1.3 (25 guesses). 

3.2.4. Estimation of Crystallite Size 

The crystallite size was calculated within the line profile analysis tool of the HighScore Plus 

software (version 3.0). The line profile algorithm uses the integral breadth as a measure of the 

peak width and the universal factor ϕ to determine the peak shape variation. The algorithm 
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empirically deconvolutes the profile into a Gaussian and a Lorentzian part. The instrumental 

influence is determined in the same manner with lanthanum hexaboride (LaB6) as a standard 

reference material, followed by the subtraction from the two profile parts. The Gaussian 

broadening is estimated from the root of the quadratic difference between the sample and the 

standard broadening, from which the microstrain value is calculated. The difference between the 

sample and standard broadening is used to determine the net Lorentzian broadening, which then 

enters the Scherrer equation: 

                                                                 𝑑 =
𝐾𝜆

𝛽𝑐𝑜𝑠𝜃
                                                             (Eq. 3.1) 

where d is the average thickness in vertical direction of the crystal,  K is the Scherrer constant, λ 

is the wavelength of X-ray, β is the half width of the diffraction peak of the sample, θ is half if 

the diffraction angle. The integral breadth is defined a as net peak area divided by a peak height, 

i.e. the width of a rectangle with the same height and the same area as the net peak area. Universal 

shape parameter ϕ is defined as full width at half maximum (FWHM) divided by the integral 

breadth. The crystallite size is an average of the crystallite sizes at the most intense peaks. 

3.3. Results and Discussion 

3.3.1. ZIF-8 Nano-colloids 

Prior to the synthesis of MOF nanofilms, ZIF-8 nanoparticles were prepared. The repeatable 

room temperature synthesis allows for the fabrication of ca. 30 nm particles, as evidenced by 

scanning electron microscopy (SEM) imaging of the NPs (Figure 3.2 a). Transmission electron 

microscopy (TEM) reveals the presence of thermodynamically favorable rhombic dodecahedral 

nanocrystals (Figure 3.2 b). X-ray powder diffraction pattern of NPs displays the Bragg peaks 

characteristic for ZIF-8 (Figure 3.2 c) and is in excellent agreement with the literature data 

obtained for small ZIF-8 nanocrystals.11,21 The average crystallite size estimated from the 

Scherrer equation is 24 ±2 nm, consistent with our SEM and TEM observations. 

Nitrogen sorption-desorption isotherm of thermally activated nanoZIF-8 powder reveals the 

permanent unimodal microporous nature of the NPs with a rapid N2 uptake occurring at low 

relative pressure p/p0 <0.04 (Figure 3.3 a). The type I isotherm exhibits a second step at high p/p0 

>0.85 with negligible hysteresis loop, demonstrating the predominant ZIF-8 microporosity. The 

specific surface area, as, estimated via BET method is 1463 ±25 m2 g-1, whereas the Langmuir 

analysis displays as of 1938 ±3 m2 g-1. The as values are consistent with the literature data 

reported for ZIF-8 powders.11 The micropore volume of 0.56 cm3 g-1 for our ZIF-8 NPs, estimated 

from t-plot analysis (Figure 3.3 b), is comparable to that reported for microZIF-8  of  0.64 cm3 

g-1.21,22 The thermogravimetric analysis of the activated NPs demonstrates high thermal stability 

of nanoZIF-8 with framework decomposition occurring at 250 °C (Figure 3.3 c) and is consistent 

with previously reported stability of nanometer-sized ZIF-8.21 During the initial heating stage, 

only insignificant mass loss (ca. 1%) is observed, before the onset of the exothermic 

decomposition  of  mIm  organic  ligand  commences,  suggesting that solvent molecules almost 
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Figure 3.2. ZIF-8 nanoparticles: (a) scanning electron micrograph displaying ca. 30 nm ZIF-8 

particles; (b) transmission electron microscopy image confirming the presence of 

thermodynamically favourable rhombic dodecahedral nanocrystals; and (c) powder X-ray 

diffraction pattern displaying Bragg peaks characteristic for crystalline ZIF-8. 

 
Figure 3.3. (a) N2 sorption-desorption isotherm; closed symbols – sorption, open symbols – 

desorption; (b) t-plot displaying amount of adsorbed N2 with increasing thickness of the adsorbate 

layer; (c) TGA of ZIF-8 nanoparticles (solid line), mIm (dashed line), Zn(NO3)2 (dashed/dotted 

line), displaying ZIF-8 thermal decomposition onset at 250 °C with 63% of the total mass loss at 

500 °C; and (d) DLS size distribution curve of ZIF-8 nanoparticles in absolute ethanol at 25 °C 

with Z-average of 188 ±148 nm and polydispersity of 0.205 from three experimental runs. 
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entirely exit ZIF-8 microcavities during the thermal activation process. Henceforward, similar 

post-synthetic treatment can be applied in the activation of thin films prior chemical sensing. 

Re-dispersion of ZIF-8 NPs in ethanol results in the formation of turbid colloidal solutions. 

Ethanol was chosen due to its relatively high volatility, in order to promote fast evaporation, as 

well as low surface tension to prevent de-wetting of the films. From the dynamic light scattering 

(DLS), the estimated average size of re-dissolved particles is 188 ±148 nm, with polydispersity 

index of 0.205 (Figure 3.3 d). The large particle size suggests the presence of ZIF-8 

nanoaggregates and can be explained by the formation of hydrogen bonds between the protonated 

2-methylimidazole molecules at the outer surface of the NPs and the ethanol solvent,21 or/and by 

the capillary forces existing between the colloidal particles.23 

3.3.2.  Morphology and Optical Properties of ZIF-8 Thin Films 

The nanofilms were derived from 0.2 and 0.4 mol L-1 ZIF-8 colloidal suspensions, hereafter 

diluted and concentrated solutions, respectively. As anticipated, the non-monotonic evolution of 

the film thickness with the withdrawal speed exhibits three distinct regimes (Figure 3.4). In the 

capillary regime, u <0.05 mm s-1, decreasing the withdrawal speed results in a progressive 

increase of  the  film thickness.  At  the  lowest withdrawal  speed,  umin  of  8.33 x10-5  mm s-1,  

a 2836 ±229 nm thick film was obtained from the diluted solution. In the draining regime, u >1.0 

mm s-1, h moderately increases with increasing u, reaching 275 ±19 nm at the highest withdrawal 

speed umax of 6.7 mm s-1. Concentrated solutions allow for thicker films with corresponding h 

values of 4113 ±1888 nm (umin) and 609 ±8 nm (umax), for the capillary and draining regime, 

respectively. In the intermediate regime, the overlapping effects of fluid viscosity and solvent 

evaporation  allow  for  much  thinner  films  with  the  minimum  of  ca.  60 ±5  nm  at  a critical  

 

Figure 3.4. ZIF-8 film thickness, h, as a function of withdrawal speed u; open symbols: 0.2 mol 

L-1 diluted solution, closed symbols: 0.4 mol L-1 concentrated solution. The h uncertainties 

illustrate standard deviations. 
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withdrawal speed, uc, of ~0.09 mm s-1, for both diluted and concentrated solutions. Previously 

estimated ~30 nm particle size suggests that the film thickness at critical withdrawal speed 

corresponds to a bilayer of NPs. The representative cross-section SEM images of ZIF-8 films 

obtained from each coating regime are in approximate agreement with the h values estimated via 

spectroscopic ellipsometry (Figure 3.5). Notably, no discernible gaps between the 

compositionally distinct layers of the silicon support and ZIF-8 nanofilms are observed, implying 

dense and successive dip coating. To compare, similar trends of h evolution versus coating 

velocity were previously reported for ZIF-8 and silica colloids with intermediate region varying 

between 0.05 – 1.0 mm s-1, depending on the NPs system.12,13 

 

Figure 3.5.  Cross-sectional  SEM   images  of   representative   silicon-supported  ZIF-8  one 

cycle thin films obtained from  0.4 mol L-1 concentrated  solutions: (a) and (d)  capillary regime, 

u = 0.003 mm s-1;  (b) and (e)  intermediate regime, u = 0.1 mm s-1;  (c) and (f)  draining regime, 

u = 5.0 mm s-1. ZIF-8 thin films can be distinguished from the silicon supports owing to the 

difference in the electron density and hence slight change in the colouration of the layer, as well 

as the noticeable changes in the texture of the cross-section supported thin films. The approximate 

film thicknesses are indicated by the arrows in the tilted micrographs. 

SEM analysis of the top surface of the films representative of each dip coating regime reveals 

strong dependency of ZIF-8 nanoparticle packing, ϕZIF-8, on the kinetics of deposition (Figure 

3.6). In the capillary regime, denser films develop due   to  the    presence  of   the   static  liquid   

meniscus  in   the   film’s   vicinity. The prolonged deposition time at low u allows for the 

continuous capillary rise of the NPs, which enhanced by the fluid advection promotes the 

formation of multilayered, and hence thicker, films. Concurrently, constant in situ solvent 

evaporation induces the increase in the deposit viscosity, provoking denser nanoparticle packing 

in the capillary regime (Figure 3.6 a). At the intermediate u, discontinuous films emerge as a 

result of decreasing ϕZIF-8 due to the competing capillary and draining forces (Figure 3.6 b). In 

the draining regime, the NPs packing density moderately increases as a consequence of the 
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intensifying viscous forces at the higher withdrawal rates (Figure 3.6 c). Increasing the 

concentration of the initial NPs solution leads to thicker films with denser NPs packing (Figure 

3.6 d-f). 

 
Figure 3.6. Scanning electron microscopy images of the representative silicon-

supported ZIF-8 one cycle thin films obtained from diluted 0.2 mol L-1 (a-c) and 

concentrated 0.4 mol L-1 (d-f) solutions. The films are synthesized at the representative 

withdrawal speeds of: (a) and (d) u = 0.003 mm s-1, capillary regime; (b) and (e) u = 0.1 

mm s-1, intermediate regime; (c) and (f) u = 5.0 mm s-1, draining regime. 

The non-monotonic evolution of ϕZIF-8 with increasing u is consistent with the trends observed 

for ZIF-8 mass deposited per surface area of the receding substrate, μZIF-8, (Figure 3.7) estimated 

from NPs density and film volume: 

                                                               µ𝑍𝐼𝐹−8 =
𝜌𝐿𝑙ℎ

𝐴
                                                      (Eq. 3.2) 

where ρ is density of ZIF-8 nanocrystals, L is the film width, l is the film length, h is the film 

thickness and A is the square surface area of the substrate. 

The concentration and withdrawal speed dependent film morphologies are also altered by the 

inter-reliant effect of the drying dynamics of the films. In particular, considerable cracking of the 

thicker films is observed (Figure 3.6 d). The ~950 nm thick film, synthesized at a representative 

capillary u of 0.003 mm s-1, displays defects resembling deep crevices that propagate throughout 

the film layer. Closer SEM examination reveals that these undesirable cracks are a few 

nanoparticles wide (Figure 3.8 d) and thus can largely disrupt thin film performance. Such film 

fracturing is commonly observed to form during the drying of colloidal NPs films.24 The cracks 

in the deposited films form, where the particles are closely packed but the voids between the NPs 

are still filled with liquid. During drying, the meniscus of the air-solvent interface between NPs 

induces a capillary pressure in  the  fluid.  If  the capillary pressure exceeds the yield stress of the 
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Figure 3.7. ZIF-8 NPs mass deposited per surface area of the receding silicon substrate, μZIF-8, 

during one cycle deposition, as a function of withdrawal speed u; open symbols: 0.2 mol L-1 diluted 

solution; closed symbols: 0.4 mol L-1 concentrated solution. 

 

Figure 3.8. Scanning electron microscopy images of the representative silicon-supported ZIF-8 

one cycle thin films obtained from diluted 0.2 mol L-1 (a-c) and concentrated 0.4 mol L-1 (d-f) 

solutions. The  films  are  synthesized  at  the  representative  withdrawal  speeds of:  (a) and (d)  

u = 0.003 mm s-1, capillary  regime;  (b) and  (e) u = 0.1 mm s-1, intermediate regime; (c) and (f) 

u = 5.0 mm s-1, draining regime. 

closely packed particles, the strain energy in the film is released by creating new interfaces and 

redistributing the liquid in the film, subsequently forming a crack.25,26 The crucial role of the 

drying dynamics is further emphasized during the NPs deposition at decreased humidity of 10%, 
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where a higher drying rate results in abundant film fracturing and layer delamination, associated 

with enormous capillary stresses built up in the film (Figure 3.9). 

 

Figure 3.9.  Scanning electron microscopy images of ZIF-8 nanofilms synthesized at u = 5.0 mm s-1, 

displaying cracks and layer delamination upon deposition and drying at decreased humidity of 10%. 

Acceleration voltage 15 kV; SEM magnification: (a) 30, (b) 250 and (c) 70 000. 

The residual stresses in the nanoparticle films increase greatly with the thickness of the NPs 

layer, and, when released, trigger the development of wide cracks, as illustrated in Figure 3.6 d 

for the ~micrometre thick film. In contrast, only insignificant, randomly distributed defects are 

observed in much thinner densely packed nanometre films (Figure 3.8 a and 3.8 f). Regardless 

of the coating regime and the initial deposit concentration, the films of comparable 400 and 500 

nm thicknesses possess similar morphologies. ZIF-8 assembly on gold functionalized supports 

reveals similar structural discrepancies exist between the 1 and 0.5 micrometre thick films, with 

extensive film cracking observed for thicker microlayers (Figure 3.10). These observations imply 

that considerably greater film fracturing occurs mainly due to the excessive deposition of ZIF-8 

NPs, and hence energy redistribution in the thicker NPs layer upon film equilibration with the 

external humidity, whereas the dip coating regime  is  of second order.  A critical film thickness 

 

Figure 3.10. ZIF-8 nanofilms synthesised on a gold support functionalized with 11-MUD to  form 

an  OH-terminated  self-assembled  monolayer  (SAM) that allows for  denser  packing  of  ZIF-8  

NPs during dip coating from  0.4 mol L-1  solutions:  (a)  u = 0.0017 mm s-1,  capillary  regime; 

(b) u = 5.0 mm s-1, draining regime. A significant cracking of the ZIF-8 microlayer is observed 

due to the excessive deposition of NPs at very low withdrawal speeds. No delamination of the 

chemisorbed microfilm was observed at the very low withdrawal speeds, as opposed to the 

physisorbed microfilms. 
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codependent on μZIF-8 and u, above which the defects become considerable, is thus likely to exist. 

Further detailed experiments, combined with measurements of the anisotropy and strain in the 

film layer,27 should provide an insight into the film fracturing phenomena and enable the 

determination of the critical thickness. 

X-ray diffraction results confirm that the thin films comprise ZIF-8 with the most intense 

peaks positioned at 2 Theta of 7.38° (110 reflection) and 12.67° (211 reflection) for the capillary 

regime (Figure 3.11 a, bottom diffractogram). The intensity of the peaks is diminished at 

intermediate withdrawal speeds due to the decreased film thickness (middle diffractogram), a 

tendency often observed for crystalline ultrathin nanofilms.12 Obvious shifts in the reflection 

peaks appear in the draining regime (Figure 3.11 a, top diffractogram) and are consistent with 

greater h and μZIF-8, as compared to the intermediate region. The progressive increment in the 

film crystallinity, with concurrent increasing film thickness, is also apparent from the amplified 

relative intensity  of  the (110) main  reflection peak  (Figure 3.11 b).  Analogous peak intensity 

 

Figure 3.11. (a) X-ray diffractograms of ZIF-8 nanofilms from capillary, intermediate and 

draining dip coating regimes of concentrated 0.4 mol L-1 NPs solution; (b) (110) XRD reflection 

intensity as a function of film thickness h obtained from dip coating with concentrated  NPs 

solution;  (c)  one cycle  ZIF-8 thin films obtained from diluted 0.2 mol L-1 solutions at 

representative  withdrawal speeds of  u = 0.003 mm s-1  (capillary), u = 0.1 mm s-1  (intermediate), 

u = 5.0 mm s-1 (draining); (d) post-synthetic thermal vacuum treated one cycle  ZIF-8 thin  films 

obtained  from concentrated 0.4 mol L-1 solutions,  demonstrating   no   structural  changes;  

representative  withdrawal  speeds:  u = 0.003 mm s-1 (capillary),  u = 0.1 mm s-1 (intermediate), 

u = 5.0 mm s-1 (draining). The peaks for intermediate and draining regimes are offset for clarity. 
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relations to the layer thickness are observed for films assembled from diluted ZIF-8 NPs solutions 

(Figure 3.11 c). Thermal post-synthetic vacuum treatment (100 Pa and 100 °C) of the films did 

not result in the loss of the samples’ crystallinity or any significant morphological changes, as 

demonstrated by XRD (Figure 3.11 d) and SEM analyses (Figure 3.12 a-f). No significant films’ 

structural re-arrangements upon post-synthetic vacuum treatment is confirmed by the lack of 

substantial deviations in h between the equilibrated and activated films, implying strong adhesion 

of the microstructurally compact ZIF-8 layers to the substrate (Figure 3.13). 

 

Figure 3.12. Various magnification scanning electron microscopy images of the representative 

vacuum treated silicon-supported ZIF-8 one cycle thin films obtained from 0.4 mol L-1 solutions 

at   representative   withdrawal   speeds:   (a)  and  (b)  u = 0.003 mm s-1  (capillary);  (c)  and  (d) 

u = 0.1 mm s-1 (intermediate); and (e) and (f) u = 5.0 mm s-1 (draining). 

 

Figure 3.13. Thicknesses of equilibrated and thermally treated one cycle ZIF-8 nanofilms as a 

function of u: (a) nanofilms derived from 0.2 mol L-1 solutions: open circles – equilibrated 

nanofilms; open squares - vacuum treated nanofilms; and (b) nanofilms derived from 0.4 mol L-1 

solutions: closed circles – equilibrated nanofilms; open squares – vacuum treated nanofilms. 
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The μZIF-8- and u-dependent film thickness is also reflected in the coloration of the nanofilms. 

Whilst ZIF-8 itself is colourless (Figure 3.14 a and b), the colours of the silicon-supported thin 

films change due to the optical interference in the visible light region (Figure 3.14 c). Under our 

synthesis conditions, the films obtained in the capillary regime adapt pink and gold colours, 

whereas thin films synthesized at intermediate withdrawal rates become greenish or blueish. 

Entering the draining regime let one return to the pink film coloration, consistent with increasing 

h. The apparent white film colour at umin stems from partial delamination of the NPs layer from 

the substrate, a phenomenon commonly observed at very low withdrawal speeds for other particle 

nanosystems.13 Similar changes in the colour of silicon-supported ZIF-8 thin films were 

previously reported for colloidal12 and step-by-step dip coating.9 

 

Figure 3.14.  ZIF-8  nanofilms  deposited  from  0.4 mol L-1 NPs solution: (a) a photograph of 

ZIF-8 NPs deposited on a glass support demonstrating the transparency of the thin film; red 

wording on plain paper below glass slide and; (b) corresponding SEM image of ZIF-8 film 

deposited on a glass slide at withdrawal speed u = 5.0 mm s-1; (c) a photograph of silicon-supported 

ZIF-8 nanofilm with film colouration varying with the withdrawal speed u and hence the film 

thickness h. 

The optical properties of ZIF-8 nanofilms are further reflected in their refractive indices, n, with 

the overall trend n = f(u) resembling that of h = f(u) (Figure 3.15 a).  In the draining regime, n 

increases substantially with increasing u, indicating approximately linear trend. For films from 

diluted solutions, the recorded n values rise from 1.17 (±0.01) at the entry to the draining regime 

to n of 1.19 (±0.006) at umax. Higher refractive indices, reflecting greater μZIF-8 deposited, are 

observed for the films from concentrated solutions with n of 1.21 (±0.004) at the draining regime 

entry and n of 1.20 (±0.006) at the highest withdrawal speed. In the intermediate region, 

minimum n values of 1.07 ±0.02 (diluted solution) and 1.11 ±0.01 (concentrated solution) are 

observed. The relatively low standard deviations of the film thicknesses (average <3.2%) and 

refractive indices (average <0.4%) at moderate withdrawal speeds, determined from five spots 
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measurements on each film, indicate that the intermediate regime allows for high film uniformity. 

Within the 2 mm diameter spot size, no depolarization of the light during ellipsometric 

measurement is observed. The absence of light depolarization, supported by relatively low mean 

square errors (MSEs) of the optical model fits (Figure 3.15 b and 3.15 c-e), confirms low 

thickness non-uniformity of the films assembled in the intermediate regime. Previous literature 

reports also suggest that the counterbalance between the capillary and draining forces at the 

intermediate withdrawal speeds allows for the most uniform nanofilms, as compared to the films 

synthesized in the two other opposing regimes.13,19 

 

 

Figure 3.15. (a) refractive indices, n, as a function of withdrawal speed for diluted (open symbols) 

and  concentrated  (closed symbols)  solutions;  the   n uncertainties represent standard deviations; 

(b) mean square errors, MSEs, for all regimes of deposition, displaying the fit quality of the optical 

model and;  fit  of  the optical  model to the  Ψ  (red) and  Δ  (blue) data of  three samples of the 

0.2  mol L-1   series:    (c)  capillary   regime,      u = 0.003 mm s-1;   (d)    intermediate    regime,  

u = 0.3 mm s-1;  (e)  draining  regime, u = 5.0 mm s-1. 

Two regions can be distinguished in the capillary regime of deposition. For u varying between 

0.01 – 0.05 mm s-1, the refractive index moderately decreases with increasing withdrawal rate. 

No significant standard deviations of n (<1%) and h (<6%) are observed in the higher capillary 
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region >0.01 mm s-1, implying reasonable films uniformity. The films uniformity is further 

confirmed by low MSEs, comparable to the MSE values characteristic for the draining regime. In 

contrast, when entering the extremely low capillary region, u <0.01 mm s-1, up to two orders of 

magnitude greater, as compared to the other regimes, relative n standard deviations are recorded. 

Simultaneously, a strong light depolarization over the whole wavelength range is observed. The 

high n standard deviations, together with large MSEs (>100), indicate high film inhomogeneity 

and are the result of partial delamination of the film from the substrate, also manifested in white 

coloration of the peeling layer. The predominant effect of layer delamination at very low u is 

particularly apparent for the films from concentrated solutions, which possess much lower 

refractive indices, as compared to their thinner counterparts from diluted solutions. Concurrently, 

sufficiently larger μZIF-8 and h values for the films from concentrated solutions at very low 

capillary u are observed. The high μZIF-8 and h, with concomitant low n, correspond to a much 

lower films density, which can be associated with loose packing of NPs due to the partial 

delamination of the layer. The discrepancy between n trends for the films from concentrated 

(decreasing n with decreasing u) and diluted (increasing n with decreasing u) solutions supports 

the hypothesis of μZIF-8 predominance during the defects formation. Careful selection of the 

process conditions such as solution concentration and optimum withdrawal speed, as well as 

precautionary measures to isolate the environment (i.e., control of the humidity, temperature and 

the prevention of the external convection) are then a pathway that is likely to succeed in the 

preparation of ultrathin homogenous MOF nanofilms. 

3.3.3.  Prediction of the Film Thickness 

At high withdrawal speeds, the NPs deposition is described by the renowned Landau-Levich 

equation that allows for the prediction of the film thickness with respect to the fluid 

physicochemical properties and withdrawal rate of the vertically receding substrate: 

                                                           ℎ𝑖 =
0.94η2/3

𝛾1/6(𝜌𝑔)1/2 𝑢2/3                                                  (Eq. 3.3) 

where η, γ and ρ are the viscosity, the surface tension and the mass density of the fluid, 

respectively, g is the acceleration of gravity, and hi is the initial film thickness. At high constant 

u, the deposit thickness is assumed homogenous due to the delicate balance between the fluid 

adhesion to the substrate and the viscous forces that enable to drag out the fluid from the feeding 

meniscus. The deposit drying is initiated immediately withdrawal of the film commences, 

however, the bulk solvent evaporation takes place ex situ on the whole extent of the withdrawn 

substrate. During drying, the volume fraction occupied by the NPs in the deposited layer 

increases from the initial volume fraction, ϕi, to some critical value close to the maximum 

packing concentration of the NPs, ϕmax, and can be expressed as the material proportion constant 

ki = ϕi / ϕmax. Gathering fluid physicochemical properties into a global constant of the film 

formation, D, and introducing ki into the equation 3.3 gives the final deposit thickness, h: 

                                                                ℎ = 𝑘𝑖𝐷𝑢2/3                                                        (Eq. 3.4) 



 

 

142 

Experimentally established ki and h allows one to calculate D for each withdrawal speed. A plot 

of D versus u shows a rapid decrease in D value until a plateau is reached (Figure 3.16 a and 3.17 

a for diluted and concentrated solutions, respectively). Selecting a range of u for which D is 

approximately constant enables the estimation of the draining regime. Averaging D from this 

stable region gives values of 2.84 x10-4 and 2.73 x10-4 m1/3 s2/3 for the films from diluted and 

concentrated solutions, respectively. Global constants of the same order of magnitude are found 

for various sol-gel systems,20 underlining the universality of the Landau-Levich model. Averaged 

D values are then re-introduced into equation 3.4, enabling the prediction of the film thickness 

with respect to high withdrawal speeds in the draining regime (solid line, Figure 3.16 b and 3.17 

b). Worth mentioning is the fact that slight decreases in the experimental h and D values at very 

high withdrawal rates are observed. At u >5.0 mm s-1, the semi-empirical Landau-Levich model 

fails to accurately forecast h, due to the extremely high deposit thickness   provoking  the  gravity-

induced   recessive  drag  of  the  liquid.  

 

Figure 3.16. (a) Global constant of film formation D as a function of withdrawal speed, u, for 

ZIF-8 nanofilms obtained from diluted 0.2 mol L-1 solutions; (b) plot of the film thickness h versus 

withdrawal speed u for the films obtained from diluted 0.2 mol L-1 solutions (open circles) and 

corresponding  models: Landau-Levich  (solid line), capillary at  u-1.1  (dashed line), capillary  at 

u-1 (dashed/dotted line), capillary at u-0.9 (small dashes), and combined Grosso model with u-0.9  

(open squares); (c) film thickness h normalized for material proportion constant ki as a function of 

inverse withdrawal  speed for capillary regime; the solid line represent the  LINEST  function fit 

y = 2.85 10-11x + 2.23 10-6. The h error bars in (b) are omitted for clarity. 
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Subsequently, the diminished NPs adhesion to the substrate manifests in h decrease, with much 

greater film thinning observed for deposits from concentrated solutions. Previous studies of the 

colloidal silica and sol-gel nanosystems also report on h deviations from the general increasing 

film thickness trend at the highest withdrawal speeds in the draining regime.13,20 As such, special 

attention should be paid to the selection of u range, at which the dominating viscous forces hold. 

 

Figure 3.17. (a) Global constant of film formation D as a function of withdrawal speed, u, for 

ZIF-8 nanofilms obtained from concentrated 0.4 mol L-1 solutions; (b) plot of the film thickness h 

versus withdrawal speed u for the films obtained from concentrated 0.4 mol L-1 solutions (closed 

circles) and corresponding models: Landau-Levich (solid line), capillary at u-1.1 (dashed line), 

capillary at u-1 (dashed/dotted line), capillary at u-0.9 (small dashes), and combined Grosso model 

with u-0.9  (open squares);  (c)  film  thickness h  normalized for material proportion constant ki as 

a function of inverse withdrawal speed for  capillary  regime;  the  solid  line  represent  the  

LINEST  function  fit  y = 2.42-11x + 1.72-6. The h error bars in (b) are omitted for clarity. 

Careful control of the humidity and temperature during the MOF NPs deposition   enables   

one   to   establish   solvent   evaporation   rate, E.  Assuming negligible convective flow in the 

isolated environment, as well as constant E, the mass conservation law, relating E to the rate of 

film formation F, applies in the capillary regime: 

                                                           𝐹 =
𝑐𝑀

𝜌𝑍𝐼𝐹−8
𝐸 =  𝑘𝑖𝐸                                                  (Eq. 3.5) 

where c is the solute concentration, M and ρZIF-8 are the molar weight and density of ZIF-8 

nanopowder. The rate of thin film formation corresponds to the volumetric changes in the deposit 
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thickness with time upon progressive substrate withdrawal. With constant film width L and film 

length l varying with u over the time t, one can write: 

                                                             
d𝑉

d𝑡
= ℎ𝐿

d𝑙

d𝑡
=  𝑘𝑖𝐸                                                   (Eq. 3.6) 

from which the final film thickness can be deduced: 

                                                                 ℎ = 𝑘𝑖
𝐸

𝐿

1

𝑢
                                                            (Eq. 3.7) 

If the capillary regime dominates, the h/ki versus 1/u plot should give a straight line, 

corresponding to the experimentally deduced solution consuming rate, E/L, upon film 

withdrawal. We excluded the data below u of 0.01 mm s-1 due to the observed film delamination, 

as well as large MSE values. The selected u range gives the E/L slope (Figure 3.16 c and 3.17 c), 

which, when re-introduced into the equation 3.7 allows for h prediction in the capillary regime. 

E/L values to the power of -9 and -10 are typically observed for sol-gel films.20 For the assembly 

of our 30 nm ZIF-8 NPs, we found the E/L of 2.85 x10-11 and 3.23 x10-11 m2 s-1 for diluted and 

concentrated solutions, respectively. The E/L discrepancies between various assemblies 

correspond to the precursor type, NPs concentration, viscosity variations, evolving differently 

with evaporation upon withdrawal for each system. The ki values of the same order of magnitude 

are found for ZIF-8 and sol-gel films (Table 3.1). 

Table 3.1. Capillary and draining regime model parameters obtained in this study in 

comparison with other studies on ZIF-8 nanofilms and sol-gel systems. 

System c ki E/L D Reference 

[mol L-1] [-] [m2 s-1] [m1/3 s2/3] 

ZIF-8 NPs     0.2 3.8 x10-2 2.85 x10-11 2.48 x10-4 This study 

ZIF-8 NPs     0.4 7.6 x10-2 2.42 x10-11 3.23 x10-4 This study 

ZIF-8 NPs     0.02 3.8 x10-3 1.39 x10-9 4.73 x10-4 Demessence et al.12* 

ZIF-8 NPs     0.2 3.8 x10-2 1.84 x10-10 1.94 x10-4 Demessence et al.12* 

FMS sol-gel     0.48 3.2 x10-2 2.30 x10-10 5.80 x10-4 Faustini et al.20 

FTi sol-gel     0.39 2.3 x10-2 2.80 x10-10 1.90 x10-4 Faustini et al.20 

TiSi sol-gel     0.25 6.0 x10-3 1.60 x10-9 3.80 x10-4 Faustini et al.20 

*The model values are calculated by us based on the data given in the work by Demessence et al.12 

The discrepancies in E/L and D values for ZIF-8 nanofilms derived from 0.2 mol L-1 solution 

concentrations in our study and the work by Demessence et al. stem from different dip coating 

conditions. Specifically, in the work by Demessence et al. the films were deposited under ambient 

conditions, whereas herein we utilized the isolated environment with carefully controlled low 

humidity in order to manipulate film thickness and reduce the fluid viscosity variations. 

 
In theory, the linear h/ki = f(1/u) trend illustrates the proportional increase in the deposit 

thickness with raising u to the power of -1. In practice, however, various u powers (α), varying 

between -1 and -2, are found in the capillary regime.13,14-16,20 Our study shows that u-1.1 allows 

for the best fit of the evaporation model under these specific film assembly conditions (dashed 
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line, Figure 3.16 b and 3.17 b). The deviation in α for various NPs systems can be partially the 

result of different geometric set ups,14,15 discrepancies in model boundary assumptions such as 

the presence or lack of the stagnation point inside the liquid meniscus,16,17 height of the 

meniscus15 and fluid viscosity variations during the deposition. In addition, phenomena such as 

layer stick-slip, deposit self-reorganization, changes in the film thickness induced by post-

synthetic thermal treatments or NPs deposition on the self-assembled monolayers, where strong 

localized substrate-particle interactions exist, may induce α variations. In some cases, the α 

deviations may also stem from the Marangoni flow of the fluid driven by the surface tension 

gradient towards the front of the meniscus due to evaporation;28 the effect that will be 

exaggerated at low u.  These quantitative changes in α suggest that the current evaporation model 

is too simplistic to adequately capture the microscopic behavior of the NPs during layer 

formation in the capillary regime. We thus reason that further comprehensive studies combined 

with techniques such as atomic force microscopy, reflection microscopy, and coupled with state-

of-the-art methods that allow for the in situ visual observations of the film formation, will enable 

the establishment of a more unified theory. 

Experimental observations displaying the crossover between the high and low u regions 

suggest spatial overlapping of the capillary and draining deposition regimes. The coexistence of 

the regimes is likely governed by the deposit viscosity increase induced by solvent evaporation. 

Vice versa, the increase in fluid viscosity provokes a decrease in solvent evaporation rate. The 

interdependence of the viscosity and evaporation forces at intermediate withdrawal speeds let 

one establish a relationship between the two deposition regions, simply by summing the 

contributions of both regimes, as previously demonstrated by the group of Grosso for sol-gel thin 

films:20 

                                                          ℎ = 𝑘𝑖(
𝐸

𝐿
𝑢𝛼 + 𝐷𝑢

2

3)                                                  (Eq. 3.8) 

Solving equation 3.8 for dh/du = 0, with u corresponding to the critical withdrawal speed, uc, that 

allows for the minimum film thickness, hmin, gives: 

                                                             𝑢𝑐 = (−
3𝐸𝛼

2𝐿𝐷
)

3

2−3𝛼                                                    (Eq. 3.9) 

As previously demonstrated u-1.1 allows for the best fit of the capillary model under our 

specific deposition conditions; α of -1.1 is thus introduced into the equation 3.9. For films from 

diluted solutions, α = -1.1 gives uc of 0.08 and is within 10% agreement with the experimental 

data. For concentrated solutions, the closest prediction of uc is obtained with α of -1, however in 

this instance, the model underestimates the experimental value by 24%. When predicting h with 

α = -1.1, significant discrepancies between the theoretical and experimental minimum film 

thickness, hmin, exists. The predicted hmin is ca. 50% greater that the empirical h value of 60 nm 

for film from diluted solution. Even greater deviations between hmin and h (>113%) are found for 

deposits from concentrated solutions, when assuming α of -1.1. Further α adjustments result in 

more precise prediction of the minimum film thickness, with hmin values deviating from the 

experimentally obtained h by maximum 3 nm for both diluted and concentrated solutions, when 

α equals -0.8. We also found that our model calculations for the ZIF-8 nanofilms synthesised by 
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Demessence et al.12 give hmin values, reminiscent of the overrestimated values obtained for our 

nanofilms. This problematic simultaneous precise predictability of hmin and uc is most likely 

stemming from the inaccurate forecast of the capillary model that contributes to the overall 

estimated value of h, rather than the assumption of the overlapping viscous and evaporation 

forces at the intermediate withdrawal speeds. Despite this additional complexity, the overall 

theoretical h trends are in a reasonable agreement with the experimental data, suggesting the 

universality of the Grosso group model. 

3.4.  Conclusions 

In summary, we have demonstrated experimentally that two opposite regimes of deposition, 

namely capillary and draining, exist during the assembly of MOF nanoparticle films. These 

regimes depend on the withdrawal speed and overlap at the intermediate coating velocities 

allowing for the minimum film thickness and the most uniform film morphologies. In the 

capillary regime, the thickest films are obtained, with disruptive layer cracking observed for the 

films from highly concentrated MOF nano-colloidal suspensions. The crevice-like defects of the 

capillary films from highly concentrated solutions are associated with the buildup and release of 

the residual stresses in the drying films upon equilibration with external humidity. Regardless of 

the coating regime, similar dense film morphologies are found for the layers of comparable 

thicknesses, indicating that the amount of the nanoparticle mass deposited strongly governs the 

film density and therefore the film continuity, with the withdrawal speed being of a second order. 

Careful adjustment of a semi-empirical model, summing the contributions of the opposing 

capillary and draining regimes, allows for the prediction of the film thickness for a whole range 

of withdrawal speeds. However, the model underestimates the critical withdrawal speed by 10 - 

24%. The undervaluation of the critical speed is associated with the capillary part of the model 

responsible for the film thickness forecast at low withdrawal rates. Our results suggest that there 

is a need for the development of a more unified theory that will adequately capture the complex 

interplay between the nanoparticles being deposited in the capillary regime and the specific dip 

coating conditions. Further comprehensive studies, coupled with in situ spectroscopic 

techniques, should allow for simultaneous prediction of the minimum film thickness and critical 

withdrawal speed. 
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Chapter 4 
 

 

 

 

 

Dynamic response of ultrathin dense zinc-

imidazole nanofilms 
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Abstract 

Ultrathin zinc-imidazole nanofilms are prepared by facile one cycle step-by-step dip coating. A 

critical withdrawal speed allows for films with a very uniform minimum thickness with no grain 

boundaries. The high refractive index of the films denotes the absence of mesopores. The 

dynamic response of the films to CO2 exposure resembles behaviour observed for nonequilibrium 

organic polymers. 

4.1 Introduction 

Metal-organic frameworks (MOFs) and their derivatives represent one of the fastest growing 

fields in materials chemistry. MOFs are porous hybrid organic-inorganic frameworks that retain 

properties of conventional inorganic materials but at the same time possess much lower densities 

than most organic systems. Due to their enormous structural and chemical diversity,1,2 MOFs 

offer vast opportunities for development of technologically relevant and widely applicable 

materials.3-6 Zeolitic imidazolate frameworks (ZIFs), a subclass of MOFs, consist of bivalent 

metal cations (mostly Zn2+, Co2+ and Fe2+) solely coordinated by nitrogen atoms of the 

imidazolate (Im) bridging ligands, forming microporous crystalline lattices. Amongst more than 

20 000 MOFs, ZIF-87 is one of the most studied MOF, owing to its exceptional thermal and 

chemical stability.8 This prototypical ZIF is synthesised via the assembly of tetrahedrally 

coordinated zinc ions and 2-methylimidazole (mIm) organic linkers, forming three-dimensional 

open structures with well-defined cavities of 11.6 Å that are accessible via flexible 3.4 Å pore 

apertures. A plethora of studies has been performed on the design and synthesis of polycrystalline 

ZIF-8 micro- and nanofilms,9-18 as well as on the fundamental understanding of the crystallite 

performance19-27 with amorphous derivatives28-30 and Zn(Im)2 polymorphic analogues31-37 being 

the subject of recent scientific debate. 

ZIFs are polymorphs meaning that they can form more than one crystal structure in a way 

that ordered arrangement of atoms falls into a symmetric pattern that repeats along principal 

directions in three-dimensional space. In other words, a different arrangement or conformations 

of the molecules exists in a crystal lattice. Related to allotropy, polymorphism allows for the 

existence of elements in at least two different forms in the same physical state. The judicious 

choice of solvents enables access to topologies analogous to zeolites, as well as previously 

unknown crystalline structures. For instance, by varying solvent and precursor molar ratios a 

feasible synthetic route towards the synthesis of dense, non-porous, easy to isolate Zn(Im)2 

polymorphs with cag, nog and BCT nets have been developed.7,32 In addition, an intangible SOD 

polymorphic analogue of ZIF-8, termed SALEM, has been attainable as a result of its low 

thermodynamic stability, as compared to other Zn(Im)2 polymorphs.38 Similarly, 

pseudopolymorphism offers a route to the design of new, previously unattainable crystalline ZIF 

phases. However, in pseudoplymorphism the different crystal structures are a result of 

solvomorphism, where the presence of water molecules (hydration) or ion complexes (solvation) 

results in the formation of new crystal structures. In this instance, weak intra-molecular 

interaction such as hydrogen bonding or van der Waals forces allow for the development of 
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unusual crystalline nets, often interconnected with much stronger coordination bonding-based 

crystal lattices. 

The first solvated ZIF-8 pseudomorph, termed dia(Zn), was discovered from a failed attempt 

to synthesise ZIF-8.39 Dia-Zn(mIm) possesses diamondoid topology,40 however, its non-porous 

structure restricts the accommodation of small gas molecules. In contrast, another pseudo ZIF-8 

polymorph, termed ZIF-L, displays 2-dimensional leaf-shaped morphology exceeding ZIF-8’s 

CO2  sorption  capacity, despite its lower pore volume and  BET surface area.41  Furthermore, 

ZIF-L exhibits higher CO2/CH4 sorption selectivity than the enormous mosaic architectures of 

ZIF-95 and ZIF-10042 that serve as a benchmark for ZIF open porous structures. The exceptional 

ZIF-L’s performance is associated with the cushion-shaped cavities of 9.4 x 7.0 x 5.3 Å, in which 

strong interactions between acidic carbon sites and mIm molecules promote the sorption of CO2. 

In other words, the shorter distance between the oxygen atoms of accommodated CO2 and 

unoccupied mIm hydrogen atoms allows for stronger intra-molecular interactions. In addition, 

the 2D leaf-like ZIF-L is thought of as a feasible building block in the fabrication of 

nanocomposites and membranes.43,44 Furthermore, the most recent pseudopolymorph, katsenite 

(kat), was discovered during the in situ monitoring of ZIF-8 liquid-assisted grinding.45 The 

kat(Zn) is a metastable intermediate product of mechanosynthesis, with structurally unusual 

topology. During milling, crystalline ZIF-8 transforms into amorphous zinc-methylimidazole, 

temporarily forming katsenite intermediate, and finally reaching the most thermodynamically 

stable dia-Zn(mIm) phase. 

The preparation of the pseudopolymorph requires supersaturated conditions for the formation 

of the metastable phase, and is followed by the transition of the metastable phase into a crystalline 

one (same applies to polymorphs). Stable environment is crucial to prevent the transition into a 

more thermodynamically stable phase. Although the subject of the pseudomorphism has not been 

studied systematically, it is perceived to be of great importance in the pharmaceutical,46 

food47and semiconductor industry.48,49 The membrane and sensing fields could also benefit from 

pseudopolymorphs assembled as thin films, potentially offering the development of thin film 

layers that are continuous on a molecular level. However, to date, no reports on 

pseudoplymorphic MOF assemblies exist. Here, we present the in situ synthesis of ultrathin zinc-

2-methyl-imidazole, Zn(mIm), nanofilms by facile dip coating, employing only a single growth 

cycle. The assembled films form previously unattainable Zn(mIm)-based phase, where 

thoroughly distributed chlorine and oxygen allow for film continuity. In addition to their low and 

uniform thickness, the films are distinct in that they exhibit a very dense and homogenous 

morphology that is partly crystalline and are accessible to small gas penetrants. Pivotal is the 

slow withdrawal speed u during coating that allows direct control of the film thickness. 
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4.2 Experimental 

4.2.1 Materials and Reagents 

Commercial reagents were purchased from Sigma-Aldrich (A.C.S. grade) and used without any 

further purification. Single side polished silicon wafers, comprising ca. 2 nm native oxide layer, 

were obtained from the Mesa+ Institute for Nanotechnology. 

4.2.2 Synthesis of Zinc-imidazole Nanofilms 

4.2.2.1 Synthesis of The Initial Solutions 

A metal precursor solution was prepared by dissolving 1.5 g of zinc chloride (ZnCl2) in 40 ml of 

methanol. The organic linker solution was synthesised by dissolving 2.5 g of 2-methylimidazole 

(C4H5N2) in methanol. Both solutions were vigorously stirred for 30 minutes under ambient 

conditions, capped and put aside for 24 hours to reach equilibrium. 

4.2.2.2 Synthesis of Zn(mIm) Nanofilms 

The experiments were performed at room temperature under ambient atmospheric conditions. 

Silicon wafers were vertically immersed into the zinc solution for 30 minutes. After immersion 

in the zinc solution, the samples were washed with methanol and dipped into the ligand solution 

for 30 minutes, followed by final solvent washing. The withdrawal speed for each step was kept 

constant. Each set of experiments was performed utilizing withdrawal speeds ranging between 

0.1 - 4 mm s-1. As-synthesized films were placed under a petri dish and dried at ambient 

conditions over 2 days. 

4.2.3 Synthesis of ZIF-8 Microcrystals 

4.2.3.1 Support Pre-treatment 

For development of ZIF-8 crystals, α-alumina supports (B2135-10; Teceram Hradec Kralove; 

mean pore diameter 0.84 µm) were cut into approximately 0.7 cm2 pieces. Prior to modification 

supports were cleaned in acetone for 2 hours, rinsed with de-ionised water and treated under 

sonication in hydrogen peroxide, followed by de-ionised water sonication treatment. Afterwards, 

supports were placed in a convection oven at 200 °C for 2 hours to enable evaporation of 

remaining residues. 

4.2.3.2 Synthesis of ZIF-8 Microcrystals on Porous Support 

The synthesis solution was prepared by dissolving 2.5 g of 2-methylimidazole, 1.5 g of zinc 

chloride and 2.0 g of sodium formate in 80 mL of methanol. The solution was vigorously stirred 

at 21 °C for 20 minutes. Pre-treated support was then vertically placed and secured in Teflon 

holder and the solution was slowly poured into the Teflon device. The assembly was then 

evacuated under 20 kPa vacuum until effervescence ceased (approximately 10 minutes). The 
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Teflon device was then sealed and placed in the autoclave. Sealed autoclave was placed in the 

pre-heated oven for 8 hours at 120 °C, with heat ramp cooling of 4 hours. 

4.2.4 Structural Characterization 

Long distance Scanning Electron Microscopy (SEM) micrographs were obtained using a JEOL 

JSM-6010LA (JEOL Ltd.) operated at 5 keV acceleration, whilst in-depth analysis was 

performed on a JEOL JSM-6000F (JEOL Ltd.) SEM under 10 - 15 keV. Prior to SEM analysis, 

samples were coated with an Au layer to mitigate charging. X-ray diffraction (XRD) studies were 

performed at room temperature on a X’Pert PRO θ-θ powder diffractometer (PANanalytical) 

with parafocusing Bragg-Brentano geometry using  Cu-Kα radiation (λ = 1.5418 Å, U = 40 kV, 

I = 30 mA). The data were scanned with an ultrafast detector X’Celerator over the angular range 

5-30º (2θ) with a step size of 0.0688º (2θ) and a counting time of 406.4 s step-1. XRD data 

evaluation was performed using HighScore Plus software. 

4.2.5 Ellipsometry Measurements 

Ex situ ellipsometry measurements were conducted on a variable angle spectroscopic 

ellipsometer (M-2000X; J.A. Woollam Co., Inc.) operating in a maximum wavelength range of 

210-1000 nm. The angles of incidence of the probing light beam were 65, 70 and 75°, with the 

spot size of ca. 2 mm in diameter. CO2 sorption measurements were performed on spectroscopic 

ellipsometer (Alpha-SE; J. A. Woollam Co., Inc.) coupled with a custom-built high-pressure 

stainless steel cell (1 cm thick transparent windows). The spectral range was 380-900 nm. The 

measurements involved real time in situ monitoring of the refractive index and the film thickness 

upon variation of the CO2 partial pressure (0.2 – 1 bar) controlled with a syringe pump (ISCO 

500D; Teledyne). The sample was de-gassed prior to the sorption measurements. The cell 

temperature was kept constant at 35 °C. Experiments were performed in a dynamic mode with 

30 seconds per full spectral scan. For the sorption measurements, zinc-imidazole film synthesized 

at u = 4 mm s-1 was selected due to the greater thickness allowing for deconvolution of thickness 

and refractive index. For thinner films these parameters may be correlated. 

The spectroscopic data analysis was performed with the CompleteEASE software (Woollam 

Co., Inc.). The thicknesses of the films were obtained from the spectroscopic ellipsometry 

measurements, employing the  Cauchy model of optical dispersion in  the spectral  region  of 

340-1000 nm and 380-900 nm for the M-2000X and Alpha-SE, respectively. For the M-2000X 

the spectral range from 210-340 nm was omitted due to a slight light depolarization by the 

sample. The ~2 nm native oxide layer was accounted for and incorporated into the optical model. 

The optical model included the pressure-dependent refractive index of the compressed CO2 gas, 

as well as the slight birefringence effects induced by mechanical strains in the windows. 

4.2.6 Estimation of Film Porosity 

The porosity of the ZIF-8 films was determined from the film’s refractive index, n, using the 

Bruggeman  effective  medium  approximation  (EMA)  theory50.  The  fresh  film  prepared  at 

4 mm s-1 withdrawal speed (nfresh = 1.5495; Results and Discussion, Figure 4.1c) is assumed to 
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comprise a mixture of the ZIF-8 matrix (nZIF-8) and liquid methanol (nMeOH = 1.32551). The 

volume fractions of the components are ΦZIF-8 and ΦMeOH respectively, and since these are the 

only two components ΦMeOH = 1 - ΦZIF-8. For this system EMA can be written as follows: 

                              
𝑛ZIF−8

2 −𝑛fresh
2

𝑛𝑍IF−8
2 +2𝑛fresh

2 ∙ 𝜙𝑍𝐼𝐹−8 +
𝑛MeOH

2 −𝑛fresh
2

𝑛MeOH
2 +2𝑛fresh

2 ∙ (1 − 𝜙ZIF−8) = 0                (Eq. 4.1) 

After exposure of the same sample to vacuum and helium flow it is assumed that all of methanol 

is removed and the treated sample consist of the ZIF-8 matrix (nZIF-8) and void (nvoid = 1). The 

value for the refractive index of the treated sample is taken directly before the exposure to 

CO2/He mixtures, ntreated = 1.4256. The volume fraction of void (Φvoid) is assumed to be equal to 

the void fraction of methanol in the fresh film: Φvoid = ΦMeOH = 1 - ΦZIF-8. The EMA written for 

the treated sample: 

                              
𝑛ZIF−8

2 −𝑛treated
2

𝑛ZIF−8
2 +2𝑛treated

2 ∙ 𝜙𝑍𝐼𝐹−8 +
𝑛void

2 −𝑛treated
2

𝑛void
2 +2𝑛treated

2 ∙ (1 − 𝜙ZIF−8) = 0               (Eq. 4.2) 

Solving this set of equations yields: nZIF-8 = 1.6805 and ΦZIF-8 = 0.64. The porosity can be 

calculated as Φvoid = 1 - ΦZIF-8 = 0.36. 

4.3 Results and Discussion 

Typically, the use of zinc chloride and 2-methylimidazole results in the formation of ZIF-8 

crystals, when certain thermodynamic conditions are met.11 Solvothermal conditions are often 

required, with additives allowing for full deprotonation of mIm organic linker, and specific 

porous supports such as alpha-alumina or stainless steel to enhance heterogenous nucleation. To 

design Zn(mIm) nanofilms, we have chosen room temperature conditions to ensure that certain 

thermodynamic equilibria conditions are met, as conventional solvothermal synthesis is unlikely 

to succeed, when designing pseudopolymorphic materials. The feasibility of the in situ dip 

coating of the Zn(mIm) films is depicted in Figure 4.1 a. Three regimes of film deposition can 

be distinguished in Figure 4.1 b and c. The regime at lower withdrawal speeds (u <1 mm s-1) is 

known as the capillary regime and is governed by the combined effects of continuous capillary 

feeding and methanol evaporation. Decreasing u in the capillary regime results in an increased 

film thickness. At the lowest u of 0.1mm s-1 a 217 ± 2.85 nm thick film was obtained. The regime 

at higher speeds (u >3 mm s-1) is known as the draining regime. In this regime, gravity-induced 

viscous draining opposes solvent adhesion to the substrate, as described by the Landau– Levich 

model.52 In the intermediate regime, the draining and capillary effects overlap, and the fluid 

viscosity and the rate of solvent evaporation are interdependent. At a critical withdrawal speed 

of uc = 1 mm s-1, a minimum film thickness of 106 ± 0.74 nm is obtained. Similar trends of 

thickness versus coating velocity have been previously reported for the synthesis of sol–gel 

films53 and for the development of ZIF-8 crystalline nanofilms from colloidal solution.13 

The refractive index n of the films shows a strong dependency on the kinetics of deposition, 

with an overall  trend  resembling that of  the  thickness  (Figure 4.1c).  In the capillary regime, 

n increases substantially with decreasing u. The highest value of the refractive index (n = 1.584, 

determined  directly after dip-coating)  is observed  at  the lowest withdrawal speed. This can be 
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Figure 4.1. (a) Illustration of step-by-step dip coating employed for the synthesis of zinc-

imidazole nanofilms with the growth cycle only conducted once; (b) film thickness dependency 

on the withdrawal speed and; (c) refractive index as a function of withdrawal speed. The solid line 

is a guide for the eye, the position of the dotted lines is only indicative. The error bars illustrate 

the standard deviations determined from three spot measurements on each of the films, indicating 

the highest film uniformity at intermediate withdrawal speed. 

rationalised from the more pronounced capillary forces that develop upon solvent evaporation at 

lower withdrawal rates, resulting in a higher materials density and hence a higher refractive 

index. In the draining regime, the refractive index moderately increases with increasing 

withdrawal rate. In the intermediate region, a minimum value is observed, n = 1.542. The 

observed trends are in a reasonable agreement with the results reported by Demessence et al.13 

for ZIF-8, where the obtained refractive indices of 1.23 and 1.18 for capillary and draining 

regime, respectively, were recorded. The significantly higher n values (>1.54) reported in herein 

correspond to a much greater film density, which can be associated with the absence of inter-

grain porosity, as well as unusual spatial arrangement of the atoms. 

The relatively low standard deviations, determined from three spot measurements on a single 

film, of the film thickness (0.5%) and the refractive index (0.03%) at uc indicate that intermediate 

withdrawal speeds allow for high film uniformity. At uc, the standard deviations are an order of 

magnitude lower as compared to the other regimes. Within the 2 mm diameter spot size, no 
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depolarization of the light is observed, implying low thickness non-uniformity. These results 

indicate that intermediate withdrawal speeds favour the preparation of high-quality ultrathin 

uniform nanofilms. Very recently, Berteloot et al.54 reported continuous and relatively uniform 

silica nanofilms at uc, as compared to the films synthesized at capillary and draining regimes. 

The uniformity of the films is also apparent from scanning electron microscope images 

(Figure 4.2 a–c). At higher magnification the top view reveals 10-7 m sized grains that do not 

exhibit crystal characteristics such as sharp and well-defined edges typically observed for 

rhombic dodecahedral ZIF-8.14 The cross-sectional SEM view of the film suggests that the grains 

are accommodated within a continuous film, possessing no apparent cracks, pinholes or grain 

boundary defects that are often observed in polycrystalline MOF layers.55,56 The films are likely 

to be bonded to the negatively charged native silica oxide layer via electrostatic interactions with  

 

Figure 4.2. Representative zinc-imidazole nanofilm at u of 3 mm s-1: (a) scanning electron 

microscope image of top view;  (b)  high  magnification  top view; (c) cross-section; and top 

EDXS-assisted elemental mapping displaying distribution of chlorine (d), oxygen (e), zinc (f), 

carbon (g) and nitrogen (h) through the nanofilm. Carbon distribution is only indicative, as part of 

the signal stems from carbon tape. 
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the zinc ions. No delamination of the films during the exposure to vacuum, carbon dioxide, as 

well as during solvent rinse, was observed. 

The shape of the embedded crystallites is very distinct from the shapes typically observed 

during the phase transition of the developing, most thermodynamically stable ZIF-8  

dodecahedrons,14,57  indicating the occurrence of new zinc-imidazole phase. Furthermore, energy 

dispersive X-ray spectroscopy (EDXS) assisted elemental mapping displays an even scattering 

of oxygen and chlorine throughout the nanofilm (Figure 4.2 d and e), the elements that do not 

form purely crystalline ZIF-8, although some dangling groups can be sometimes observed on the 

crystal outskirts. The homogeneous distribution of oxygen and chlorine throughout the nanofilm 

suggests that some terminal ligand positions are occupied by competitive ligands, such as Cl¯ 

and OH¯. These competitive ligands restrict the growth of some ZIF-8 nuclei by linking with 

zinc, also evenly scattered throughout the nanofilm (Figure 4.2 f). We hypothesise that these 

under-developed crystals, together with excess 2-methylimidazole, serve as building units of the 

disordered amorphous phase from which the film continuity emanates. The unusual presence of 

oxygen also suggests that the films may be pseudopolymorphic, as often the solvent molecules 

can get incorporated into the crystal structure.45 In addition, EDXS reveals that the films comprise 

42% higher Zn:N wt.% ratio, as compared to a pure ZIF-8 lattice. In contrast, elemental mapping 

of fully developed ZIF-8 dodecahedrons, also synthesised from ZnCl2 source, displays 

insignificant amounts of Cl and O, mostly located at the outer surface of ZIF-8 crystals or on the 

support, whereas Zn, C and N remain mostly within the crystal structure (Figure 4.3 a-f). 

Further confirmation of the new Zn(mIm) phase development stems from X-ray diffraction 

analysis of the films. The most prominent Bragg peak for one cycle Zn(mIm) nanofilm appears 

at 12.81 two Theta degrees, with second smaller peak emerging at 25.47 two Theta (Figure 4.4 

a, solid line). Although the second peak matches ZIF-8, the first peak exceeds three times of the 

measurement error representative for ZIF-8 crystalline lattice, indicating that intermediate 

Zn(mIm) phase has developed. A small peak not associated with ZIF-8 is also observed at 6.04 

two Theta. Repetition of the deposition cycle results in greater peak intensity at 12.81 two Theta, 

signifying highly oriented crystalline layer. Simultaneously, new peaks at 14.01, 17.09 and 22.52 

emerge (Figure 4.4 a, dotted line), and are associated with previously unidentified crystalline 

Zn(mIm) phase (according to Cambridge Crystal Structural Database, CCSD58). 

We have also observed that the freshly-synthesised nanofilms are extremely sensitive to the 

drying conditions. The pseudopolymorphic Zn(mIm) films develop when left to dry under 

ambient conditions at 20 (± 2°C) with humidity of 70% (± 5%). Changing film drying conditions 

from ambient to 70 °C (i.e. above methanol boiling point) results in the development of different 

crystalline phases, with dual film composition consisting of 21:79 wt.% of ZIF-8 and 

simonkolleite (zinc chloride hydroxide monohydrate, Zn5(OH)8Cl2·H2O); XRD pattern depicted 

in Figure 4.4 b). The elevated drying conditions that allow for the transformation of Zn(mIm) 

nanofilms into the most thermodynamically stable crystalline structures support the hypothesis 

that when certain thermodynamic conditions are met, the development of pseudopolymorphic 

phases is feasible. 
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Figure 4.3. ZIF-8 dodecahedrons developed on α-alumina support: (a) scanning electron 

microscope image of top view; inset: XRD pattern displaying Bragg peaks characteristic for fully 

developed ZIF-8 dodecahedron; numbers on x axis represent 2 Theta [°]; (b-f) EDXS-assisted 

elemental mapping showing chlorine (b), oxygen (c), zinc (d), carbon (e) and nitrogen (f) 

distribution throughout the nanofilm. 

The transformation of metastable Zn(mIm) films into dual ZIF-8 and simonkolleite can be 

explained by the crystal system lowering its Gibb’s energy. The metastable Zn(mIm) film 

depicted in Figure 4.2 serves as a mother material for the growth of less energetically stable 

phases. Due to the presence of the remaining methanol solvent in the film cavities and film 

surface, the chemical reaction continues and more thermodynamically stable ZIF-8 and 

simonkolleite develop. With time, detachment of the external molecules increases the 

concentration of the particles in the remaining solvent, leading to oversaturated nano-

environment. As the released molecules have a tendency to condensate on the surface of the 

larger molecules, they contribute to the re-growth of the mother crystal. In other words, the re-

growth phenomenon leads to the crystallisation of more thermodynamically stable phases, 

providing there is no disturbance in the surrounding environment and certain growth conditions 

are met. 

Characterisation of ultrathin films can be challenging. For example, MOF13 and coordination 

polymers thin films can appear X-ray amorphous.59,60 When ultrathin, the nanofilms can also be 

unsuitable for complementary analyses such as Fourier transform infrared,  X-ray photoelectron 
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Figure 4.4. X-ray diffraction data for: (a) Zn(mIm) pseudopolymorphic nanofilms, where the 

black solid line displays Bragg peaks for 1 cycle nanofilm and the dotted line displays the peaks 

for 2 cycle nanofilm; the blue indicators show a typical ZIF-8 pattern and the red ones refer to the 

peaks characteristic for Zn(mIm) nanofilms; (b) ZIF-8 and simonkolleite dual film with 21:79 

wt.% composition; the blue indicators represent ZIF-8 peaks, whereas the green ones refer to 

simonkolleite.  

spectroscopy or thermogravimetry, as well as being too rough for X-ray reflectivity analysis, as 

in our case. One way to analyse the chemical composition of the developed films is to synthesise 

thicker layers by the repetition of the growth cycle. However, in the case of metastable phases 

such approach may lead to the transition of the films into other, more thermodynamically stable 

crystalline phases. Another possible solution involves the growth of micrometre scale crystals 

synthesised in the same conditions as the nanofilms. Nevertheless, such approach can result in 

the development of other crystalline phases, when grown in situ without the support surface that 

provides heteronucleation sites for film growth. Indeed, in some cases, the obtained films do not 

exist in their bulk crystalline form and grow only on specific substrates. 

Even though the powdered crystallite may diverge from its much thinner film assembly, and 

the analysis of the nanofilms may be unfeasible, the synthesis of powdered congeners suitable 

for XRD can provide some indication regarding the film composition and give an insight into 

thin film formation. To confirm this hypothesis, we have designed an experiment where slow 

solvent evaporation method is utilised to grow micrometre crystals suitable for XRD analysis. 

These crystals are grown from the same stochiometric ratio and under the same ambient 

conditions as the nanofilms, with an exception of the presence of the silica support. The 

developed crystals form new phases, termed chloro-tris(2-methyl-1H-imidazole)-zinc(ii) 

chloride hydrate (CCDS entry no. 1483947, reference code UPOHAK61), with the chemical 

formula 3(C12H18ClN6Zn)*H2O,3(Cl) forming a hydrate that is a pseudopolymorph (Figure 4.5 

a). The molecule possesses three mIm linkers and one chlorine atom connected to a zinc atom 

via coordination bonds, as well as hydrogen bonding connections with another two zinc-mIm 

based molecules. There is disorder of the 3rd molecule across two orientations and about an 

inversion centre (Figure 4.5 b). 
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Figure 4.5.  (a) Depiction of UPOHAK molecule with thermal ellipsoids drawn at the 50% 

probability level; colours representing: blue – nitrogen or zinc, grey – carbon, light grey – 

hydrogen, green – chlorine; disorder is omitted for clarity; (b) disorder of the 3rd molecule with 

superimposed 2-methylimidazole. 

The difference between UPOHAK and ZIF-8 is illustrated in Figure 4.6, together with XRD 

patterns and a reaction scheme. The diffraction and refinement data for UPOHAK with specific 

fractional atom coordinates, anisotropic displacement parameters, bond lengths and angles, 

torsion angles, hydrogen bonding and atomic occupancies are listed in Appendix A. Although 

the XRD data of the powdered microcrystallites display the results that differ from these of the 

nanofilm assemblies, it provides valuable information regarding the possible route to thin film 

formation and composition. The EDXS analysis and elemental mapping of the films support the 

hypothesis that similar reaction, where competitive Cl¯ and OH¯ terminal ligands occupy one or 

more of the mIm positions can take place. In addition, weak hydrogen interactions bonding 

together possibly superimposed Zn(mIm) molecules form a plausible hypothesis explaining from 

where the film continuity stems. With defective MOFs and crystals now being considered 

suitable candidates for applications such as catalysis and gas sorption,62 the development of 

defected nanofilms offers a unique opportunity for future applications. 

The non-crystalline characteristics of the films are apparent from the dynamics of the 

thickness (h) and refractive index (n) when exposed to vacuum, helium, and binary carbon 

dioxide–helium mixtures (Figure 4.7 a). At the start of the dynamic in situ ellipsometry 

experiment, the value of n is lower as compared to that in Figure 4.1 c, whereas the difference in 

film thickness is insignificant. During evacuation  and  subsequent  exposure  to 1 bar  He a 

progressive decrease in  n  is observed. The concurrent change in thickness is insignificant. This 

means that remaining moieties, such as methanol, are removed from the film and empty void 

space is created inside the film. From the change in refractive index, the porosity can be estimated 

to be at least 36%. The rate of the slow process is accelerated by an increase in temperature from 

35 °C to 70 °C. Subsequent incubation of the film at 70 °C reveals another long-term process, 

manifested by an increase in n and a constant thickness. The slow change in n is similar to that 

observed during physical aging of glassy organic polymers.63 The non-equilibrium characteristics 
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of such glassy materials induce a slow densification process. The corresponding CO2 

concentrations during stepwise increase of gas partial pressure are depicted in Figure 4.7 b. 

 

Figure 4.6.  Variance between ZIF-8 and UPOHAK: (a) SEM image of micrometre ZIF-8 crystal; 

(b) SEM image of UPOHAK crystal; (c) XRD pattern of microcrystalline ZIF-8 (top) and 

UPOHAK (bottom); (d) scheme of the reaction displaying fully grown ZIF-8 and UPOHAK. 

The constant thickness of the Zn(mIm) films suggests that this material undergoes another 

morphological change than densification. This is supported by an increase of the gradient in 

density required for adequate optical fitting of the spectroscopic ellipsometry data. Upon 

exposure of the film to a mixture of 20 vol% carbon dioxide and 80 vol% He, a step change 

increase in the refractive index is observed, followed by progressively increasing n. The slope of 

n with time relates to the morphological rearrangement, which is slightly enhanced by the 

presence of the carbon dioxide. Upon subsequent further increase of the carbon dioxide 

concentration, a further increase in n is observed, while the morphological rearrangement 

becomes less pronounced. For exposure to pure carbon dioxide the rearrangement appears to be 

inhibited. Upon subsequent stepwise reduction of the carbon dioxide concentration, a stepwise 

reduction in refractive index is observed with an initially enhanced morphological 

rearrangement. The final value of n after the exposure cycle is higher than prior to the carbon 

dioxide exposure. The irreversible evolution of the refractive index indicates that the film is not 
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entirely rigid and crystalline but comprises nanoscale crystals in a non-crystalline phase. The 

high refractive indices of the films imply high film density. This indicates that the embedment 

of the nano-scale crystals in the non-crystalline phase eliminates the presence of mesoporous 

inter-crystalline voids. Such inter-crystalline voids have dimensions that exceed those of small 

molecules and dictate the dynamics and molecular selectivity of sorption and diffusion. Despite 

the overall high density, the films exhibit a high porosity (>36%) that is accessible to small 

molecules. 

 

Figure 4.7. (a) In situ spectroscopic ellipsometry monitoring of a representative zinc-

imidazole nanofilm (u = 4 mm s-1); inset: changes in refractive index as a response to a 

stepwise introduction of CO2; each step represents an additional 20 vol.% increase in CO2 

concentration; (b) CO2 sorption in Zn(mIm) nanofilm (u = 4 mm s-1) as a response to 

stepwise increase of CO2 partial pressure. 

The analysis of one-year aged film showed a very similar dynamic response to pure CO2, as 

compared to the response of freshly-synthesized nanofilms (Figure 4.8). For the estimation of 

film longevity, the sample was left under the ambient conditions for a period of one year. The 

refractive index and the film thickness, determined from three spots measurements on a film 

developed at u = 4 mm s-1, show a decrease of ca. 15 nm and  <1%  in the film thickness and the  
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Figure 4.8. Response of freshly-synthesized (a) and one year-aged (b) ZIF-8 nanofilm to pure 

CO2.Film synthesized at u = 4 mm s-1. 

refractive index, respectively, as compared to the values obtained at the end of CO2 sorption 

experiment (h = 181.7 nm, n = 1.528). These changes are likely to be attributed to the 

morphological transformation of non-equilibrium phase of the film over extended time  period, 

a phenomenon  characteristic for non-equilibrium polymers during their slow densification. 

However, the response of the one-year aged nanofilm to pure CO2 was found reasonably 

consistent with the freshly-synthesized films. Precisely, when exposed to pure CO2, the refractive 

index increments were Δn = 0.0054 (0.37% increase) and Δn = 0.0043 (0.3% increase) for as-

synthesized and one-year aged film, respectively. The unprecedented homogenous continuous 

morphology, combined with the absence of intercrystalline voids and a consistent response of 

the film a year later, provides distinct advantages in a variety of applications that rely on 

molecular distinction, for instance in membrane separations, adsorption, semiconductors and 

chemical sensing. 

4.4 Conclusions 

In summary, we have employed a step-by-step dip coating approach for the synthesis of uniform, 

dense, and defect-free zinc-imidazole pseudopolymorphic ultrathin nanofilms. The method 

enables accurate control of the final film thickness and density by the adjustment of the 

withdrawal speed. A critical withdrawal speed exists, at which films of a minimum thickness of 

106 nm are obtained. At the critical withdrawal speed, the highest film uniformity is observed. 

The nanofilms exhibit comparatively high refractive indices, ca. 30% higher than compared to 

ZIF-8 films presented in the literature. The high refractive indices are associated with the absence 

of mesoporous inter-particular voids, as well as structural disorder of the amorphous phase. The 

films are partly crystalline. The noncrystalline characteristics are apparent from a long-term 

irreversible morphological rearrangement of the film, as revealed by in situ spectroscopic 

ellipsometry. The high density of the films and SEM images suggest the absence of apparent 

mesoporous intercrystalline voids, allowing for distinct molecular selective sorption and 
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diffusion as compared to existing ZIF-8 and MOF films. This study demonstrates for that 

metastable pseudopolymorphic phases can be configured into functional thin films. 
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Abstract 

Partially crystalline zinc-imidazole, Zn(mIm), nanofilms may provide distinct advantages in a 

variety of applications that rely on molecular distinction. For practical thin film applications, it 

is necessary for the films to form thin and continuous structures, as well as to retain mechanical 

stability, particularly when exposed to high gas pressures. Here, for the first time, the dynamic 

sorption of compressed carbon dioxide, methane, and nitrogen in partially non-crystalline 

Zn(mIm) nanofilms is reported. The films exhibit high sorption capacities, and carbon dioxide 

selectivities that are much greater than those reported for purely crystalline bulk ZIF-8, the phase 

structurally closest to Zn(mIm). When perturbed with high-pressure plasticising penetrants, the 

Zn(mIm) nanofilms maintain prolonged stability, outperforming state-of-the-art glassy 

polymeric thin films. 

5.1 Introduction 

Many practical applications require materials that are dense and continuous on a molecular level. 

An example includes membranes, where assembly of ultrathin nanofilms offers an advantage 

over their much thicker counterparts due to the much shorter diffusion paths. Currently 

dominating the industrial market, ultrathin amorphous glassy organic polymeric membranes are 

known to undergo severe plasticisation, when exposed to high-pressure highly soluble gases, 

such as CO2.1,2 Relaxational phenomena and swelling stresses on the polymer matrix occur, 

resulting in increased polymer segmental mobility, which with time lead to significant 

deterioration of the polymer properties, and reflect in selectivity loss (Figure 5.1 a). On the other 

end of the spectrum lay robust porous crystalline materials with highly ordered microscopic 

structures, with metal-organic frameworks (MOFs) and zeolites representing the field (Figure 5.1 

b).3,4 The open porous structure of crystalline materials allows for the accommodation and 

manipulation of any molecule trapped inside. However, the crystals’ assembly into thin films 

that are continuous on a molecular level remains challenging due to defects such as transverse 

grain boundaries, pin-holes and cracks that are detrimental to the membrane performance.5 

With recent attention being paid to the development of new crystalline phases such as 

amorphous MOFs6,7 and MOF intermediate products,6,8,9 the assembly of new phases as ultrathin 

nanofilms offers a potential to develop novel functional materials that are continuous on a 

molecular level. Recently, we reported the synthesis of partially crystalline zinc-imidazole, 

Zn(mIm), nanofilms via facile nanoscale-controlled dip coating.10 The novelty of our nanofilms 

stems from the presence of a continuous non-crystalline phase that encompasses Zn(mIm) 

nanocrystals, and represents previously unattainable grain boundary-free film morphology. The 

absence of grain boundaries suggests that partially crystalline Zn(mIm) nanofilms may provide 

distinct advantages in a variety of applications that rely on molecular distinction, for instance in 

membrane separations, semiconductors and chemical sensing. For membrane applications it is 

necessary not only for the films to form thin and continuous structures, but also to retain 

mechanical stability, particularly when exposed to high gas pressures, under which many 

practical  thin  films  implementations  take  place.  To  date,  however,  most  studies  involving 
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Figure 5.1. Depiction of: (a) amorphous polymeric net undergoing high pressure plasticisation in 

the presence of CO2 penetrant; (b) polycrystalline membrane grown on porous support forming 

defected crystalline layer resulting in poor gas permeability; (c) Zn(mIm) embedded in a 

continuous amorphous phase that stems from disorder of crystallite growth. 

high-pressure gas sorption in zinc-based phases concentrate on their bulk or particulate form. 

Here, for the first time, we report on the sorption of compressed gases into dense, continuous and 

ultrathin (ca. 200 nm) Zn(mIm) nanofilms. We demonstrate how the intrinsically distinct nature 

of our partially crystalline Zn(mIm) nanofilms allows for high carbon dioxide uptake with CO2 

sorption selectivities that are much greater than those reported for purely crystalline bulk zeolitic 

imidazolate framework 8 (ZIF-8), the crystalline phase that is structurally closest to the 

developed Zn(mIm) phase, according to Cambridge Crystal  Structural  Database.11  

Additionally,  when  perturbed with  high-pressure (>50 bar) plasticising penetrants, the Zn(mIm) 

nanofilms maintain prolonged stability, outperforming state-of-the-art glassy polymeric thin 

films. By overcoming the limitations of both polymeric and purely crystalline ZIF films, the 

partially crystalline nanofilms presented herein have the potential to answer current challenges 

facing practical thin membrane films. The general concept is depicted in Figure 5.1 c. 

5.2 Experimental 

5.2.1 Precursors Solutions 

Precursors solutions were prepared from commercial reagents (Sigma-Aldrich, A.C.S. grade), 

used without any further purification. Metal precursor solution: 1.5 g zinc chloride dissolved in 

40 mL methanol. Organic linker solution: 2.5 g 2-methylimidazole dissolved in 40 mL methanol. 

Both solutions were vigorously stirred (30 minutes, ambient conditions), capped and put aside 

for 24 hours to reach equilibrium. 
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5.2.2 Synthesis of Zn(mIm) Nanofilms 

Zn(mIm) nanofilms were synthesized by vertical immersion of a piranha solution pre-treated 

silicon wafer into the zinc solution for 30 minutes. The sample was dried at ambient conditions 

for two days. Afterwards, the sample was immersed into the ligand solution for 30 minutes, dried 

for 2 days and washed with methanol. The obtained films were dried for one week at ambient 

conditions under a petri dish. Withdrawal speed for each step was kept constant at 0.15 mm s-1. 

5.2.3 Film Characterisation 

Field Emission Scanning Electron Microscopy images were obtained using a JEOL JSM-6000F 

(JEOL Ltd.) under 10 - 15 keV acceleration voltage. Prior analysis the sample was coated with 

2 nm Au layer.  Energy Dispersive Spectroscopy elemental mapping was performed using an 

FE-SEM (Hitachi S-4700) occupied with Secondary Electron detector (acceleration voltage 15.0 

kV, magnification 10000x). The full scan was acquired after 10 minutes. Prior elemental 

mapping samples were coated with 20 nm Au/Pd layer. X-ray diffraction studies were performed 

at ambient temperature on a X’Pert PRO θ-θ powder diffractometer (PANanalytical) with 

parafocusing  Bragg-Brentano  geometry  using  Cu-Kα  radiation  (λ = 1.5418  Å,  U = 40  kV; 

I = 30  mA). The  data  were  scanned  with  an  ultrafast  detector  X’Celerator  (angular  range 

5-30°(2θ), step size 0.0688°(2θ), counting time 406.4 s step-1). Data evaluation was performed 

using HighScore Plus software. 

5.2.4 Gas Sorption Measurements 

Gas sorption measurements were performed on an Alpha SE (J. A. Woollam Co., Inc.) 

spectroscopic ellipsometer (spot size light beam ~2mm, full spectra between 390 and 900 nm 

were recorded every 30 s) with home-built high-pressure cell and gas supply by an ISCO syringe 

pump. Vacuum was applied before introduction of a gas. For data modeling, a 4-component 

optical model was used: Si-wafer, native SiO2, Zn(mIm) film, and gaseous ambient (dispersion 

taken from literature12-14) (Figure 5.2). 

 

Figure 5.2. Schematics  of  an  optical  model  used  to  analyze  the  Zn(mIm)  film deposited  on 

a silicon wafer. 

The optical properties of the Zn(mIm) film were modelled using a uniform film model 

or a graded film model. The graded model assumed a linear variation of sample refractive index 

along its thickness in 50 linearly distributed steps. A slight in-plane offset related to pressure-

induced  birefringence  of  the cell window was used as a fitting parameter. This is justified for 
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a relatively thick ca. 200 nm sample and does not lead to substantial inaccuracies or parameter 

interdependencies. 

5.2.5 Estimation of Film Porosity 

The porosity of Zn(mIm) nanofilm was determined from the film’s refractive index using the 

Bruggeman Effective Medium Approximation (EMA) theory.15 The fresh film possesses the 

refractive index of nfresh = 1.505 and is assumed to comprise trapped methanol, nMeOH = 1.325.16 

Assuming ΦMeOH = 1 - ΦZn(mIm), where ΦMeOH and ΦZn(mIm) are volume fractions of liquid methanol 

and dense amorphous phase, respectively, the EMA can be expressed as follows: 

                         
𝑛𝑍𝑛(𝑚𝐼𝑚)

2 −𝑛𝑓𝑟𝑒𝑠ℎ
2

𝑛𝑍𝑛(𝑚𝐼𝑚)
2 +2𝑛𝑓𝑟𝑒𝑠ℎ

2 ∙ 𝜙𝑍𝑛(𝑚𝐼𝑚) +
𝑛𝑀𝑒𝑂𝐻

2 −𝑛𝑓𝑟𝑒𝑠ℎ
2

𝑛𝑀𝑒𝑂𝐻
2 +2𝑛𝑓𝑟𝑒𝑠ℎ

2 ∙ (1 − 𝜙𝑍𝑛(𝑚𝐼𝑚)) = 0          (Eq. 5.1) 

Assuming that after exposure to vacuum all methanol is removed from the film nanopores, 

the activated sample consists of amorphous phase with embedded Zn(mIm) crystals (nZn(mIm)) and 

empty void space (nvoid = 1), with a refractive index of ntreated = 1.474. The void volume fraction 

(Φvoid) is assumed to be equal to the void fraction of methanol in the fresh film, and therefore 

Φvoid = ΦMeOH = 1 - ΦZn(mIm). The EMA for the activated Zn(mIm) sample therefore is: 

                         
𝑛𝑍𝑛(𝑚𝐼𝑚)

2 −𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑
2

𝑛𝑍𝑛(𝑚𝐼𝑚)
2 +2𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑

2 ∙ 𝜙𝑍𝑛(𝑚𝐼𝑚) +
𝑛𝑣𝑜𝑖𝑑

2 −𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑
2

𝑛𝑣𝑜𝑖𝑑
2 +2𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑

2 ∙ (1 − 𝜙𝑍𝑛(𝑚𝐼𝑚)) = 0       (Eq. 5.2) 

Solving the two above equations yields ΦZn(mIm) = 0.78 and Φvoid = 0.22. 

5.2.6. Calculation of the Penetrant Concentration and its Apparent Molar Volume 

The concentration of the dissolved penetrant is calculated using the Clausius – Mossotti 

approach:17 

                                                                
𝑛2−1

 𝑛2+2
= 𝑞 ∙ 𝜌                                                         (Eq. 5.3) 

where q is a constant representing the ratio of molar refraction and molecular weight, and ρ is 

the film (mass) density. Equation 5.3 allows calculating q, when refractive index and density of 

the film or penetrant are known. For a mixture of the treated (activated) Zn(mIm) sample and the 

penetrant, the mass concentrations, C, can be calculated from the refractive index, nmix, assuming 

that the q parameters of the components in the mixture are equal to their values in a pure state: 

                                        
𝑛𝑚𝑖𝑥

2 −1

𝑛𝑚𝑖𝑥
2 +2

= 𝑞𝑍𝑛(𝑚𝐼𝑚) ∙ 𝐶𝑍𝑛(𝑚𝐼𝑚) + 𝑞𝑝𝑒𝑛𝑒𝑡𝑟𝑎𝑛𝑡 ∙ 𝐶𝑝𝑒𝑛𝑒𝑡𝑟𝑎𝑛𝑡             (Eq. 5.4) 

In a film that underwent dilation, the Zn(mIm) concentration is expressed as: 

                                                       𝐶𝑍𝑛(𝑚𝐼𝑚) = 𝜌𝑍𝑛(𝑚𝐼𝑚) ∙
ℎ0

ℎ
                                              (Eq. 5.5) 

where h0 is the film thickness of the activated sample at the start of the in situ ellipsometry 

experiment, whilst h is the thickness of the film exposed to the gas penetrant (i.e. dilated film). 
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The apparent partial molar volume, Vm, of a penetrant is calculated from the slope of the film 

swelling versus concentration of the dissolved penetrant: 

                                                            𝑉𝐶𝑂2 = 22400 ∙
𝛿

Δℎ

ℎ0

𝛿𝐶
                                                  (Eq. 5.6) 

The following values were used in the calculations: ρZn(mIm) = 1100 kg m-3; ρCO2 = 158.1 kg m-3 

and nCO2 = 1.0358 (carbon dioxide at 60 bar, 35 °C); ρCH4 = 42.6 kg m-3 and nCH4 = 1.0262 

(methane at 60 bar, 35 °C).18 

5.3 Results and Discussion 

The nanofilms are synthesised via a facile single deposition cycle, in accordance with the method 

previously reported by us.10 Briefly, silicon wafers are immersed into zinc chloride methanolic 

solution, followed by dipping in 2-methylimidazole linker solution. The resulting nanofilms are 

continuous with no grain boundaries typically observed for polycrystalline ZIF-8 films and 

membranes (Figure 5.3 a and b). Spectroscopic ellipsometry (SE) reveals that the thickness, h, 

of a freshly-synthesized sample is 229.9 nm (±1.9 nm) with the film refractive index, n, of 1.505 

(±0.001). The relatively high refractive index implies a high film density that is attributed to the 

absence of inter-crystalline voids. The low relative standard deviation of the film thickness 

(0.84%) and the refractive index (0.08%) imply a high film uniformity. Within the 2 mm diameter 

spot size, no significant depolarization of the reflected linearly polarized probing light is 

observed, indicating a high thickness uniformity. X-ray diffraction data confirms that the film 

comprises crystalline ZIF-8 (Figure 5.3 c). The crystallites are highly oriented, as evidenced from 

the most intense peak positioned at 2 Theta of 12.8˚. Energy dispersive X-ray spectroscopy 

(EDXS) assisted elemental mapping reveals a uniform distribution of zinc throughout the 

nanofilm (Figure 5.3 d). 

Our previous study of the nanofilms, demonstrated homogeneous distribution of oxygen and 

chlorine throughout the nanofilm,10 suggesting that some terminal ligand positions are occupied 

by competitive ligands, such as Cl¯ and OH¯. These competitive ligands restrict the growth of 

some ZIF-8 nuclei by linking with zinc cations. We hypothesize that these under-developed 

crystals, together with excess 2-methylimidazole, serve as building units of the amorphous phase 

from which the film continuity emanates. The non-crystalline characteristics of the film are also 

apparent from the dynamics of the thickness and refractive index during the sample aging; after 

6 months a decrease of 13% in h and an increase of 2.7% in n are observed (Table 5.1). The 

concurrent changes in h and n indicate a progressive densification of the material over time and 

resemble the behavior typically observed during physical aging of non-equilibrium glassy 

organic polymers.19 

Dynamic in situ SE reveals changes in h and n during vacuum de-gassing of an aged film. 

Upon evacuation, h and n both progressively decrease (Figure 5.4). The large decrease in n, 

combined with the minor decrease in h, indicates that remaining solvent moieties are extracted 

from Zn(mIm) pore cavities, subsequently creating a void space that is accessible to gas 

molecules. The 2.5% reduction in h can be attributed predominantly to the desorption of the 
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solvent from the non-crystalline phase. Subsequent incubation of the film at 75 °C accelerates 

the desorption process. The film stabilises after ~20 hours of exposure to vacuum, with a 

thickness of 191.4 nm and refractive index of 1.474. From the change in refractive index, the 

film porosity is estimated to be at least 22% (refer to subsection 5.2.5 for the details of the 

calculation). 

 

Figure 5.3. Characterizations of a Zn(mIm) nanofilm: (a) Scanning electron microscopy (SEM) cross-

section image revealing the dense and continuous layer morphology; (b) SEM top-view revealing ca. 

100 nm grains accommodated within the continuous film; (c) X-ray diffraction pattern confirming the 

presence of crystals by the 2 Theta peak at 12.8 degrees, pattern corrected by a baseline; (d) Energy 

dispersive X-ray spectroscopy zinc mapping throughout Zn(mIm) nanofilm. 

 

Table 5.1. Thickness and refractive index of freshly-synthesized, aged and activated Zn(mIm) nanofilm. 

 

Sample spot 
 

 

Freshly-synthesized 
 

Aged 
 

Activated 

(after de-gassing) 

 
 

Thickness 

[nm] 
 

 

Ref. index 

[-] 

 

Thickness 

[nm] 

 

Ref. index 

[-] 

 

Thickness 

[nm] 

 

Ref. index 

[-] 
 

1 
 

231.57 
 

1.504 
 

198.39 
 

1.541 
 

191.4 
 

1.474 

2 227.8 1.506 198.88 1.548 NA NA 

3 230.33 1.505 196.99 1.548 NA NA 

4 ND ND 230.09 1.546 NA NA 

5 ND ND 199.4 1.546 NA NA 

6 ND ND 201.33 1.543 NA NA 

Average 229.9 1.505 199.7 1.545 NA NA 

SD 1.921 0.00117 12.77 0.003 NA NA 

RSD[%] 
 

0.836 0.0078 6.396 0.182 NA NA 
 

SD – standard deviation; RSD – relative standard deviation; ND – not determined; NA – not applicable, i.e. measurement 
not possible to conduct due to the film fixation in the sample cell during in situ spectroscopic ellipsometry 

monitoring. 

Our nanofilms display remarkable hybrid materials properties by combining high carbon 

dioxide sorption capacities typical for ZIFs with penetrant-induced film dilation that is 
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characteristic for non-equilibrium glassy organic polymers. When perturbed with high-pressure 

plasticizing penetrants, the Zn(mIm) nanofilms maintain prolonged stability, outperforming 

state-of-the-art glassy polymeric thin films. At the same time, the ideal sorption selectivities of 

our nanofilms are much higher than those reported for purely crystalline ZIF-8.  We explore the 

dynamic sorption of compressed gases in the nanofilms using high-pressure in situ spectroscopic 

ellipsometry.20 This technique allows very precise monitoring of the penetrant-induced dynamic 

changes in film thickness and refractive index (Figure 5.5 a and b). To reveal the penetrant-

induced effects, we express the changes in n as relative refractive index, nrel: the refractive index 

of the film equilibrated with the high-pressure penetrant divided by the refractive index of the 

film at vacuum. An increasing pressure causes an increase in nrel (Figure 5.5 a). At elevated 

temperatures, the changes in nrel are less pronounced, indicating a decline in sorption with 

increasing temperatures. The increase of nrel with pressure of the compressed gas indicates 

progressive filling of the microcavities of the crystalline Zn(mIm) with gas molecules. In 

contrast, the dissolution of the penetrant into the non-crystalline phase, with concurrent 

significant film swelling, would be manifested by a decrease of the refractive index, due to the 

increasing amount of the gas penetrant with a lower refractive index dissolving into the film with 

a higher index. This effect is common for glassy polymers but is absent in our Zn(mIm) 

nanofilms. 

 

Figure 5.4. In situ spectroscopic ellipsometry simultaneous monitoring of the film thickness and 

refractive index upon vacuum de-gassing with intermittent heating. 

The predominant filling of the microcavities is also evidenced from a fit of the dual-sorption 

model to the sorption data. The dual-sorption model21,22 describes penetrant-induced sorption and 

dilation in thin films. In dual-sorption mode, the penetrant sorbs into the film matrix by 

dissolution (Henry’s law sorption) and by a hole filling mechanism (Langmuir sorption). The 

total amount of sorbed penetrant can be therefore expressed as a sum of the concentrations 

derived from both sorption mechanisms: 

                                                  𝑐 =  𝐶𝐷 + 𝐶𝐻 =  𝑘𝐷𝑝 + 
𝐶𝐻

′ 𝑏𝑝

1+𝑏𝑝
                                           (Eq. 5.7) 
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Figure 5.5. Variation in film properties as a function of penetrant pressure (closed 

symbols correspond to sorption, open symbols correspond to desorption), determined 

with  in  situ  spectroscopic  ellipsometry: (a)  relative  refractive index change,  Δnrel; 

(b) film dilation. 

where c is the total concentration of the sorbed penetrant (cm3 gas (STP) cm-3 film), CD is 

‘dissolved’ concentration (cm3 gas (STP) cm-3 film), CH is the Langmuir ‘hole-filling’ 

concentration (cm3 gas (STP) cm-3 film), kD is the Henry’s law constant, p is the external pressure, 

C’H is the Langmuir capacity constant related to unrelaxed free volume and b is the Langmuir 

affinity constant. The maximum Langmuir adsorption capacity, C’H, associated with sorption in 

accessible free volume, is substantially greater than the Henry’s law constant, kD, associated with 

dissolution of the penetrant in an expanding amorphous phase (Table 5.2). 

Table 5.2. Dual-sorption parameters for Zn(mIm) nanofilms and Matrimid® thin film. 

 

Thin film 
 

 

Gas 
 

   kD 
 

C’H 
 

b 
 

Zn(mIm) 
 

 

CO2, 35 °C 
 

0.459 
 

43.51 
 

0.272 

Zn(mIm) 
 

CO2, 50 °C 0.683 26.37 0.400 

Zn(mIm) 
 

CO2, 75 °C 0.656 11.62 0.472 

Zn(mIm) 
 

CH4, 35 °C 0.068 7.7 0.108 

Zn(mIm) 
 

N2, 35 °C 0.085 8.58 0.042 

Matrimid20  
 

CO2, 35 °C 0.554 32.5 0.204 
 

kD -  Henry’s sorption parameter; C’H –Langmuir sorption capacity; b – Langmuir affinity constant. 

In addition to relative refractive index changes, we monitor the concomitant dynamics of the 

penetrant-induced film dilation. With increasing gas pressure, a progressive film dilation is 

observed (Figure 5.5 b). The dilation follows CO2 ≥ CH4 > N2 trend, reflecting the 

thermodynamically favorable accommodation of CO2 molecules within the nanofilm. At elevated 

temperatures, the CO2-induced film dilation is less pronounced (Figure 5.6). At the highest CO2 

pressure (50 bar) the dilation of the Zn(mIm) film slightly exceeds 2%, which is small when 

compared with the swelling observed in most glassy non-equilibrium polymeric thin films.20 

Furthermore, glassy polymeric films have intrinsic non-equilibrium characteristics, and display 
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sorption induced secondary relaxations combined with significant hysteresis upon penetrant 

desorption.20,23 In contrast, the low and entirely reversible dilation of the Zn(mIm) nanofilm, 

together with the absence of other significant sorption-desorption hysteresis, reveals the rigid 

nature of our films. 

 

Figure 5.6. CO2-induced film swelling at 35, 50 and 75 °C. 

The sorption-desorption isotherms (Figure 5.7 a) are estimated using the Clausius–Mossotti 

approach.24 The CO2 concentrations are substantially greater than those observed for CH4 and N2 

and can be associated with strong interactions between CO2 and Zn(mIm) phase, similar to the 

interactions observed in the structurally closest phase, ZIF-8.25 At high pressures, the CO2 uptake 

reaches  64 cm3(STP) cm-3Zn(mIm),  which  slightly exceeds the values reported for Matrimid®, 

a relatively low swelling and commercially viable gas separation glassy polymer. The isotherms 

display concave dependence of the concentration on the pressure of the compressed gas, similar 

to trends observed in literature for bulk crystalline materials,25 with limited hysteresis. In contrast, 

Matrimid® displays significant hysteresis loops upon CO2 desorption and a three times larger 

increase in h at the same pressures (Figure 5.7 b). Such extensive swelling results in an increased 

permeance of all penetrants and therefore a loss in selectivity. 

The CO2 sorption-desorption isotherms mimic the trends observed for CO2–induced changes 

in the relative refractive index. In contrast, the sorption isotherms of CH4 and N2 are almost 

identical whereas for these gases the relative refractive index curves are quite distinct (Figure 5.5 

a). The discrepancy stems from the much greater molar refractivity of CH4 as compared to that 

of N2.  The deviations between CH4 and N2-induced dilation of the film (Figure 5.5 b) derive 

from the larger space required for accommodation of the more ‘bulky’ CH4 molecule within the 

nanofilm. 

Similar trends of adsorption profiles, following CO2 ≥ CH4 ≈ N2 concentrations, have been 

reported for purely crystalline ZIF-8 powders. 25-27 Notably, the ideal CO2/N2 and CO2/CH4 

sorption selectivities of our nanofilm are similar and exceed the values reported in literature for 

bulk ZIF-8. 26,27 The larger selectivities (ca. 6.5 for both CO2/N2 and CO2/CH4) are due to a much 

greater extent of sorption of CO2 in our Zn(mIm) nanofilms, as compared to the reported values 

for bulk ZIF-8. The greater extent of sorption in the nanofilms is indicative of a distinct sorption  
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Figure 5.7. (a) Sorption isotherms estimated using the Clausius-Mossotti equation (closed 

symbols correspond to sorption, open symbols correspond to desorption), determined with in situ 

spectroscopic ellipsometry (for methane and nitrogen at 35 °C); (b) CO2-induced swelling of 

Zn(mIm) and Matrimid® thin films at 35 °C and 50 bar. Data for Matrimid® adapted from Simons 

et al.23 

site energy distribution. This is also apparent from the high values of the isosteric heat of 

adsorption in the case of CO2, Qst,CO2 (Figure 5.8; calculations based on ref. 27). For low pressures 

the value of Qst,CO2 is 34.1 kJ mol-1, which is 22% higher than the average Qst,CO2 value reported 

for bulk ZIF-8.25,29 The progressive decrease in Qst,CO2 upon increasing CO2 concentrations 

indicates that a distribution of site energies exists, similar to what is reported for chemically 

modified ZIF-8.29 

When plotting Zn(mIm) film swelling versus CO2 concentration, a distinct behaviour is 

observed in the lower and higher concentration regimes (Figure 5.9 a). At low CO2 

concentrations, the swelling of the Zn(mIm) nanofilm is insignificant. At higher concentrations, 

>40 cm3(STP) cm-3Zn(mIm), the film swelling becomes more prominent, reaching 2% at 50 bar. 
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Figure 5.8. Dependence of enthalpy of adsorption on CO2 concentration. 

The slope of the curve relates to the partial molar volume of the sorbed CO2, Vm (Experimental 

section 5.2.6). For ideal mixing in non-interacting equilibrium fluids, Vm is often considered 

equal to the molar volume of the condensed pure gas penetrant.30 For Zn(mIm) nanofilm, the Vm 

values are markedly lower than corresponding approximate liquid molar volumes of pure gas 

penetrants. This observation implies that the sorbed penetrants principally occupy accessible free 

volume inside the nanofilms. At lower gas concentrations, the partial molar volumes follow the 

order Vm,CH4 > Vm,N2 > Vm,CO2,  which is proportional to order of the kinetic diameters, 

dCH4=0.38 nm > dN2=0.36 nm > dCO2=0.33 nm (Figure 5.9 b). This suggests that a distribution of 

free volume exists with smaller voids spaces that allows accommodating the smaller CO2 without 

significant materials dilation, whereas occupation of such sites by the larger N2 and CH4 is either 

unfavourable or requires a certain extent of materials dilation.  At higher CO2 concentrations, 

corresponding to greater pressures, the most favourable sites for sorption of CO2 molecules are 

already occupied and further sorption requires progressive material dilation. This resembles the 

CO2-induced film dilation typically observed for glassy polymers.31 Notably, for the Zn(mIm) 

nanofilm the CO2 partial molar volume, Vm,CO2=14.5 cm3 mol-1 at high pressures, is markedly 

lower than the values reported for state-of the-art polymeric thin films.23 The low Vm,CO2 are 

indicative of high rigidity of the Zn(mIm) nanofilms, as compared to glassy and rubbery 

polymeric films. 

Considering the presence of amorphous phase and the film dilation at elevated pressures, 

long-term penetrant-induced relaxations of Zn(mIm) nanofilms can be expected. When exposed 

to 55 bar CO2 (Figure 5.10) the dilation of the Zn(mIm) nanofilm reaches a maximum value of 

2% after a relatively short time (~20 min). Remarkably, the dilation remains unchanged for the 

prolonged period of 200 minutes. For the refractive index, initially a rapid increase is observed, 

followed by a decrease to a constant value. The initial sharp response indicates fast CO2 

adsorption into the free volume of the Zn(mIm) nanofilm, the subsequent decline in refractive 

index is connected to the film dilation that constitutes a decrease in the overall density. The trend 

is the same at elevated temperatures, with lower film dilation. Such behavior is very distinct from 

that observed in most non-equilibrium glassy organic polymers at similar process conditions. For 

instance, at matching timescales of 250 minutes, the swelling of thin polystyrene films never 
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reaches a plateau.20 For the plasticization-resistant Matrimid® film the swelling is less 

pronounced as compared to the polystyrene films, however, during practical permeation tests at 

15-20 bar plasticization of the film is still evident.32  

 

Figure 5.9. (a) Dilation of thin films of Zn(mIm), Matrimid® and Pebax® as a function of CO2 

concentration at 35 °C. The dotted line represents an approximate value of the molar volume of 

liquid CO2. Matrimid® and Pebax® data adapted from literature.23 (b) Film swelling as a function 

of carbon dioxide, methane and nitrogen concentrations at 35 °C; dotted line represents 

approximate values of liquid molar volumes. 
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Figure 5.10. Dynamics of film dilation (35 and 75 °C) and the refractive index (35 °C) after 

incremental exposure to 55 bar CO2. 

5.4 Conclusions 

In summary, we have employed in situ high-pressure spectroscopic ellipsometry to monitor the 

dynamics of penetrant sorption and concurrently induced structural re-arrangements in novel 

partially crystalline zinc-imidazole nanofilms. The films display remarkable hybrid properties, 

owing to their heterogeneous morphology, i.e., the unprecedented combination of the continuous 

amorphous phase comprising Zn(mIm) nanocrystals. We demonstrate that easily accessible 

Zn(mIm) microcavities allow for rapid and high gas uptake with limited film dilation. At high 

pressures, the Zn(mIm) nanofilms retain high CO2 sorption capacities that exceed the values 

reported for glassy organic polymeric thin films. At the same time, the ideal sorption selectivities 

of Zn(mIm) nanofilm are much greater than those reported for purely crystalline bulk ZIF-8, 

owing to the distinct distribution of sorption site energies. When perturbed with high-pressure 

plasticizing CO2 gas, the Zn(mIm) nanofilms maintain prolonged stability, outperforming state-

of-the-art glassy organic polymeric films. By overcoming the limitations of thin polymeric films, 

as well as purely crystalline ZIF films, the films presented herein have the potential to answer 

current challenges facing practical membranes. 
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Composite Zn(mIm) nanofilms as sensitive platforms for 

organic vapour sorption and sensing 
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Abstract 

Ultrathin pseudopolymorphic Zn(mIm) nanofilms were coated with PDMS protective layer to 

prevent water-induced film degradation. The Zn(mIm)@PDMS nanocomposite was exposed to 

linear alcohol vapours and its performance was evaluated via spectroscopic ellipsometry. The in 

situ ellipsometry monitoring revealed high sensitivity and chemical selectivity of the 

nanocomposite towards all studied analytes, with the adsorption trend generally following the 

kinetic diameter of the guest penetrants. The fully reproducible, easily regeneratable, rapid switch 

on and off response of the nanocomposite demonstrates its potential in vapour sensing and 

separation processes. 

6.1 Introduction 

Over the last two decades, the extensive progress in reticular chemistry1-4 has resulted in the 

development of numerous conceptual devices. Some of the most recent advances include the 

engineering of metal-organic framework (MOF) films that have the potential to serve as 

nanosensors5-9 and membranes.10-13 Of particular interest is the assembly of a subclass of MOFs, 

zeolitic-imidazolate frameworks (ZIFs), with ZIF-814 being one of the most studied and iconic 

MOFs. ZIFs are synthesised from metal precursors (zinc or cobalt) and imidazole organic linkers, 

forming three-dimensional structures with well-defined spherical microcavities that are 

accessible via small pore apertures.15 More recently, studies on zinc-imidazole (ZnIm) 

polymorphs16,17 and pseudopolymorphs18-20 emerged, with new intermediate and 

thermodynamically stable phases being discovered.21,22  

The subject of pseudopolymorphism has not been studied systematically, however, 

pseudopolymorphs have been recognised to have an enormous potential in pharmaceutical,23 

food24 and semiconductor industry.25 Furthermore, ZIF pseudopolymorphs have been shown to 

display many advantageous properties that differ significantly from their ZIF analogues. For 

instance, a ZIF-8 pseudopolymorph termed ZIF-L20 displays 2-dimensional leaf-shaped 

morphology, as opposed to rhombic dodecahedra characteristic for the most thermodynamically 

stable ZIF-8.26,27 ZIF-L possesses lower pore volume and BET surface area than ZIF-8 but 

simultaneously exhibits higher CO2/CH4 sorption selectivity than the enormous open 

architectures of ZIF-9515 and ZIF-100,28 the two largest ZIFs synthesised with respect to the pore 

volume. The exceptional ZIF-L performance is associated with large cushion-shaped cavities, 

where strong interactions between acidic CO2 molecules and 2-methylimidazole (mIm) linker 

promote the sorption of CO2. In addition, the 2D leaf-like ZIF-L is thought of as a feasible 

building block in the fabrication of nanocomposites and membranes.22,29 Another example 

includes our recent report on pseudopolymorphic zinc-2-methylimidazole nanofilms,30 hereafter 

Zn(mIm). These ultrathin, <200 nm, nanofilms are partially crystalline and at the same time 

continuous on a molecular level, owing to the presence of the amorphous phase. The films 

withstand up to 55 bar gas pressures and display prolonged stability when exposed to CO2 

plasticising penetrant, outperforming industrial state-of-the-art glassy organic polymers, whilst 

allowing for CO2/CH4 ideal sorption selectivity comparable to that of pure ZIF-8.31 
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Our Zn(mIm) nanofilms are structurally similar to ZIF-8. The difference between both lies 

within the occupation of Zn2+ coordination positions, with all four sites occupied by mIm linkers 

in ZIF-8, whereas in Zn(mIm) some of the mIm are replaced by terminal ligands such as Cl- and 

OH-.30,31 Due to the Zn(mIm) nanofilms’ structural similarity to ZIF-8, we reasoned that Zn(mIm) 

may sorb molecules with larger kinetic diameters and atomic radii than small gas molecules such 

as N2, CO2 and CH4, the subject we previously investigated.30,31 We configured the nanofilm as 

a composite polymer@Zn(mIm) due to Zn(mIm) sensitivity to water, and investigate its dynamic 

response in the vicinity of volatile organic compounds (VOCs). As a protective polymeric layer, 

we chose poly-di-methyl-siloxane (PDMS) due to its hydrophobicity,32 as well as high 

permeability towards VOCs.33,34 The continuous in situ spectroscopic ellipsometry (SE) 

experiment enables us very precise monitoring of the penetrant-induced dynamic changes in the 

composite’s refractive indices, n. In addition, we address the guest molecule-induced structural 

re-arrangements in the PDMS thickness, hPDMS, and demonstrate the composite’s potential for 

applications that rely on molecular distinction, for instance, as chemoresponsive devices or 

nanomembranes.  

6.2 Experimental 

6.2.1 Materials and Reagents 

Commercial reagents were purchased from Sigma-Aldrich (A.C.S. grade) and used without any 

further purification. Single side polished silicon wafers, comprising ca. 2 nm native oxide layer, 

were obtained from the Mesa+ Institute for Nanotechnology. 

6.2.2 Synthesis of the Nanofilms 

Zn(mIm) nanofilms were synthesised from precursor solutions, according to the procedure 

reported previously.30 A metal solution was prepared by dissolving 1.5 g of zinc chloride (ZnCl2) 

in 40 ml  of  methanol.  The  organic linker  solution  was synthesised  by  dissolving  2.5 g  of 

2-methylimidazole (C4H5N2) in methanol. Both solutions were vigorously stirred for 30 minutes 

under ambient conditions, capped and put aside for 24 hours to reach equilibrium. Afterwards, 

clean silicon wafer was vertically immersed into the zinc solution for 30 minutes, followed by 

methanol rinsing, subsequent dipping into linker solution and methanol washing. The withdrawal 

speed for each step was kept constant at 1 mm s-1. As-synthesized films were placed under 

slightly opened petri dish at ambient conditions over a period of 2 weeks to allow for equilibration 

with the external humidity. 

For the synthesis of Zn(mIm)@PDMS nanocomposite a freshly synthesised Zn(mIm) 

nanofilm was prepared, as described above. Following 2 weeks drying period, the Zn(mIm) 

nanofilm was spin coated with PDMS. The polymer solution was prepared using a commercial 

RTV 615 (GE Bayer Silicones, Germany) two component system consisting of a vinyl-

terminated pre-polymer (RTV A) and a cross-linker containing several hydrosilane groups (RTV 

B). Both components were dissolved in n-hexane to form 5 wt% solution. The as-prepared 
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solution was deposited on the top of Zn(mIm) nanofilm at 2000 rpm for 30 s and subsequently 

cured at 50 °C for 3 hours. 

For comparison purposes, ZIF-8 nanofilms were also fabricated. Prior synthesis, nano-

colloidal solutions of ZIF-8 were prepared, following previously reported procedure.35 A 9.9 

mmol solution of Zn(NO3)2·6H2O in 99.9% pure methanol was poured into a 79.1 mmol solution 

of 2-methylimidazole in 99.9% pure methanol; the vol.:vol.% was maintained 50:50. The mixture 

was capped, vigorously shaken and left to react for one hour at ambient conditions, whilst 

becoming turbid. After one hour, the reaction was stopped in order to avoid the formation of 

large crystals, and followed by centrifugation at 20,000 rpm for 20 min. The mixture was then 

readily re-dissolved in absolute ethanol, followed by three centrifuge washing cycles to remove 

unreacted species and zinc by-products. The nanofilm was synthesised by 30 min dip coating of 

single-side polished silicon wafer in freshly prepared, three times washed, ZIF-8 

nanoparticle/ethanol colloidal solution of 0.4 mol L-1 concentration. The nanoparticles were 

deposited at withdrawal speed of 1 mm s-1. 

6.2.3 Morphological and Structural Analysis 

Scanning Electron Microscopy (SEM) micrographs of Zn(mIm) nanofilms were obtained using 

a JEOL JSM-6010LA (JEOL Ltd.) operated at 10-15 keV acceleration. The SEM micrographs 

of ZIF-8 nanofilms and Zn(mIm)@PDMS nanocomposite were obtained using a HITACHI 

S4700 (HITACHI, Japan) under 10 – 15 keV acceleration voltage. Prior SEM analysis the 

samples were sputtered with a 20 nm Au/Pd layer. X-ray diffraction (XRD) studies were 

performed at room temperature on a X’Pert PRO θ-θ powder diffractometer (PANanalytical) 

with parafocusing Bragg-Brentano geometry using  Cu-Kα radiation (λ = 1.5418 Å,  U = 40 kV, 

I = 30 mA). The data were scanned with an ultrafast detector X’Celerator over the angular range 

5-30° (2θ) with a step size of 0.0688° (2θ) and a counting time of 406.4 s step-1. XRD data 

evaluation was performed using HighScore Plus software. 

6.2.4 Spectroscopic Ellipsometry Measurements and Modelling 

In situ dynamic spectroscopic ellipsometry (SE) was performed using  Alpha-SE  ellipsometer 

(J. A. Woollam Co., Inc.) in combination with a glass, temperature controlled flow cell. The 

desired organic vapour activities were generated by saturating nitrogen carrier gas through a 

liquid container set at a temperature in a range between 1 and 20 °C, while the sample was 

stabilized at 21 °C. A three-way valve allowed intermittent desorption of the adsorbed organic 

vapours by exposing the thin film sample to pure carrier gas. 

To extract thickness and refractive index changes the samples were optically modelled as 

multilayer systems comprising silicon wafer substrate (with ~2 nm native oxide included), 

Zn(mIm) layer and PDMS layer.36 Thickness and refractive index of Zn(mIm) were determined 

by fitting a Cauchy-type optical dispersion prior to the deposition of the protective PDMS layer. 

Because of the sufficient optical contrast existing between the Zn(mlm) and the PDMS layers 

(Δn > 0.1) their refractive indices could be independently determined with high accuracy with 
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only the PDMS layer thickness allowed to change and Zn(mIm) thickness fixed at its value prior 

to PDMS deposition. Such handling of the sample modelling seemed realistic as it is mostly the 

PDMS that responds to sorption of organic vapours by dilation (swelling) and reduction of its 

refractive index, while the relatively rigid nature of Zn(mIm), as demonstrated in our previous 

study on compressed CO2 sorption,31 prohibited significant swelling. Simultaneous fit of both 

thicknesses and refractive indices for the two layers was found not reliable enough due to increase 

fit parameter correlations and reduced numerical accuracy.  

The diffusion coefficients of vapor desorption from Zn(mIm) were determined from the 

kinetics of refractive index upon desorption steps by fitting a model assuming Fickian diffusion, 

following Crank’s derivation adapted to thin films:37,38 

                       1/𝑛𝑟𝑒𝑙 = 1/𝑛𝑟𝑒𝑙,∞ ∙ [1 −
8

𝜋2
∑

1

(2𝑚+1)2 ∙ 𝑒𝑥𝑝 {−
𝐷(2𝑚+1)2𝜋2𝑡

𝐿2 }∞
𝑚=0 ]                (Eq. 6.1) 

In this adaptation, nrel stands for a relative refractive index defined as nrel = nsorbed/ndry, nrel,∞ is the 

relative refractive index at equilibrium upon full desorption of penetrant vapours, D is the 

diffusion   coefficient   [m2 s-1],   L  is  layer  thickness  [m], and t  is  time  [s].  Theoretically, 

the   change    in    the   concentration   of     sorbed    guest     penetrants     is    proportional     to 

[(n2
sorbed-1)/(n2

sorbed+2)]/[(n2
dry-1)/(n2

dry+2)]. As herein the variations in penetrant concentrations 

are relatively small (nrel of max. 1.015), the concentration change is approximately linear with 

nrel, allowing for direct estimation of the concentration changes, whilst extracting D. This model 

inherently assumes only Fickian diffusion with negligible sorptive relaxations,39 which is 

appropriate given the relatively high rigidity of the Zn(mIm) system. 

6.3 Results and Discussion 

We begin by discussing morphological and structural re-arrangements of Zn(mIm) nanofilms 

after their prolonged exposure to water. Typically, scanning electron micrographs of fresh 

Zn(mIm) nanofilms exhibit ca. 100 nm grains accommodated within a continuous amorphous 

phase (Figure 6.1 a), in agreement with the data reported previously.30,31 When immersed into 

water, Zn(mIm) nanofilms undergo hydrolysis within 30 hours, displaying lake-like surface 

defects that can significantly affect nanofilm performance due to the lack of micro- and 

macroscopic continuity (Figure 6.1 b). The detrimental effect of water on Zn(mIm) nanofilms is 

also evident from simultaneous pH monitoring, during which the pH increases from 7.03 to 7.61, 

suggesting a release of basic mIm ligand into water environment. The degradation of Zn(mIm) 

nanofilms is also confirmed via XRD analysis, with X-ray diffractograms of exhaustively washed 

nanofilms displaying no apparent peaks, indicating X-ray amorphous phase and film 

decomposition (Figure 6.1 c). Similar water-induced degradation was previously reported for 

powder ZIF-8 samples, the closest structurally known crystal phase to Zn(mIm).40 To compare, 

we assembled 50 nm ZIF-8 nano-colloidal particles as ultrathin nanofilms and performed 

analogous water stability test. Similarly to Zn(mIm), ZIF-8 nanofilms decompose within 30 

hours, becoming X-ray amorphous and displaying petal-like morphologies (Figure 6.1 d-e). The 

degradation of Zn(mIm)-based films is associated with water hydrogen protons breaking Zn-N 
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coordination bonds, resulting in a progressive release of mIm ligand into water.41 Water-induced 

crystal decomposition is also found to be a general phenomenon in other ZIFs, regardless of their 

size and origin.42 

 

Figure 6.1. Fresh and degraded Zn(mIm) and ZIF-8 nanofilms: (a) SEM of the surface of fresh 

Zn(mIm) nanofilm; (b) SEM of exhaustively washed Zn(mIm) nanofilm displaying lake-like 

defects; (c) XRD of fresh and degraded Zn(mIm) nanofilm; (d) top SEM of fresh ZIF-8 nanofilm 

synthesised from nano-colloidal solution; (e) SEM of disintegrated ZIF-8 nanofilm displaying lack 

of film continuity and petal-like morphologies (inset); (f) XRD of fresh and disintegrated ZIF-8 

nanofilm. 

When assembling Zn(mIm) as thin films, the water-induced defects can significantly affect 

guest molecules sorption and diffusion, resulting, for instance, in a loss of selectivity and material 

sensing properties. High sensitivity of Zn(mIm) nanofilms is even more anticipated for ultrathin 

devices, as fresh thin films are extremely sensitive to atmospheric conditions due to the 

equilibration with the external relative humidity. We also confirmed disintegration of the 

exhaustively washed nanofilms via spectroscopic ellipsometry. The thickness of the equilibrated 

Zn(mIm) nanofilm, hZn(mIm), synthesised at withdrawal speed of 1 mm s-1 is 89 nm, whereas 

hZn(mIm) of disintegrated film decreases significantly by 40%. We also observed a considerable 
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decline in film refractive index, nZn(mIm), from 1.522 to 1.397, under moderate nitrogen flow qN2 

of 400 ml min-1 (Figure 6.2 a, solid line). Typically, replacing methanol (MeOH) solvent, present 

in porous microcavities, with N2 molecules would results in an initial decrease of the refractive 

index due to the much lower nN2, as compared to nMeOH (1.000 and 1.327, respectively). However, 

such drastic and progressive decline of nZn(mIm) over a prolonged period of 100 hours suggests 

further disintegration of the Zn(mIm) nanofilm, triggered by exhaustive washing prior SE 

experiment. In contrast, when spin coated with PDMS, the thickness of fresh Zn(mIm) nanofilm 

under continuous qN2 remains constant. The inhibitive effect of PDMS is also evident from 

unchanged nZn(mIm) over 75 hours (Figure 6.2 a, dotted line). 

Coating with PDMS or polymeric oligomers is a common practice when preventing moisture-

sensitive catalysts and membranes from degradation.43,44 Another advantage of PDMS protective 

layer commences from the polymer’s ability to plug defects such as pin holes, cracks and grain 

boundaries that often appear when scaling up crystalline membranes and films, significantly 

affecting their performance.45 The cross-section SEM of Zn(mIm)@PDMS displays densely 

packed nanometre-sized  Zn(mIm) grains shielded  with cross-linked  PDMS  film, with the two 

 

Figure 6.2. (a) Response of exhaustively washed Zn(mIm) nanofilm and Zn(mIm)@PDMS during 

the exposure to nitrogen flow of 400 ml min-1; (b) cross-section SEM of Zn(mIm)@PDMS 

nanocomposite; and (c) magnified cross SEM of the Zn(mIm)@PDMS displaying well intergrown 

nanolayers. 
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forming a compact composite (Figure 6.2 b). Magnified SEM image reveals that the composite 

is well intergrown (Figure 6.2 c), owing to the compatibility between Zn-based crystallites and 

PDMS.44,46-48 The close-up SEM image also suggests weak electrostatic or van der Waals 

interactions between the initial Zn(mIm) nanolayer and silica support, as evidenced by the small 

gap between Zn(mIm) crystalline film and the Si wafer. The thickness of Zn(mIm) layer, 

estimated via SE, is 71 nm, whereas the thickness of PDMS coating, hPDMS, is 245 nm. The 

refractive index of fresh 1-cycle Zn(mIm) nanofilm used in further experimentation is 1.484. 

High nZn(mIm), as compared to much lower n of 1.16 and 1.36 for 2-cycle and 4-cycle ZIF-8 films, 

respectively,49 stems from much higher density Zn(mIm) nanofilms possess. The PDMS 

refractive index, nPDMS, is 1.382, in agreement with the literature data, confirming the accuracy 

of the optical model employed.50 

The key to chemical sensing is the ability to tune the refractive index, with a rapid shift and 

decrease in n being a prerequisite. The reversible sensing ability of Zn(mIm)@PDMS is 

demonstrated during the exposure of the nanocomposite to ethanol vapour (EtOH) in N2 at 

saturation pressures ranging from 10 – 20% at 21 °C, as depicted in Figure 6.3. When incubated 

with 10% EtOH vapour, the refractive index of underlying Zn(mIm) increases instantaneously 

from  1.484  to  1.503, indicating  rapid vapour  sorption in the film  nanolayer.  Simultaneously, 

a sharp decrease in nPDMS from 1.386 to 1.383 (0.2 %) is observed.  The contrary response of both 

nanolayers (increasing nZn(mIm) and decreasing nPDMS) stems from the fundamental difference in 

their sorption and diffusion behaviours that are reliant on the materials’ structural properties. In 

PDMS, the penetrant sorption resembles mixing of equilibrium liquids and is described by the 

Flory-Rehner theory.51 The penetrant mixes within the polymer matrix on a molecular level and 

the resulting properties, such as n, are in between those of pure components (in this instance 

nPDMS of 1.386 and nEtOH of 1.360). In contrast, the converse response of the underlying Zn(mIm) 

nanolayer upon EtOH injection is associated with a relatively rigid, open porous structure of 

Zn(mIm).31 In this instance, no mixing of the two media occurs, which results in an increase of 

nZn(mIm), with EtOH molecules displacing N2 from the large microcavities. 

The contrary behaviour of PDMS, when accommodating EtOH molecules, is also reflected 

in a concurrent sharp 1.3% increase in hPDMS, as exemplified in Figure 6.3. The hPDMs rise 

indicates swelling of the polymer upon incubation with 10% EtOH and is a result of polymer 

matrix dilation.50 Due to the relatively rigid nature of Zn(mIm) nanofilms, as compared to 

PDMS,31 we assumed no changes in hZn(mIm). This assumption allowed us to distinguish the n 

changes in both Zn(mIm) and PDMS layers, as well as precise in situ monitoring of the h changes 

in the more flexible PDMS. 

The rapid Zn(mIm) response indicates fast EtOH diffusion via protective polymer layer, as a 

result of high PDMS segmental mobility and available free volume.52,53 Both nZn(mIm) and nPDMS 

remain constant over a period of 30 minutes of exposure to EtOH vapour. When purged with N2, 

nZn(mIm) promptly decreases by 99% (from the raised 1.503 value), reaching the original n value 

of 1.484 within 5 minutes. Simultaneously, nPDMS keeps increasing, indicating continuous EtOH 

desorption from the polymer protective layer. At the same time, the concurrent sharp decrease in 
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Figure 6.3. Ethanol vapour cycling spectroscopy ellipsometry experiment on a Zn(mIm)@PDMS 

composite nanofilm at 21 °C, employing a stepwise flow of p/psat increasing from 0.47 to 0.65 and 

0.89, with intermitted nitrogen purging. 

hPDMS is observed within a 1 min timespan, followed by progressive hPDMS decline, reaching the 

original value over a period of 60 min. The initial rapid decrease in hPDMS (ca. 60%) can be 

explained by fast desorption of the penetrant from the PDMS layer, enhanced by high polymer 

segmental mobility. However, the full desorption of EtOH from the PDMS layer seems 

protracted. This phenomenon can be explained by the fast exit of EtOH molecules from 

underlying porous Zn(mIm), subsequently feeding the protective polymer layer with additional 

EtOH, and therefore preventing its instantaneous response. Given the extremely fast molecular 

dynamics of the crosslinked  PDMS (directly related to its low glass transition temperature of 

123 °C and segmental mobility53), it is unlikely that the relaxation of the polymer matrix alone 

causes the observed slow response, and the effect may be attributed to the desorption from the 

underlying Zn(mIm). On the other hand, when considering the relatively small changes in hPDMS 

and nPDMS (ca. 1% and 0.5%, respectively), we note that the kinetics of desorption from PDMS 

may be significantly affected by fitting accuracy. While for relatively large changes, for instance 

for nZn(mIm), ellipsometry fittings are quite precise, the inherent correlations between fitting 

parameters may affect accuracy for those of them that change to a very minimum extent, such as 

hPDMS and nPDMS. Therefore, the kinetics of penetrant desorption from PDMS, reflected in the 

prolonged decline in hPDMS, need to be treated with caution, since more significant changes in 

nZn(mIm) are occurring simultaneously. 

Increasing p/psat from 0.47 to 0.65 and 0.89 results in a similar response of the nanocomposite. 

As anticipated, PDMS shows progressively increasing maxima in hPDMS and concurrent decrease 

in nPDMS, associated with greater sorption of EtOH and higher saturation pressures. The 7.9% and 

10.4% hPDMS rise at p/psat of 0.65 and 0.89, respectively, indicates swelling of the PDMS 

nanolayer, and is in an agreement with the literature.54-56 The simultaneous changes in nZn(mIm) 

upon increasing p/psat are also observed, with the refractive index shifting from 1.484 to 1.504 

within less than a minute, at 15% saturation pressure. Further p/psat increase to 20% confirms the 
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composite’s rapid response, with nZn(mIm) reaching 1.505, indicating greater uptake of EtOH with 

increasing p/psat. Similar switch on and off response was previously reported for the nanofilm 

structurally closest to Zn(mIm), ZIF-8, when exposed to isopropanol (IPA).6 Although the 

authors did not demonstrate the full desorption of IPA from ZIF-8’s microcavities, the results 

showed that the sorption-desorption cycles are reproducible to some degree within a few minutes. 

Herein, we demonstrated the fully reproducible, easily regeneratable response of the 

Zn(mIm)@PDMS film to EtOH. The results depicted in Figure 6.3 suggest that this sharp, switch 

on and off response may render the nanocomposite suitable for use as a vapour sensor. 

Whilst Zn(mIm)@PDMS nanofilm displays a rapid response towards ethanol vapour, the 

nanocomposite also exhibits some chemical selectivity. To demonstrate, we carried out in situ 

SE experiments, employing polar protic solvents with different kinetic diameters, dk, and 

physicochemical properties (listed in Table 6.1). The adsorption isotherms display analyte-

induced variations in the refractive index of the Zn(mIm) underlying layer, with adsorption of all 

guest molecules occurring relatively quickly (Figure 6.4 a). For smaller molecules such as 

methanol (MeOH) and ethanol, n remains constant throughout the whole period of p/psat increase. 

Upon injection of larger n-butanol (n-BuOH) and IPA, an initial sharp increase in n is also 

observed, however, further p/psat increase results in a progressive rise of n. The general inverse 

n trend with respect to dk is a result of greater refractive indices of larger molecules, as indicated 

in Table 6.1. The sharp n increase at low pressures confirms the affinity of Zn(mIm) towards 

VOCs. 

Table 6.1. Selected physicochemical properties of studied alcohols. 
 

 

Property 
 

 

SI unit 
 

MeOH 
 

EtOH 
 

IPA 
 

n-BuOH 
 

dk 
 

[Å] 
 

3.8 
 

4.3 
 

4.6 
 

5.0 
 

n 
 

[-] 
 

1.327 
 

1.360 
 

1.376 
 

1.399 
 

pvap 
 

 

[kPa] 

 

15.20 
 

6.19 
 

0.60 
 

0.84 
 

Tb 
 

[°C] 
 

64.7 
 

78.4 
 

82.6 
 

117.7 
 

Ɛr 
 

[-] 
 

33 
 

24.55 
 

18 
 

18 
 

µ 
 

 

[D] 
 

1.70 
 

1.69 
 

1.66 
 

1.63 

 

Typically, the adsorption of alcohol molecules in microporous ZIF materials is governed by 

a combination of two inter-reliant factors: (i) the kinetic diameter of the guest penetrants, directly 

correlated with the diffusion activation energy, and (ii) the adsorption selectivity that depends on 

the length of the aliphatic chain, where the hydrophobicity of the primary alcohols increases with 

the extension of the linear alkyl groups. Consequently, higher detection limits are observed for 

smaller alcohol molecules, with the adsorption trends in most ZIFs decreasing with an increasing 

dk.57 Herein, we observe a similar trend, with greater detection limits for smaller molecules and 

the following adsorption trend: MeOH > EtOH ≈ IPA > n-BuOH (Figure 6.4 b). We associate 

the much greater uptake of MeOH, as compared to other VOCs, with its small dk, allowing for 

the unforced entry into Zn(mIm) microcavities. Although at present it is impossible to estimate 

the  pore  aperture,  dp,  of  Zn(mIm)  grains  embedded  in  Zn(mIm) nanofilms, one  can  adopt 
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a similar explanation given for Zn(mIm)’s structurally closest analogue, ZIF-8.58 Both ZIF-8 and 

Zn(mIm) are composed of mIm linkers that have tendency to swing.59-61 When mIm linkers are 

in their rigid position, dp of ZIF-8, estimated from raw crystallographic data, is 3.8 Å, facilitating 

the sorption of guest molecules with dk smaller or equivalent to that of dp. Sorption of larger 

molecules is more constrained and requires transitory deformation of the ZIF-8 pore, initiated by 

the mIm swing effect.  We assume that similar phenomenon can play a significant role in the 

uptake of smaller and larger VOCs in Zn(mIm). 

 

Figure 6.4. Performance of Zn(mIm)@PDMS nanofilm upon exposure to VOCs with increasing 

relative  pressure:  (a)  analyte-induced  changes  in  refractive  index  of   Zn(mIm)  nanolayer; 

(b) penetrant concentration in Zn(mIm) nanolayer, the sorption isotherms were estimated via the 

Clausius-Mossotti approach;62 (c) desorption of VOCs from Zn(mIm); and (d) swelling factor of 

PDMS protective coating upon sorption of VOCs. 

Further thorough analysis of the VOCs uptake in Zn(mIm) indicates that besides gate-opening 

additional physicochemical phenomena influence the sorption process. For instance, the similar 

adsorption trends for EtOH and IPA in Zn(mIm), despite the difference in dk, stems from the 

close proximity of their boiling points Tb (ca. 4 °C). In contrast, the 35 °C Tb difference between 

n-BuOH  and  IPA  is  significantly  greater,  resulting  in  lower  uptake of  more  hydrophobic 

n-BuOH. In addition, the general trend of adsorption also follows the trend in polarity of the 

linear probe alcohols, with more polar molecules adsorbing in greater quantities (for dielectric 

constant, Ɛr, and dipole moment, µ, on which polarity depends refer to Table 6.1). The increasing 
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uptake of guest linear alcohols with increasing polarity observed herein is consistent with the 

data reported for other ZIFs.57 

We have also taken an advantage of the analyte-induced dynamic changes in nZn(mIm) to 

estimate the diffusion coefficients, D, of the other penetrants during desorption from Zn(mIm). 

In general, the approximate D values follow the order of dk, with smaller molecules desorbing 

much faster than the larger VOCs (Figure 6.4 c). The observed small deviation for IPA is within 

experimental error. These easily distinguishable D, together with fast desorption of VOCs from 

the Zn(mIm) nanofilm, benefits reversible sensing, as well as suggests the nanocomposite’s 

feasibility in membrane separation processes. 

The potential of Zn(mIm)@PDMS nanocomposite in these applications is also supported by 

the relatively predictable response of PDMS protective nanolayer, expressed in terms of PDMS 

swelling factor (SF); as depicted in Figure 6.4 d and defined as the ratio of the thickness of 

swollen PDMS upon exposure to VOCs, hSF, and the initial hPDMS. The SF trend increases with 

increasing dk of the guest penetrants, increasing hydrophobicity and Tb, and decreasing polarity; 

this is consistent with the PDMS swelling trends reported in the literature for IPA > EtOH > 

MeOH.63.64 The behavior of BuOH at p/psat above 0.3 is distinct from the literature data63,64 that 

indicates that the SF follows IPA > BuOH > EtOH > MeOH. The lower swelling observed for 

our system may be the result of an overestimation of the vapor pressure of BuOH. The substantial 

swelling of the PDMS layer and the absence of hysteresis in hPDMS and nPDMS indicates the 

potential of the Zn(mIm)@PDMS nanocomposite in sensing and separation applications. 

6.4 Conclusions 

In summary, we have assembled Zn(mIm)@PDMS composite nanofilm that has the potential to 

function as a selective sensor for primary and secondary linear alcohols. We relied on the simple 

but effective method of nanocomposite fabrication. Virtues of this method include facile room 

temperature conditions, rapid synthesis, no special requirements for surface modification and 

ease of removal of the remaining solvent from Zn(mIm) pores. The fabricated nanocomposite 

consists of two well-intergrown layers, with crystalline Zn(mIm) nanofilm shielded by the 

protective PDMS coating. The nanocomposite was exposed to VOCs, with its response 

monitored in situ by employing a very sensitive spectroscopic ellipsometry technique. When 

exposed to VOCs, the nanocomposite displays chemical selectivity, with the general trend 

following kinetic diameter of the guest penetrants. The fully reproducible, easily regeneratable, 

rapid switch on and off response of the nanocomposite demonstrates the potential of the 

Zn(mIm)@PDMS in vapour sensing. In addition, the distinguishable diffusion of VOCs during 

the process of desorption suggests the potential use of the nanocomposite in chemical 

separations. 
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7.1. Outlook 

A variety of practical applications can significantly benefit from controlled design and synthesis 

of ultrathin ZIF-8 and Zn(mIm) nanofilms. Examples include chemical sensing and separation, 

the main focus of this dissertation. However, there remain many fundamental questions regarding 

the composition of the nanofilms and their configuration into practical nanodevices. This chapter 

provides a brief outline of possible new synthesis approaches, indications on further 

characterisation of the nanofilms to obtain their full chemical composition and new research 

areas, in which the developed nanofilms could be utilised. The follow-up studies suggested in 

this chapter may open interesting unexplored areas, from which the wider scientific community 

could benefit. The specific research directions discussed hereafter are depicted in Scheme 7.1. 

 

 

Scheme 7.1. Scheme of the Thesis Outlook with the emphasis on six main future research 

directions. 

7.1.1. Fine Control of Thickness and Orientation of Crystalline Nanofilms 

Few experimental studies have focused on the development of nanofilms from nanocolloidal ZIF 

solutions (this subject is reviewed in Chapter 2 and thoroughly discussed in Chapter 3 of this 

thesis). The utilisation of small pre-synthesised nanocrystals has a significant advantage due to 

their higher surface area,1 possibility to regulate the structural flexibility in equilibrium 

adsorption and desorption,2 and faster adsorption kinetics,3 as compared to their micrometre 

counterparts. The nanocrystals are bonded to the substrate either via weak physical interactions 

(electrostatic interaction or van der Waals forces) or covalent bonds if surface modification 

groups are introduced. The former route results in randomly oriented nanofilms, with the 

thicknesses ranging from single to multiple stacks of nanocrystals, where increasing the number 

of deposition cycles or solution concentration results in denser layers (Figure 7.1 a). One of the 

main characteristics of these films is their dual porosity consisting of ZIF micropores and inter-

crystalline voids.4 Although, the inter-crystalline voids can be viewed as a positive feature, 

allowing for the greater uptake of the analytes in sensing applications, the lack of microscopic 
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continuity prevents the use of these films in separation processes. The latter route involves 

modification of suitable supports enabling the specific alignment of the molecules on the 

interface and is referred to as a self-assembled monolayer (SAM). If the head group surface 

interactions are too weak, the SAM assembly does not occur. If the inter-molecular interactions 

are too weak, only individual molecules will assemble but no dense monolayer will be formed. 

In contrast, if the inter-molecular interactions are too strong, the molecules will not assemble at 

all. By controlling this delicate interface balance, common SAM defects, which interrupt lattice 

continuity (Figure 7.1. b), can be circumvented. 

 

 

Figure 7.1. (a)  Depiction  of  MOF  nanofilm  synthesised  from  nano-colloidal  solution;  (b) an 

example of thiol-modified surface showing common impurities and defects like grain boundaries, 

vacancies, foreign bodies and disordered regions, which interrupt lattice continuity; (c) micro-

contact printing, with a stamp comprising PMMA coated with SAM functional molecules; the 

coated stamp is pressed onto the surface, leaving well-ordered molecules; (d) depiction of highly 

oriented, single monolayer MOF film on SAM modified substrate. 

Several types of SAMs have been investigated in the preparation of MOF films, with thiols 

(-OH and -COOH tail groups) and aminosilanes (-NH2 tail group) being mainly employed in the 

assembly of ZIF thin films. The suitable substrates included Au sputtered Si wafers, QCM 

devices and ITO electrodes, with the functional tail groups displaying strong affinity towards 

Zn2+ ions.5-7 To ensure defect-free SAMs, micro-contact printing can be introduced. In this case, 

a stamp comprising for instance PMMA is coated with ink consisting of functional molecules.8 

The coated stamp is pressed onto the substrate surface, and when removed leaves the molecules 

arranged in a well-ordered fashion (Figure 7.1 c). The subsequent thin films form polycrystalline, 

highly oriented layers, with the thickness in the micro region. Due to the layer-by-layer 

deposition of these films, a Volmer-Weber growth is observed, where until a critical thickness is 
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reached, islands grow instead of the expected continuous film.9 Therefore, the minimal thickness 

of SAM-modified films is often limited, which can prevent their use in micro- and 

optoelectronics. As a result, there is a compelling need for the development of single monolayer, 

highly oriented ultrathin nanofilms that can be assembled in confined spaces. However, 

experimental studies aiming at the assembly of pre-synthesised MOF nanocrystals on SAMs are 

lacking. With nowadays ability to control the size (down to few nanometres) and shape of the 

ZIF crystals, a combined SAM stamping technique and deposition from nanocolloidal solutions 

could offer a viable solution. The affinity of pre-formed nanocrystals towards SAMs could be 

enhanced via the modification of the external crystal surface with suitable chemical groups that 

display very strong interactions with SAM’s tails. In this instance, the covalently bonded first 

monolayer would be highly oriented and densely packed with nanocrystals, whereas the 

subsequent weakly bonded NPs could be removed via extensive washing using appropriate 

solvent. As opposed to films grown on unmodified substrates, the combined SAM stamping route 

could deliver highly oriented, a few nanometres thin, dense nanofilms that could significantly 

benefit lab on a chip devices (Figure 7.1 d). 

7.1.2. Prevention of Cracks 

A main advantage thin MOF films possess over their bulk analogues lies within their 

processability into nanodevices. Existing synthesis methods are promising and encouraging, 

however, ultrathin MOF thin films still face numerous challenges, including fundamental 

understanding of defects formation, stability of the internal and external surfaces, and 

development of new deposition strategies that would allow for the elimination of undesired 

cracks. 

In Chapter 3 we thoroughly investigated deposition of a prototype MOF NPs, ZIF-8, from 

colloidal solutions, where we observed a disruptive film cracking associated with the build-up of 

the residual stresses upon film equilibration with external humidity.10 The cracks in the deposited 

films form, where the particles are closely packed but the voids between the NPs are still filled 

with liquid. During drying, the meniscus of the air-solvent interface between NPs induces a 

capillary pressure in the fluid. If the capillary pressure exceeds the yield stress of the closely 

packed particles, the strain energy in the film is released by creating new interfaces and 

redistributing the liquid in the film, subsequently forming a crack. In many cases cracking of a 

film is accompanied by loss of adhesion. For instance, water (or any other liquid) can migrate 

through the cracks, subsequently getting into contact between the substrate and thin film 

interface. This direct interfering with intermolecular forces between the substrate and thin film 

can cause irreversible damage and film delamination. 

One way to prevent the fracturing phenomena from occurring is to reduce capillary stresses 

in the drying film. This could be achieved by decreasing the drying rate during film withdrawal 

and thereafter. Such approach has been demonstrated successful during post-synthetic treatment 

of polycrystalline HKUST-1 micrometre membranes by employing drying in nearly saturated 

conditions.11 Another method enabling to decrease the capillary stresses relies on the introduction 

of a surfactant to the film during the drying stage,12 allowing for a decrease in solid/liquid surface 
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tension.11 Experiments can be designed and combined with complementary techniques such as 

atomic force microscopy, reflection microscopy, and coupled with state-of-the-art methods that 

allow for the in situ visual observations of the film formation, in order to identify critical 

parameters. In addition, more fundamental questions regarding fracturing of the MOF crystalline 

nanofilms can be answered by establishing the relationships amongst inter-crack spacing, crack 

density, film thickness and drying conditions. 

7.1.3. Water-induced Film Degradation 

Another major issue associated with the performance of ZIF-8 thin films is their questionable 

stability when exposed to water environments. Contradictory literature data exist regarding ZIF-

8 hydro-stability, with some studies reporting exceptional resistance to hydrolysis due to the 

strong bonding between mIm and Zn2+ (the most stable for N-donor ligands on the scale of metal-

complex formation constants13),14,15 whereas other investigations demonstrate degradation of 

ZIF-8 thin films and powders due to exhaustive washing, with hydrogen protons being 

responsible for the breakup of the Zn-N coordination bonds.16-18 Some studies suggest that these 

discrepancies exists due to the source of the zinc supply, with, for instance, nanocrystals derived 

from zinc acetate sustaining ca. 45% relatively crystallinity, whereas those from zinc nitrate 

becoming amorphous after exposure to water.19 Other reports, however, imply that ZIF-8 

undergoes hydrolysis regardless of its size and origin, with subsequent framework 

disintegration.16 As the question of ZIFs and ZIF-8 hydro-stability remains unanswered, there is 

a compelling need for a comprehensive study that will allow for the identification of the specific 

conditions and reasons for disintegration of these frameworks. These studies will benefit the 

applications of ZIFs in water-sensitive systems such as separation of humidified industrial 

hydrocarbons and pervaporation. 

High sensitivity to water and water vapour becomes even more exaggerated when considering 

ultrathin nanofilms. This is due to the decreasing ratio between the outer and the bulk film layer, 

with the exposed outer layer subsequently forming a significant part of the nanofilm. In contrast, 

progressive degradation of the outer layer in a few micrometre thick films is less pronounced 

over a short time period. One common practice to circumvent water-induced film degradation in 

both cases is to protect the nanofilm with hydrophobic polymeric layer. Such approach 

circumvents the detrimental effect of water-induced film disintegration, and helps to heal any 

undesired defects, when considering the use of the films in membrane separation applications. In 

Chapter 6, we have implemented a protective layer approach, after investigating hydro-stability 

of ZIF-8 and Zn(mIm) nanofilms. Our data clearly demonstrate that both nanofilms undergo 

hydrolysis when immersed in water, becoming X-ray amorphous within 30 hours. The protective 

PDMS nanolayer allowed us to employ the PDMS@Zn(mIm) nanocomposite as chemical 

sensor. A similar approach can be used when testing the nanocomposite in separations, providing 

successful assembly of Zn(mIm)@PDMS on porous polymeric or robust inorganic support. 

However, when considering nanosensors or adsorbents, where there is no requirement for the 

healing of defects such as grain boundaries, the addition of protective hydrophobic layer can be 

omitted. This can be achieved via a shell-ligand exchange reaction (SLER), allowing for the 
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hydrophobic modification of the outermost surface of water-sensitive ZIFs, whilst retaining their 

inner structural integrity. In case of ZIF-8, the outer shell 2-methylimidazole can be replaced 

with more hydrophobic 5,6-dimethylbenzimidazole.16,20,21 The ligand exchange reaction can be 

enhanced by the addition of amine agents (e.g. triethylamine or n-butylamine), know to 

deprotonate bidentate ligands.22 The modified ZIF-8 retains its morphology, crystallinity and 

specific surface area after static and dynamic immersion in water, allowing for its use in practical 

applications involving aqueous solutions.21 If combined with SAM stamping technique, the 

SLER approach will allow for robust ultrathin nanofilms. The same approach can be extended to 

pseudopolymorphic Zn(mIm) nanofilms that also undergo degradation in water environments. 

7.1.4. Determining the Composition of Zn(mIm) Nanofilms 

One of the main challenges regarding thin films remains within their microscopic continuity, a 

prerequisite when considering molecular separations. In a typical arrangement of crystalline 

nanofilms, defects such as grain boundaries, cracks and pin holes limit the membrane 

performance, significantly affecting the purity of the permeate and retentate. As highlighted in 

Chapter 4 and 5, we have successfully designed ultrathin (< 200 nm) partially crystalline 

nanofilms that are continuous on a molecular level. The continuity of these nanofilms stems from 

the  amorphous  phase  that  interconnects  the  embedded microporous Zn(mIm) nanocrystals. 

A main advantage of the partially crystalline Zn(mIm) nanofilms lies within the lack of 

microscopic defects. In contrast, it is practically impossible to process bulk crystalline MOFs 

into molecular level continuous layers due to either: (i) random orientation of the crystallites and 

therefore the occurrence of the intercrystallite voids or (ii) grain boundaries if the highly oriented 

nanolayers are assembled. 

The XRD data of the developed Zn(mIm) nanofilms showed that these partially crystalline 

layers are structurally closest to ZIF-8. However, there are multiple questions regarding Zn(mIm) 

chemical composition that remain unanswered. We begin by discussing the composition of the 

100 nm grains embedded in the amorphous phase. To obtain a single crystal suitable for XRD 

analysis, we employed slow solvent evaporation technique, during which we managed to grow a 

crystal with minimum 0.1 µm in all three dimensions, a prerequisite prior to XRD analysis of the 

unknown phase. Although, the structural analysis of the crystal, termed UPOHAK, isn’t exactly 

matching the XRD pattern of the nanocrystals embedded in Zn(mIm) nanofilm, it provides 

valuable information regarding the possible routes of the film formation and composition. In 

particular, weak hydrogen bonding observed between zinc cations and chlorine anions in 

UPOHAK may hypothetically explain how the continuous amorphous phase forms. 

The growth of a single crystal suitable for the XRD structural analysis is often challenging. 

In fact, some materials grow only on specific substrates that provide heteronucleation sites for 

the reagents, and do not exist in their bulk form. However, there are alternative routes to single 

crystal growth, other than slow solvent evaporation, that could result in the synthesis of 

nanograins that form the crystalline part of our Zn(mIm) nanofilms. One of the options involves 

artificial introduction of a crystal nuclei (seeding of a solution) at the concentrations close to the 

critical nucleation point. Special precautions should be undertaken to not exceed the critical 
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nuclei point, and therefore prevent growth of too many nuclei and subsequent powder formation. 

In this instance, the single crystal growth will require simultaneous maintenance of two 

interdependent factors: (i) the preparation of the solution of required concentration, which is 

individual for every compound and is determined experimentally; and (ii) sustaining the 

concentration during the crystal growth. In order to determine how close the concentration of the 

prepared solution is to the nucleation point, microscope observation of the crystal behaviour 

immediately after seeding is recommended. In further experimentations, ideal reaction vessels 

should be enclosed, transparent and indifferent to polarised light, as the majority of crystals shine 

in polarised light.23,24 This approach distinguishes between amorphous phase and developing 

crystalline phase. Since ZIFs’ crystal habits (the crystal shapes) do not depend on the solvent 

used, it is recommended to try solvents with different properties: protic, aprotic, polar or non-

polar. The zinc source, however, should remain the same, as it often determines the crystal 

habit.25 The best results are often obtained via the trial and error approach. Experiments can be 

designed, where complimentary in situ techniques such as AFM and XRD monitoring, can 

provide valuable information regarding the formation of Zn(mIm) nanograins, as well as 

discovery of new exotic intermediate phases. 

The determination of the structural composition of the amorphous phase that partially forms 

Zn(mIm) nanofilms is even more challenging. The amorphous phases are classified as 

disordered, meaning that no sharp X-ray diffraction peak allowing for the determination of the 

structure with great precision appears. Weak disorder is often defined as a perturbation of long-

range order (i.e. deviation from perfect crystallinity). To this category belong defects, vacancies, 

dislocations and heterogeneity, frequently observed in real materials.26 In polycrystalline films, 

grain boundaries are considered as weak disorder regions, displaying more disordered atom 

configurations than the crystalline grains. In fact, the structure of any crystalline material deviates 

from the perfect arrangement and consists of a considerable density of structural irregularities or 

defects.27 In other words, this short-range order refers to the regular and predictable arrangement 

of atoms over a short distance, usually with one or two atom spacings; however, this regularity 

does not persist over a long distance.28 The structural information that can be obtained from short-

range order is more limited and usually is in the form of a pair correlation function, which 

describes the probability that a second atom will be found at a given distance from an average 

atom in the material. Some amorphous materials, however, can display order over length scales 

longer than those characteristic for short-range order, but not so extensive to be considered as 

long-range order. This medium-range order is difficult to detect using common scattering 

techniques due to the relatively small effect on the pair correlations. However, recent advances 

in fluctuation electron microscopy (FEM) allow for the detection of spatial variations in the 

scattered intensity caused by medium-range order (Figure 7.2).29-34 Lately, new modelling 

approaches based on grazing-incidence X-ray scattering (GISAXS) data proved promising in the 

translation of the structural information, giving an insight into mechanism of packing disorder.35 

These studies demonstrate noticeable changes not only between annealed and doped amorphous 

films, but also as-deposited nanofilms. In addition, GISAXS allows for the analysis of the films 

that lack 3D order and instead form 1D and 2D layers.35 In the future, high-spec FEM and 
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GISAXS services offered by Diamond Light Source36 can be used to determine the composition 

of Zn(mIm) nanofilms reported in this dissertation. 

 

Figure 7.2. Fluctuation electron microscopy with produced dark-field image, which is a map of 

scattered intensity: (a) completely disordered material, where the scattered intensity from all 

regions is approximately the same, with the dark-field image displaying little point-to-point 

variations; (b) medium-range ordered material, where some regions are oriented in a way that they 

scatter incident electrons strongly (right), whereas other regions do not (left); in this instance there 

is a significant point-to-point variation in the intensity of the dark-field image. Adapted from 

ref.37. Copyright Japanese Society of Microscopy; http://jmicro.oupjournals.or/. 

During the past two decades, the use of weakly or strongly disordered materials increased 

significantly. The effects of disorder are studied intensively from the viewpoint of fundamental 

physics32,33 and chemistry,26 with surface defects of disordered materials serving as active sites 

in adsorption, reactive transformations and heterogenous catalysis.38-40 In the case of our 

Zn(mIm) nanofilms, the amorphous phase allows for the significant uptake of the guest 

molecules, contributing to an overall increase in film’s sorption capacity.41 In order to further 

manipulate this additional amorphous space, a deeper understanding of the relationship between 

Zn(mIm) nanofilm properties, chemistry and atomic structural arrangement is crucial. In 

addition, the partially crystalline Zn(mIm) nanofilms can serve as new functional materials in 

semiconductor and pharmaceutical industry, where disordered materials show promising 

potential. 

7.1.5. Assembly of Zn(mIm) Nanofilms on Porous Supports 

The Zn(mIm) nanofilms discussed in this dissertation possess appealing properties such as partial 

crystallinity, microscopic continuity and sorption selectivity comparable to that of other ZIFs. 

The facile processability of Zn(mIm) into ultrathin nanofilms allowed us to demonstrate their 

feasibility in gas and chemical vapours sensing, as well as recognise their potential in molecular 

separations (Chapters 4-6). We have also undertaken preliminary experiments to assemble 

Zn(mIm) nanofilms on porous polymeric and inorganic supports. Briefly, clean 

poly(acrylonitrile) (PAN), poly(ethersulfone) (PESf) and γ-alumina (γ-Al2O3) supports were 

immersed into separate solutions of ZnCl2 and mIm, following the procedure reported 
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previously.41 Figure 7.3 displays one to four growth cycle films deposited on γ-Al2O3. Herein, 

one-cycle dip coating does not produce continuous nanolayers, as opposed to films deposited on 

Si wafers (Chapter 4 and 5). However, with the increasing number of the coating cycles, 

continuous layers form, where emerging grains of no particular shape evolve into crystallites of 

100 and 300 nm (Figure 7.3 c-d). The corresponding XRD pattern of the four-cycle film displays 

intense, sharp peaks at 17.4, 18.2 and 29.2 two Theta °, with additional moderate height peaks 

appearing between 7.8 and 23.6 2 two Theta ° (inset Figure 7.3 d). No significant dominance of 

one peak indicates randomly oriented layer. 

 

Figure 7.3. Scanning electron micrographs of Zn(mIm) nanofilms grown on γ-Al2O3 support via 

multicycle dip coating: (a) one-, (b) two-, (c) three- and (d) four-cycle. Inset (d): X-ray diffraction 

pattern of  four-cycle  nanofilm  with  asterix  representing  the  strongest peak  characteristic for 

γ-Al2O3 support. 

Dip coating experiments on polymeric PAN and PESf were also performed. The synthesis 

followed the aforementioned protocol under the same ambient conditions of 20 (±1) °C and 

humidity of 70% (±3)%. In contrast to the films deposited on γ-Al2O3, one-cycle dip coating on 

polymeric supports gives 100 and 250 nm crystals (on PAN and PESf, respectively), with the 

size of the nanocrystallites increasing with each deposition cycle (Figure 7.4 a-h). The four-cycle 

films on PESf form denser layers, as compared to analogous films developed on PAN, and exhibit 

rhombic dodecahedron shapes with truncated corners, whereas PAN-supported films display 

more oval crystals. The corresponding XRD patterns display main peaks appearing at 13.4 and 

27.4 two Theta ° on both polymeric supports (inset Figure 7.4 d and h). An additional peak on 

PESf emerging at 17.2 two Theta ° is associated with more defined and larger crystals, as 

compared to the oval grains on PAN support, subsequently allowing for more precise X-ray 

scattering of the developed crystalline phase. Despite the same synthesis  conditions,  the  X-ray  

patterns  of   the  films  assembled  on  polymeric supports  differ from  the  ones  obtained  for 

γ-Al2O3 and Si wafer layers. Although different crystal habits and sizes were previously observed 



 

 

208 

 

Figure 7.4.  Scanning electron micrographs of Zn(mIm) nanofilms grown on: (a-d) PAN support, 

one to four growth cycles and (e-h) PESf support, one to four growth cycles. Insets: X-ray 

diffraction patterns for four-cycle nanofilm on (d) PAN and (h) PESf support. 

when varying zinc source or Zn: mIm: solvent molar ratios,25,42 the development of distinct 

phases depending on the substrate used is a phenomenon previously unreported and worth further 

investigating. 

The significant discrepancies amongst the phases developed on polymeric, inorganic and 

silica supports may be a result of few competing factors. For instance, interfacial support-

precursor interactions are likely to enhance the bonding of the positively charged zinc ions with 

the reactive nitrile groups of PAN, subsequently increasing the number of the nucleation sites. 

Strong interactions between oxygen and zinc precursors are also likely to facilitate the reaction 
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between zinc precursors and PESf. Subsequently, the greater number of available nucleation sites 

contributes to the fast development of larger, more defined crystals. 

Another factor strongly influencing the number of the accessible nucleation sites is associated 

with the porosity and roughness of the polymeric supports, as compared to polished Si wafer and 

γ-Al2O3 interfaces. In addition, more opened porous architectures of PAN and PESf are likely to 

interfere with the development of continuous nanofilms, as heterogenous nucleation will occur 

simultaneously on the polymer surface and inside the pores. The infiltration of the pores will 

disturb stochiometric ratios in the very sensitive microenvironment, contributing to the growth 

of different phases. 

We have also observed that during one-cycle dip coating the solutions comprising inorganic 

and organic precursors remain clear. However, with the increasing number of dipping cycles, the 

mother solutions become cloudier, indicating competing hetero- and homogenous nucleation. 

Even though the recovery of this by-product was impossible due to insufficient quantities 

required for further analysis, hypothetically, these cloudy solutions could serve as seeding 

sources for the growth of crystals large enough for X-ray identification of these new phases. 

Although, not fully understood yet, and limited by the assumptions based on visual observations 

and preliminary experiments, these results show an example of unprecedented richness the 

synthesis of the nanofilms on various supports may provide. Future investigations should 

concentrate on careful identification of the governing factors that determine the growth of new 

crystalline phases. This may have interesting consequences for development of new class of 

materials, with a possibility of fine tuning by choosing different synthesis conditions. 

7.1.6. Discovery of ZIF-8’s Pseudopolymorph 

Recent scientific reports demonstrate that it is possible to obtain ZIF pseudopolymorphs.43,44 

These newly discovered phases often possess unprecedented chemical and physical properties 

that distinguish them from ZIF polymorphs.44-46 Pseudopolymorphism has been also a subject of 

heated scientific debate, with its potential being recognised in pharmaceutical,47 food48 and 

semiconductor industry.49,50 The main feature that differentiate pseudopolymorphs from 

polymorphic systems that possess inclusions or host guest complexes is their ability to form 

spontaneously as a product of solvation. Therefore, pseudopolymorphs can be designed in one 

step synthesis, as opposed to multiple steps involved in the intentional disruption of well-ordered 

arrays. 

To attempt the synthesis of ZIF-8’s pseudopolymorph, we employed slow solvent 

evaporation technique. Briefly, mixtures of 0.59 g Zn(NO3)2 and 1.23 g mIm in 40 mL of 

methanol were separately stirred for one hour at room temperature. The solutions were then 

slowly poured into an open beaker and left for 72 hours, during which evaporation of methanol 

occurred. The subsequent product is an ‘icy’ looking solvate termed tetrakis(2-methyl-1H-

imidazole)-zinc(ii) dinitrate2-methyl-1H-imidazole (CCSD  code:  BAWLUJ;  CCDC:  

1554678).51 The molecule displays four coordination bonds between nitrogen atoms of mIm 

linkers and zinc cations, with dinitrate connected via hydrogen bonding (Figure 7.5). The 
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diffraction and refinement data for BAWLUJ with specific fractional atom coordinates, 

anisotropic displacement parameters, bond lengths and angles, torsion angles, hydrogen bonding 

and atomic occupancies are listed in Appendix B. 

 

Figure 7.5. Depiction of BAWLUJ molecule with thermal ellipsoids drawn at the 50% probability level; 

colours representing: large blue – nitrogen, small blue – zinc, grey – carbon, light grey – hydrogen, red – 

oxygen. 

Scanning electron micrographs of BAWLUJ reveal oval particles with up to 120 µm diameter 

(Figure 7.6 b and c). The density of BAWLUJ pseudopolymorph is 1.421 g cm-3, much denser 

in comparison with 0.93 g cm-3 of ZIF-8 (CCSD code: TUDKEJ).52 The XRD data of the purified 

sample display main peaks emerging at 12.6, 18.9 and 25.6 two Theta°, with smaller peaks 

appearing between 10.4 and 42.1 two Theta°, confirming the discovery of previously unknow 

ZIF-8’s pseudopolymorph (Figure 7.6 d and e). 

The reaction environments, precise monitoring of the reaction times and post-synthetic 

purification of the products are crucial during the synthesis of any crystal. Even the slightest 

disruption in the environment may result in, for instance, growth of a crystal unsuitable for the 

XRD analysis, development of new phases or random crystal size distribution. Herein, we 

demonstrated that implementing a simple change such as isolation of the reaction environment 

does not produce pseudopolymorphs. Instead, ZIF-8 micro-particles of different size distribution 

and shapes are obtained, with larger crystals often serving as mother crystals for developing 

nuclei (Figure 7.6. f-j). In contrast, when maintaining the same stoichiometry but interrupting the 

reaction after one hour, 50 nm ZIF-8 nanocrystals of uniform size distribution are produced 

(Figure 7.6 k-o). 

The preliminary results obtained during the synthesis of ZIF-8 pseudopolymorph highlight 

the need for detailed studies that will allow for further determination of BAWLUJ’s 

physicochemical properties and its potential in numerous applications. In addition, the assembly 
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of pseudopolymorphs as thin films may open a new revolutionary window across various 

scientific disciplines such as chemical sensing, separations, semiconductors and pharmaceuticals. 

 

Figure 7.6. Reactor vessels for crystal growth, distant and magnified SEM images, XRD patterns 

and chemical diagram of: (a-e) BAWLUJ pseudopolymorph obtained via slow solvent evaporation 

with reaction time of 72 hours; (f-j) ZIF-8 microcrystallite product as a result of 72 hours 

uninterrupted reaction in a closed reaction vessel; (k-o) ZIF-8 nanoparticulate product as a result 

of 1 hour reaction that allows for spontaneous initiation of nuclei and small nanocrystals of even 

size distribution; (m) TEM image of ZIF-8 nanocrystals displaying rhombic dodecahedral shape. 

The stochiometric ratios and zinc source for all three synthetic routes were kept constant. 
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7.2 Thesis Summary 

Over the last decade, zeolitic-imidazolate frameworks (ZIFs) gained considerable attention from 

the wider scientific community. One of the most investigated fields are separation and sensing, 

requiring the development and assembly of defect-free ZIF thin films. The ability to control the 

film thickness and morphology at nanoscale is a prerequisite and often determines the film’s 

suitability for numerous technological applications. Therefore, a better understanding of the 

processability of these nanofilms into desirable defect-free, and often dense, layers is essential. 

The design and synthesis of appreciable thin film layers with precisely defined thicknesses and 

their facile assembly can be harnessed for direct investigations of the films’ response in the 

vicinity of guest penetrants. In this context, optimal conditions for the development of ZIF thin 

films are established and the potential of these tailored nanofilms in sensing and membrane 

applications is demonstrated with a focus on: (i) development of ZIF-8 nanofilms from colloidal 

solutions, (ii) in situ synthesis of continuous and defect-free Zn(mIm) films for gas sorption and 

sensing and (iii) composite Zn(mIm)@PDMS nanofilms for chemical vapour sensing and 

sorption. In situ spectroscopic ellipsometry, a powerful, high-precision and non-invasive 

technique, is mostly used for the characterisation of the developed nanofilms. 

The introductory Chapter 1 provides an overview on solid-state derivatives metal-organic 

frameworks (MOFs) and the enormous progress MOFs have made since their discovery. The 

focus is predominantly on a subclass of MOFs, zeolitic-imidazolate frameworks (ZIFs), with the 

highlight on recent research activities enabling ZIFs to infiltrate various scientific fields. This 

chapter also reports on diverse protocols for the synthesis of ZIFs that allow for environmentally 

friendly methods and introduces the reader to the subject of ZIF pseudopolymorphs, a topic of a 

recent scientific debate. 

Chapter 2 reviews the work performed in the field of MOF thin films, with a focus on ZIF-8 

films. The chapter discusses a variety of synthetic routes, covering conventional solvothermal 

synthesis, secondary seeding techniques and growth of thin films on different supports. Various 

examples are also presented with respect to the infiltration methods such as counter-diffusion 

and interfacial polymerisation allowing for localised growth of MOF films inside the support 

pores and for development of free-standing membranes. Further discussion addresses the 

usability and diversity of available coating techniques in the synthesis of MOF thin films, 

highlighting the importance of the control of the film thickness and density. Newer approaches 

enabling the synthesis of MOF nanorods, hybrid films, protective biomimetic coatings and 2D 

nanosheets are also presented. This chapter also introduces the reader to the selected methods of 

thin film characterisation that are utilised in this thesis. The latter part of the review provides an 

overview on potential applications of functional ZIF thin films and coatings, highlighting the 

diversity of the fields in which these films can be employed. Examples ranging from separation, 

chemical sensing, microelectronics and bioapplications are discussed and presented. An outlook 

is given on possible future trends. 

In  Chapter 3  the  detailed  experimental studies utilising dip coating for the deposition of 

ZIF-8 nanofilms are undertaken. It is shown that the synthesis of densely-packed and ultrathin 
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nanofilms is feasible, simply via the adjustments of the withdrawal speed and solution 

concentration. The quantity of deposited ZIF-8 versus withdrawal speed exhibits a minimum that 

corresponds to a crossover between the draining and capillary regimes. It was found that 

regardless of the coating regime, films of comparable thicknesses, derived from different 

concentration solutions, display similar morphologies. This demonstrates that the amount of 

deposited ZIF-8 mass strongly affects the final coating properties, whereas the influence of the 

deposition regime is subjacent. The important aspects of drying conditions and excessive 

nanoparticle deposition that lead to much thicker films with disruptive crevice-like crack 

formation are addressed and is associated with the build-up of the residual stresses upon film 

equilibration with external humidity. The second part of the study discusses the use of semi-

empirical Grosso model in the prediction of the critical withdrawal speed that allows for 

minimum film thickness. By summing the contributions of the opposing capillary and draining 

regimes and careful adjustment of the model, a precise prediction of the minimum film thickness 

is achieved. However, the model underestimates the critical withdrawal speed by 10 - 24%. The 

undervaluation of the critical speed is associated with the capillary part of the model responsible 

for the film thickness forecast at low withdrawal rates. Our results suggest that there is a need 

for the development of a more unified theory that will adequately capture the complex interplay 

between the nanoparticles being deposited in the capillary regime and the specific dip coating 

conditions. Further comprehensive studies, coupled with in situ spectroscopic techniques, should 

allow for simultaneous prediction of the minimum film thickness and critical withdrawal speed. 

Chapter 4 presents novel pseudopolymorphic partially crystalline Zn(mIm) nanofilms. First, 

the feasibility of one-cycle step-by-step dip coating is demonstrated, with emphasis on precise 

control of the final film thickness and density. The developed nanofilms are compared to ZIF 

thin films reported in the literature, highlighting the significance of Zn(mIm) film continuity on 

a microscopic level. Second, in situ spectroscopic ellipsometry is employed in the investigation 

of the dynamic response of Zn(mIm) nanofilm upon exposure to CO2. The intrinsic non-

crystalline characteristics of Zn(mIm) nanofilms are apparent from a long-term irreversible 

morphological rearrangement of the film, during CO2 sorption and desorption. The obtained 

experimental findings demonstrate that Zn(mIm) nanofilms can be configured into thin films, 

representing a new subclass of pseudopolymorphic functional materials. 

Chapter 5 extends on the performance of partially crystalline Zn(mIm) nanofilms. In this 

chapter in situ spectroscopic ellipsometry is employed to monitor the dynamics and concurrently 

induced structural re-arrangements of the films upon exposure to CO2, CH4 and N2 guest 

penetrants. The results demonstrate that the easily accessible Zn(mIm) microcavities allow for 

rapid and high gas uptake with limited film dilation. At high pressures, the Zn(mIm) nanofilms 

retain high CO2 sorption capacities that exceed the values reported for glassy organic polymeric 

thin films. At the same time, the ideal sorption selectivities of Zn(mIm) nanofilm are much 

greater than those reported for purely crystalline bulk ZIF-8, owing to the distinct distribution of 

sorption site energies. When perturbed with high-pressure plasticizing CO2 gas, the Zn(mIm) 

nanofilms maintain prolonged stability, outperforming state-of-the-art glassy organic polymeric 

films such as Matrimid. These findings demonstrate that by overcoming the limitations of thin 
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polymeric films, as well as purely crystalline ZIF films, the Zn(mIm) nanofilms have the 

potential to answer current challenges facing practical membranes. 

Chapter 6 presents the adsorption studies of primary and secondary linear alcohol vapours in 

Zn(mIm)@PDMS thin film nanocomposite. Facile coating techniques are used and allow for 

well-intergrown layers, with crystalline Zn(mIm) nanofilm shielded by the protective PDMS 

coating. The dynamic response of the nanocomposite is monitored by in situ spectroscopic 

ellipsometry. The nanofilm displays chemical selectivity, with general adsorption trend 

following kinetic diameter of the guest penetrants. The study highlights fully reproducible, rapid 

switch on and off response of Zn(mIm)@PDMS nanofilm, demonstrating its potential in 

chemical sensing. Important aspect of the guest-penetrants diffusion is also addressed, suggesting 

the potential use of the nanocomposite in membrane separations. 

Chapter 7 provides an outlook of the remaining research questions and directions that can be 

perused in the future. The suggested investigations are divided into two categories: follow-up 

studies and entirely new directions. A significant part of the content of this chapter is supported 

by preliminary results and observations, underlining the importance of further experimentation 

regarding the chemical composition of Zn(mIm) nanofilms and their assembly on porous 

supports that will allow for functional partially crystalline nanofilms.  

  



 

 

217 

Acknowledgments 

Undertaking this PhD has been a truly life-changing experience for me and it would not have 

been possible to do without the support and guidance that I received from many people. First, I 

would like to thank my promotor, Dr Vlastimil Fila, for introducing me to the world of MOFs 

and zeolites, and his warm welcome at the University of Chemistry and Technology Prague. 

Secondly, but equally important, I would like to express my sincere gratitude to Prof. Nieck E. 

Benes, who has been my mentor, while at Twente University and beyond. I am truly grateful for 

all the time he has devoted to my PhD project, his encouragement and guidance, constructive 

criticism, inspiring discussions and kindness. I would also like to thank Prof. Ivo Vankelecom 

for his support during my stay at KU Leuven. 

I am indebted to Dr Wojciech Ogieglo, my dear friend and colleague, for his invaluable 

contribution to this PhD. I am grateful for introducing me to the technique of spectroscopic 

ellipsometry, for his patience when answering my endless questions, beneficial discussions and 

all the collaborations. But most importantly, I am thankful for your genuine friendship and 

support. 

I would also like to express my gratitude to Dr Mark E. Light from the UK National 

Crystallography Laboratory at the University of Southampton, who helped me to identify 

crystallographic structures of the two discovered molecules. Special thanks to Dr Emiel J. 

Kappert for his contribution to our paper on thin films from colloidal solutions. 

I would like to thank the members of the Department of Inorganic Technology at UCT Prague 

for the cooperative, peaceful and fruitful work environment. Special thanks to Dr Jaromir Hnatt 

and Prof. Ondrej Gedeon for their assistance during the multiple SEM analyses I ran. I would 

also like to thank Dr Jaroslav Maixner, Dr Martina Kohoutkova and Mrs Jana Cibulkova for all 

the X-ray diffraction measurements. I thank Prof. Pavel Ulbrich for TEM analysis and Dr 

Miloslav Lhotka for sorption measurements. I am also grateful for all the help I received from 

my office colleagues, Violeta Martin, Mohd Zamidi Ahmad, Viacheslav Perfilov and Dr 

Miloslav Bernauer. 

I am also thankful for all the assistance I received during my two visits at Twente University. 

I would like to thank Cindy Huiskes, Herman Teunis, Dr Mieke Luiten, Frank Morssinkhof and 

Susan van Riijn for their warm welcome and professional help. 

Last, but not least, I would like to thank my beloved husband Colin Cookney. I can’t express 

how much I appreciate your on-going support during my PhD, your patience, constant 

encouragement, believing in me and most importantly your love. 

Joanna 

 



 

 

218 

  



 

 

219 

Appendix A 
 

Crystallographic Data for UPOHAK 
 

A1 Experimental 

Single clear colourless block-shaped crystals of (2016acc0004-R-100K) were recrystallised 

from powder sample. A suitable crystal (0.13×0.11×0.10) was selected (Figure A1 a) and 

mounted on a MITIGEN holder in perfluoroether oil on a Rigaku AFC12 FRE-VHF 

diffractometer. The crystal was kept at T = 100(2) K during data collection. Using Olex2 

(Dolomanov et al., 2009), the structure was solved with the ShelXT (Sheldrick, 2015) structure 

solution program, using the Direct Methods solution method. The model was refined with 

ShelXL (Sheldrick, 2015) using Least Squares minimisation (Figure A1 b). 

 

 
 

Figure A1. Optical microscope image of UPOHAK crystal (a) and (b) thermal ellipsoids 

drawn at the 50% probability level, disorder omitted for clarity. 

A2 Crystal Data 

C36H56Cl6N18OZn3, Mr = 1165.79, monoclinic, P21/c (No. 14), a = 7.20182(17) Å, b = 

37.0207(7) Å, c = 20.0784(4) Å,  = 95.376(2)°,  =  = 90°, V = 5329.7(2) Å3, T = 100(2) K, 

Z = 4, Z' = 1, (MoK) = 1.687, 60759 reflections measured, 13737 unique (Rint = 0.0494) which 

were used in all calculations. The final wR2 was 0.1492 (all data) and R1 was 0.0785 (I > 2(I)). 
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Table A1. Crystal data for UPOHAK. 
 

Compound 
 

 

2016acc0004-R-100K 
  

Formula C36H56Cl6N18OZn3 
                                             3(C12H18ClN6Zn), H2O, 3(Cl) 
Dcalc. [g cm-3] 1.453 

 [mm-1] 1.687 

Formula Weight 1165.79 

Colour clear colourless 

Shape block 

Max Size [mm] 0.13 

Mid Size [mm] 0.11 

Min Size [mm] 0.10 

T [K] 100(2) 

Crystal System monoclinic 

Space Group P21/c 

A [Å] 7.20182(17) 

B [Å] 37.0207(7) 

C [Å] 20.0784(4) 

 [°] 90 

 [°] 95.376(2) 

 [°] 90 

V [Å3] 5329.7(2) 

Z 4 

Z' 1 

min [°] 2.934 

max [°] 28.699 

Measured Refl. 60759 

Independent Refl. 13737 

Reflections Used 11683 

Rint 0.0494 

Parameters 697 

Restraints 677 

Largest Peak 1.195 

Deepest Hole -1.196 

GooF 1.192 

wR2 (all data) 0.1492 

wR2 0.1441 

R1 (all data) 0.0923 

R1 0.0785 

A3 Structure Quality Indicators 

Reflections: 

 

Refinement: 
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A clear colourless block-shaped crystal with dimensions 0.13×0.11×0.10 was mounted on a 

MITIGEN holder in perfluoroether oil. Data were collected using a Rigaku AFC12 FRE-VHF 

diffractometer equipped with an Oxford Cryosystems low-temperature apparatus operating at T 

= 100(2) K. 

Data were measured using profile data from scans of 1.0° per frame for 10.0 s using MoK 

radiation (Rotating Anode, 45.0 kV, 55.0 mA). The total number of runs and images was based 

on the strategy calculation from the program CrystalClear (Rigaku). The actually achieved 

resolution was  = 28.699. 

Cell parameters were retrieved using the CrystalClear (Rigaku) software and refined using 

CrystalClear (Rigaku) on 26249 reflections, 43 of the observed reflections. 

Data reduction was performed using the CrystalClear (Rigaku) software, which corrects for 

Lorentz polarisation. The final completeness is 99.80 out to 28.699 in . The absorption 

coefficient () of this material is 1.687 and the minimum and maximum transmissions are 

0.39118 and 1.00000. 

The structure was solved in the space group P21/c (# 14) by Direct Methods using the ShelXT 

(Sheldrick, 2015) structure solution program and refined by Least Squares using ShelXL 

(Sheldrick, 2015). All non-hydrogen atoms were refined anisotropically. Hydrogen atom 

positions were calculated geometrically and refined using the riding model. There is disorder of 

the 3rd molecule across 2 orientations and about an inversion center. This was treated using some 

geometry restraints and thermal parameter constraints. 

There is a single molecule in the asymmetric unit, which is represented by the reported sum 

formula. In other words: Z is 4 and Z' is 1. 

 

 

Figure A2. Disorder of the 3rd molecule. 
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A4 Data Plots 

                                                             Diffraction Data: 
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Refinement and Data: 
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A5 Reflection Statistics 

 
Total reflections (after filtering)  61392          Unique reflections          13737  

Completeness  0.999              Mean I/σ    22.8  

hklsub>max</sub> collected  (10, 51, 28)          hklsub>min</sub>collected    (-10, -51, -27)  

hklmax used  (9, 50, 27)              hklmin used    (-9, 0, 0)  

Lim dmax collected  7.0          Lim dmin collected    0.74  

dmax used  6.96          dmin used    0.74  

Friedel pairs  15112          Friedel pairs merged    1  

Inconsistent equivalents  160          Rint    0.0494  

Rsigma  0.0337          Intensity transformed    0  

Omitted reflections  0          Omitted by user (OMIT hkl)    51  

Multiplicity  (25035, 11546, 3764, 

862, 108)  

        Maximum multiplicity    11  

Removed systematic absences  582          Filtered off (Shel/OMIT)    2015  
 

 

 

Table A2. Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement Parameters 

(Å2×103) for 2016acc0004_R_100K. Ueq is defined as 1/3 of the trace of the orthogonalised Uij. 

Atom       x        y        z    Ueq 

Zn1 -1188.6(7) 6821.2(2) 2805.7(2) 28.47(12) 

Cl1 -4255.0(16) 6730.7(4) 2632.8(6) 37.8(3) 

N101 -82(5) 6924.1(11) 1945.8(18) 31.5(8) 

N102 463(6) 6884.4(13) 900(2) 41.6(10) 

N103 232(6) 6399.3(11) 3211.3(19) 31.6(8) 

N104 1354(6) 5960.2(12) 3857(2) 38.3(9) 

N105 -847(5) 7261.2(11) 3377.1(18) 29.4(8) 

N106 342(6) 7681.7(11) 4051.8(19) 33.8(9) 

C101 691(7) 7244.2(15) 1757(2) 38.1(11) 

C102 1038(7) 7217.8(15) 1105(3) 40.3(11) 

C103 -200(7) 6710.0(14) 1411(2) 36.4(10) 

C104 -921(10) 6338.7(15) 1377(3) 52.1(15) 

C105 1926(7) 6284.8(15) 3003(3) 39.1(11) 

C106 2616(7) 6014.9(15) 3396(3) 41.8(12) 

C107 -69(7) 6193.8(13) 3738(2) 31.8(9) 

C108 -1678(8) 6216.3(16) 4136(3) 44.0(13) 

C109 -2201(7) 7515.4(13) 3472(2) 31.2(9) 

C110 -1482(7) 7777.8(14) 3883(2) 36.4(10) 

C111 688(7) 7372.7(13) 3745(2) 30.7(9) 

C112 2525(7) 7184.2(15) 3809(3) 40.3(12) 

Zn2 432.3(8) 3379.7(2) 3802.1(2) 28.56(12) 

Cl2 -1783.6(17) 3256.8(4) 4479.5(6) 38.7(3) 

N201 -805(5) 3393.0(12) 2868.0(18) 33.4(9) 

N202 -1334(6) 3418.0(11) 1776.6(19) 35.4(9) 

N203 2374(5) 2997.4(11) 3775.8(18) 29.8(8) 

N204 4143(5) 2534.7(12) 4071(2) 34.5(9) 

N205 1781(6) 3839.3(11) 4053.5(18) 31.6(8) 

N206 2316(6) 4400.6(11) 4346(2) 36.2(9) 

C201 -2523(7) 3234.5(15) 2677(2) 39.9(11) 

C202 -2836(8) 3250.1(14) 2005(2) 38.7(11) 

C203 -128(7) 3501.8(14) 2307(2) 33.5(10) 

C204 1661(7) 3688.5(17) 2255(3) 44.9(13) 

C205 2904(7) 2826.7(15) 3207(2) 37.6(11) 

C206 3988(7) 2540.6(16) 3384(3) 40.6(11) 
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Atom       x        y        z    Ueq 

C207 3161(6) 2809.6(13) 4288(2) 30.5(9) 

C208 3047(8) 2895.1(16) 5003(2) 42.4(12) 

C209 3665(7) 3876.6(14) 4272(2) 35.8(10) 

C210 3992(8) 4221.3(15) 4456(3) 39.9(11) 

C211 1025(7) 4162.9(13) 4100(2) 33.1(10) 

C212 -955(8) 4256.1(16) 3904(3) 43.9(12) 

Zn3A 5131.2(13) 4880.5(3) 8230.1(5) 23.6(2) 

Cl3A 7655(3) 5230.3(7) 8218.4(12) 35.1(5) 

N31A 3253(11) 5120(2) 8771(4) 27.8(14) 

N32A 1700(10) 5549(2) 9210(4) 30.8(15) 

N33A 5684(10) 4394(2) 8635(3) 25.3(10) 

N34A 6624(11) 3960(2) 9314(4) 33.3(12) 

N35A 4031(11) 4815(2) 7279(4) 24.8(12) 

N36A 2040(20) 4776(5) 6385(5) 31.0(17) 

C31A 2616(13) 4993(3) 9356(5) 33.7(19) 

C32A 1637(13) 5257(3) 9625(5) 34.2(19) 

C33A 2685(13) 5462(3) 8695(4) 27.7(16) 

C34A 3038(17) 5700(3) 8138(5) 41(2) 

C35A 5115(13) 4062(3) 8345(5) 29.1(16) 

C36A 5706(15) 3790(3) 8760(5) 33.7(17) 

C37A 6614(11) 4315(2) 9225(4) 28.7(12) 

C38A 7482(14) 4583(3) 9705(5) 35(2) 

C39A 4953(15) 4896(4) 6733(5) 28.6(15) 

C40A 3730(30) 4878(12) 6196(15) 32(2) 

C41A 2275(15) 4739(3) 7059(5) 28.1(14) 

C42A 753(13) 4621(3) 7445(5) 41.6(17) 

O1W 5722(9) 6387(2) 9191(2) 103(2) 

Cl5 6069.8(16) 2003.5(4) 5136.5(7) 39.9(3) 

Cl4 2198(3) 5232.8(4) 4606.4(7) 67.6(5) 

C34B 1923(16) 5656(3) 8313(6) 44(3) 

Cl6 32.8(18) 6317.0(3) 9595.3(5) 34.2(2) 

N33B 4643(10) 4354(2) 8747(3) 25.3(10) 

C32B 6695(14) 5562(3) 9066(5) 33.7(19) 

C36B 6226(15) 3845(3) 8952(5) 33.7(17) 

C40B 2140(30) 4759(6) 6213(7) 31.0(17) 

C38B 3504(14) 4454(3) 9887(5) 39(2) 

C42B 6538(13) 4951(3) 7171(5) 41.6(17) 

N32B 5125(11) 5762(2) 8878(4) 33.4(16) 

C31B 6248(13) 5219(3) 8914(4) 30.0(17) 

C33B 3812(14) 5542(3) 8604(5) 30.6(17) 

C35B 5698(13) 4091(3) 8479(5) 29.1(16) 

C37B 4536(11) 4259(2) 9391(4) 28.7(12) 

C39B 1685(14) 4697(3) 6844(5) 28.1(14) 

C41B 4575(15) 4849(4) 6924(5) 28.6(15) 

Zn3B 3170.3(14) 4747.7(3) 8286.7(5) 25.4(2) 

Cl3B 179(3) 4717.4(7) 8502.0(12) 37.6(5) 

N1 5506(10) 3959(2) 9527(4) 33.3(12) 

N5B 3250(12) 4755(3) 7289(4) 24.8(12) 

N6B 4000(30) 4849(9) 6256(12) 32(2) 

N31B 4428(11) 5203(2) 8617(4) 27.4(14) 
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Table A3. Anisotropic Displacement Parameters (×104) 2016acc0004_R_100K. The anisotropic 

displacement factor exponent takes the form: -2 2[h2a*2 × U11+ ... +2hka* × b* × U12]. 

Atom                 U11                            U22                              U33                                U23                              U13                             U12 

Zn1 30.7(3) 36.1(3) 19.3(2) 0.2(2) 5.84(19) -5.2(2) 

Cl1 29.5(6) 44.4(7) 40.2(6) -6.8(5) 6.8(5) -8.2(5) 

N101 29.3(19) 42(2) 23.8(17) 4.2(15) 6.7(14) 3.6(16) 

N102 53(3) 52(2) 22.7(18) 9.7(16) 16.2(17) 20(2) 

N103 33.5(19) 36(2) 25.7(18) 1.2(15) 4.6(15) -6.0(16) 

N104 43(2) 39(2) 32(2) 4.1(17) -4.2(17) -7.6(18) 

N105 31.4(18) 37(2) 20.7(16) 0.9(14) 4.6(14) -5.5(15) 

N106 35(2) 42(2) 24.7(18) -3.5(16) 4.1(15) -7.5(17) 

C101 35(3) 49(3) 31(2) 8.4(19) 5.6(19) -1(2) 

C102 39(3) 51(3) 34(2) 17(2) 14(2) 15(2) 

C103 44(3) 43(2) 23(2) 5.2(17) 10.2(18) 17(2) 

C104 81(4) 43(3) 34(3) -3(2) 17(3) 10(3) 

C105 33(2) 45(3) 41(3) 5(2) 5.8(19) -3(2) 

C106 32(2) 45(3) 48(3) 5(2) 1(2) -4(2) 

C107 41(2) 31(2) 23.0(19) -1.1(16) 0.8(17) -7.8(18) 

C108 57(3) 48(3) 30(2) 4(2) 16(2) 0(2) 

C109 34(2) 36(2) 24(2) 4.0(17) 3.9(17) -3.5(18) 

C110 38(2) 42(3) 29(2) -2.6(19) 4.5(18) -3(2) 

C111 34(2) 38(2) 20.9(19) 0.2(16) 6.8(16) -7.8(17) 

C112 32(2) 50(3) 39(3) -7(2) 5(2) -6(2) 

Zn2 31.1(3) 36.6(3) 18.6(2) -1.8(2) 5.67(19) -2.3(2) 

Cl2 38.2(6) 50.5(7) 29.3(5) 1.4(5) 13.6(5) -4.5(5) 

N201 32.2(19) 45(2) 23.1(17) -1.6(15) 4.5(14) 4.6(17) 

N202 46(2) 39(2) 21.2(17) 2.9(15) -0.1(15) 11.2(18) 

N203 30.9(19) 36(2) 22.4(16) -3.1(14) 3.2(14) -5.0(15) 

N204 29(2) 39(2) 36(2) -2.0(16) -0.6(16) -4.0(16) 

N205 36(2) 36(2) 24.1(18) -1.0(15) 8.1(15) -3.5(15) 

N206 47(2) 32(2) 31(2) -0.7(16) 8.6(17) -3.6(17) 

C201 37(2) 52(3) 30(2) 1(2) -1.0(18) -2(2) 

C202 46(3) 43(3) 26(2) 1.7(19) -3.6(18) 3(2) 

C203 37(2) 41(3) 23.3(19) -0.5(17) 4.3(16) 14.1(19) 

C204 41(3) 66(4) 29(2) 9(2) 8(2) 6(2) 

C205 34(2) 54(3) 26(2) -9.4(19) 4.2(18) 2(2) 

C206 33(2) 54(3) 35(2) -13(2) 1.6(19) 1(2) 

C207 30(2) 35(2) 27(2) -1.3(16) 1.8(16) -5.8(18) 

C208 50(3) 51(3) 26(2) 3(2) 4(2) 8(3) 

C209 35(2) 38(2) 36(2) 0.9(19) 11.4(19) -3.7(19) 

C210 40(3) 43(3) 38(3) 2(2) 9(2) -7(2) 

C211 45(2) 36(2) 20.0(19) 0.1(17) 9.2(17) -1.2(18) 

C212 50(3) 45(3) 36(3) -2(2) 3(2) 6(2) 

Zn3A 22.9(5) 29.2(5) 18.2(4) -1.4(4) -0.9(3) 1.4(4) 

Cl3A 27.3(11) 38.9(13) 37.8(12) -1.2(10) -3.2(9) -6.6(9) 

N31A 25(3) 34(3) 24(3) -2(2) -2(2) 3(3) 

N32A 26(3) 41(4) 25(3) -8(3) -4(3) 4(3) 

N33A 21(2) 34(2) 21(2) -0.1(16) -2.7(19) 2(2) 

N34A 30(3) 42(3) 26(3) 7(2) -4(2) 4(2) 

N35A 15(3) 35(3) 23.6(19) -1.5(18) -2(2) 4(3) 

N36A 27(2) 40(3) 25(4) -2(4) -2(3) 1(2) 

C31A 26(4) 44(4) 31(4) 2(3) 2(3) 7(3) 

C32A 27(4) 47(5) 28(4) -2(3) 3(3) 9(3) 

C33A 23(4) 37(4) 22(3) -8(3) -8(3) 2(3) 

C34A 45(6) 45(5) 31(4) 0(4) -1(4) 9(5) 

C35A 23(5) 37(3) 26(3) 1(2) -5(3) 4(3) 
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Atom                 U11                            U22                              U33                                U23                              U13                             U12 

C36A 31(5) 38(3) 30(4) 3(3) -4(3) 8(3) 

C37A 23(3) 41(3) 21(2) 0.8(19) -1.9(19) 2(2) 

C38A 37(5) 42(5) 25(4) -2(3) -6(3) 2(4) 

C39A 21(3) 40(4) 25(3) -3(3) 3(2) 0(2) 

C40A 27(4) 43(5) 26(3) 0(3) -1(3) -2(4) 

C41A 18(3) 41(4) 25(3) -2(3) -3(2) 2(3) 

C42A 22(3) 68(5) 34(3) -7(3) 2(2) -5(3) 

O1W 103(4) 167(6) 37(3) -9(3) -8(3) 97(4) 

Cl5 25.6(5) 44.2(7) 49.3(7) -2.6(6) 0.1(5) 0.3(5) 

Cl4 140.9(17) 32.2(7) 32.9(7) -2.9(5) 25.5(9) -13.3(9) 

C34B 41(5) 37(6) 51(6) -6(5) -11(5) 7(4) 

Cl6 47.9(7) 34.8(6) 19.9(5) 0.5(4) 3.0(4) 6.0(5) 

N33B 21(2) 34(2) 21(2) -0.1(16) -2.7(19) 2(2) 

C32B 31(4) 37(4) 32(4) 0(3) -1(3) -1(3) 

C36B 31(5) 38(3) 30(4) 3(3) -4(3) 8(3) 

C40B 27(2) 40(3) 25(4) -2(4) -2(3) 1(2) 

C38B 43(5) 49(6) 24(4) -8(4) 4(4) -1(4) 

C42B 22(3) 68(5) 34(3) -7(3) 2(2) -5(3) 

N32B 37(4) 33(4) 29(4) -5(3) -2(3) -3(3) 

C31B 27(4) 36(4) 27(4) -2(3) 2(3) -1(3) 

C33B 34(4) 32(4) 25(4) -5(3) -1(3) 2(3) 

C35B 23(5) 37(3) 26(3) 1(2) -5(3) 4(3) 

C37B 23(3) 41(3) 21(2) 0.8(19) -1.9(19) 2(2) 

C39B 18(3) 41(4) 25(3) -2(3) -3(2) 2(3) 

C41B 21(3) 40(4) 25(3) -3(3) 3(2) 0(2) 

Zn3B 22.3(5) 30.9(5) 22.6(5) -2.6(4) -0.4(4) 2.8(4) 

Cl3B 21.5(10) 53.4(15) 38.0(12) 0.0(11) 2.4(9) 3.2(10) 

N1 30(3) 42(3) 26(3) 7(2) -4(2) 4(2) 

N5B 15(3) 35(3) 23.6(19) -1.5(18) -2(2) 4(3) 

N6B 27(4) 43(5) 26(3) 0(3) -1(3) -2(4) 

N31B 25(3) 32(3) 26(3) -4(2) 2(3) 5(2) 

 

 

Table A4. Bond Lengths in Å for 2016acc0004_R_100K. 

Atom Atom Length [Å] 

Zn1 Cl1 2.2284(13) 

Zn1 N101 2.005(4) 

Zn1 N103 1.999(4) 

Zn1 N105 1.994(4) 

N101 

N102 

N102 

N103 

N103 

N104 

N104 

C101 

C102 

C103 

C105 

C107 

C106 

C107 

1.377(6) 

1.354(7) 

1.339(6) 

1.392(6) 

1.337(6) 

1.373(7) 

1.345(7) 

N105             C109                       1.381(6) 

N105 C111 1.336(6) 

N106 C110 1.373(6) 

N106 C111 1.334(6) 

C101 C102 1.358(7) 

C103 C104 1.469(8) 

C105 C106 1.339(7) 

C107 C108 1.470(7) 
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C109 C110 1.347(7) 

C111 C112 1.490(7) 

Zn2 Cl2 2.2383(12) 

Zn2 N201 2.000(4) 

Zn2 N203 1.994(4) 

Zn2 N205 2.000(4) 

N201 C201 1.391(6) 

N201 C203 1.330(6) 

N202 C202 1.363(7) 

N202 C203 1.346(6) 

N203 C205 1.390(6) 

N203 C207 1.323(6) 

N204 C206 1.373(6) 

N204 C207 1.335(6) 

N205 C209 1.393(6) 

N205 C211 1.323(6) 

N206 C210 1.377(7) 

N206 C211 1.340(6) 

C201 C202 1.349(7) 

C203 C204 1.475(7) 

C205 C206 1.344(8) 

C207 C208 1.482(6) 

C209 C210 1.343(7) 

C211 C212 1.484(7) 

Zn3A Cl3A 2.234(2) 

Zn3A N31A 2.017(8) 

Zn3A N33A 2.003(7) 

Zn3A N35A 2.012(9) 

N31A C31A 1.384(12) 

N31A C33A 1.333(12) 

N32A C32A 1.368(13) 

N33A C37A 1.337(9) 

N34A C36A 1.390(11) 

N34A C37A 1.324(11) 

N35A C39A 1.367(12) 

N35A C41A 1.330(12) 

N36A 

C31A C32A 1.349(13) 

C33A C34A 1.465(14) 

C35A C36A 1.351(12) 

C37A C38A 1.481(12) 

C38A C32A1 1.551(13) 

C39A C40A 1.33(2) 

C41A C42A 1.467(14) 

C34B C33B 1.490(14) 

N33B C35B 1.374(12) 

N33B C37B 1.350(10) 

N33B Zn3B 1.980(7) 

C32B N32B 1.376(12) 

C32B C31B 1.339(13) 

C36B C35B 1.347(12) 

C36B N1 1.376(12) 

C40B C39B 1.360(15) 

C40B N6B 1.37(3) 

C38B C37B 1.482(12) 

C42B C41B 1.501(14) 

N32B C33B 1.328(12) 

C31B N31B 1.389(11) 

C41A 

C32A 

C34A 

C36A 

C38A 

C32A1 

C40A 

C42A 

C33B 

C35B 

C37B 

Zn3B 

N32B 

C31B 

C35B 

N1 

C39B 

N6B 

C37B 

C41B 

C33B 

N31B 

1.356(14) 

1.349(13) 

1.465(14) 

1.351(12) 

1.481(12) 

1.551(13) 

1.33(2) 

1.467(14) 

1.490(14) 

1.374(12) 

1.350(10) 

1.980(7) 

1.376(12) 

1.339(13) 

1.347(12) 

1.376(12) 

1.360(15) 

1.37(3) 

1.482(12) 

1.501(14) 

1.328(12) 

1.389(11) 
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C33B N31B 1.328(12) 

C37B N1 1.327(10) 

C39B N5B 1.387(12) 

C41B N5B 1.304(12) 

C41B N6B 1.37(2) 

Zn3B Cl3B 2.239(2) 

Zn3B N5B 2.010(9) 

Zn3B N31B 1.999(8) 
 

N31B 

N1 

N5B 

N5B 

N6B 

Cl3B 

N5B 

N31B 

1.328(12) 

1.327(10) 

1.387(12) 

1.304(12) 

1.37(2) 

2.239(2) 

2.010(9) 

1.999(8) 
 

11-X,1-Y,2-Z 

Table A5. Bond Angles in ° for 2016acc0004_R_100K. 

 

Atom Atom Atom Angle [°] 

N101 Zn1 Cl1 111.26(12) 

N103 Zn1 Cl1 114.08(12) 

N103 Zn1 N101 105.65(16) 

N105 Zn1 Cl1 106.23(12) 

N105 Zn1 N101 107.61(16) 

N105 Zn1 N103 111.90(16) 

C101 N101 Zn1 127.2(3) 

C103 N101 Zn1 125.5(3) 

C103 N101 C101 106.7(4) 

C103 N102 C102 109.1(4) 

C105 N103 Zn1 123.0(3) 

C107 N103 Zn1 130.7(3) 

C107 N103 C105 106.0(4) 

C107 N104 C106 109.1(4) 

C109 N105 Zn1 125.8(3) 

C111 N105 Zn1 128.4(3) 

C111 N105 C109 105.8(4) 

C111 N106 C110 108.9(4) 

C102 C101 N101 108.6(5) 

N102 C102 C101 106.3(5) 

N101 C103 N102 109.3(5) 

N101 C103 C104 126.3(4) 

N102 C103 C104 124.4(5) 

C106 C105 N103 109.7(5) 

C105 C106 N104 106.0(5) 

N103 C107 N104 109.2(4) 

N103 C107 C108 126.3(5) 

N104 C107 C108 124.5(4) 

C110 C109 N105 109.9(4) 

C109 C110 N106 105.6(5) 

N105 C111 C112 125.7(4) 

N106 C111 N105 109.9(4) 

N106 C111 C112 124.4(4) 

N201 Zn2 Cl2 107.12(12) 

N201 Zn2 N205 112.26(17) 

N203 Zn2 Cl2 114.43(12) 

N203 Zn2 N201 104.15(16) 

N203 Zn2 N205 106.57(16) 

N205 Zn2 Cl2 112.12(11) 

C201 N201 Zn2 123.7(3) 

C203 N201 Zn2 129.4(3) 

C203 N201 C201 106.3(4) 

C203 N202 C202 108.2(4) 

C205 N203 Zn2 126.3(3) 

C207 N203 Zn2 127.1(3) 
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Atom Atom Atom Angle [°] 

C207 N203 C205 105.6(4) 

C207 N204 C206 108.6(4) 

C209 N205 Zn2 126.8(3) 

C211 N205 Zn2 126.5(3) 

C211 N205 C209 106.4(4) 

C211 N206 C210 108.0(4) 

C202 C201 N201 108.6(5) 

C201 C202 N202 107.0(5) 

N201 C203 N202 109.9(5) 

N201 C203 C204 126.4(4) 

N202 C203 C204 123.7(4) 

C206 C205 N203 109.7(4) 

C205 C206 N204 105.6(4) 

N203 C207 N204 110.4(4) 

N203 C207 C208 125.6(5) 

N204 C207 C208 123.9(4) 

C210 C209 N205 108.7(5) 

C209 C210 N206 106.6(5) 

N205 C211 N206 110.2(5) 

N205 C211 C212 125.7(5) 

N206 C211 C212 124.1(5) 

N31A Zn3A Cl3A 109.8(2) 

N33A Zn3A Cl3A 113.3(2) 

N33A Zn3A N31A 107.2(3) 

N33A Zn3A N35A 108.8(3) 

N35A Zn3A Cl3A 108.0(3) 

N35A Zn3A N31A 109.9(3) 

C31A N31A Zn3A 126.8(6) 

C33A N31A Zn3A 124.7(7) 

C33A N31A C31A 107.3(8) 

C33A N32A C32A 109.1(8) 

C35A N33A Zn3A 125.4(6) 

C37A N33A Zn3A 128.3(6) 

C37A N33A C35A 106.3(7) 

C37A N34A C36A 110.3(8) 

C39A N35A Zn3A 123.8(7) 

C41A N35A Zn3A 128.2(8) 

C41A N35A C39A 107.3(9) 

C41A N36A C40A 106.1(17) 

C32A C31A N31A 108.6(9) 

C31A C32A N32A 106.4(8) 

N31A C33A N32A 108.6(8) 

N31A C33A C34A 125.8(9) 

N32A C33A C34A 125.6(9) 

C36A C35A N33A 109.5(8) 

C35A C36A N34A 104.7(9) 

N33A C37A C38A 125.1(8) 

N34A C37A N33A 109.3(7) 

N34A C37A C38A 125.6(8) 

C37A C38A C32A1 159.0(9) 

C40A C39A N35A 107.8(17) 

C39A C40A N36A 109(2) 

N35A C41A N36A 109.6(10) 

N35A C41A C42A 128.4(10) 

N36A C41A C42A 122.0(11) 

C35B N33B Zn3B 129.0(6) 

C37B N33B C35B 106.0(8) 
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Atom Atom Atom Angle [°] 

C37B N33B Zn3B 124.2(6) 

C31B C32B N32B 106.0(8) 

C35B C36B N1 106.2(10) 

C39B C40B N6B 107.6(17) 

C33B N32B C32B 108.5(8) 

C32B C31B N31B 109.5(9) 

N32B C33B C34B 125.2(9) 

N31B C33B C34B 124.4(9) 

N31B C33B N32B 110.4(9) 

C36B C35B N33B 109.5(10) 

N33B C37B C38B 126.5(8) 

N1 C37B N33B 109.7(8) 

N1 C37B C38B 123.7(8) 

C40B C39B N5B 108.6(12) 

N5B C41B C42B 126.7(10) 

N5B C41B N6B 112.3(14) 

N6B C41B C42B 121.0(13) 

N33B Zn3B Cl3B 110.8(2) 

N33B Zn3B N5B 114.3(3) 

N33B Zn3B N31B 105.1(3) 

N5B Zn3B Cl3B 108.1(3) 

N31B Zn3B Cl3B 113.1(2) 

N31B Zn3B N5B 105.4(3) 

C37B N1 C36B 108.6(8) 

C39B N5B Zn3B 122.8(7) 

C41B N5B C39B 106.0(9) 

C41B N5B Zn3B 130.8(8) 

C41B N6B C40B 106(2) 

C31B N31B Zn3B 123.8(6) 

C33B N31B C31B 105.7(8) 

C33B N31B Zn3B 130.5(7) 
 

11-X,1-Y,2-Z 

 

Table A6. Torsion Angles in ° for 2016acc0004_R_100K. 

Atom Atom Atom Atom Angle [°] 

Zn1 N101 C101 C102 -171.5(3) 

Zn1 N101 C103 N102 171.4(3) 

Zn1 N101 C103 C104 -9.2(7) 

Zn1 N103 C105 C106 175.4(4) 

Zn1 N103 C107 N104 -174.7(3) 

Zn1 N103 C107 C108 4.7(7) 

Zn1 N105 C109 C110 -179.4(3) 

Zn1 N105 C111 N106 179.7(3) 

Zn1 N105 C111 C112 -0.2(7) 

N101 C101 C102 N102 0.5(6) 

N103 C105 C106 N104 -0.4(6) 

N105 C109 C110 N106 -0.7(5) 

C101 N101 C103 N102 -0.1(6) 

C101 N101 C103 C104 179.3(5) 

C102 N102 C103 N101 0.4(6) 

C102 N102 C103 C104 -179.0(5) 

C103 N101 C101 C102 -0.2(6) 

C103 N102 C102 C101 -0.6(6) 

C105 N103 C107 N104 -0.2(5) 
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Atom Atom Atom Atom Angle [°] 

C105 N103 C107 C108 179.3(5) 

C106 N104 C107 N103 0.0(6) 

C106 N104 C107 C108 -179.5(5) 

C107 N103 C105 C106 0.4(6) 

C107 N104 C106 C105 0.3(6) 

C109 N105 C111 N106 -0.6(5) 

C109 N105 C111 C112 179.6(4) 

C110 N106 C111 N105 0.2(5) 

C110 N106 C111 C112 -180.0(4) 

C111 N105 C109 C110 0.8(5) 

C111 N106 C110 C109 0.3(5) 

Zn2 N201 C201 C202 -171.9(4) 

Zn2 N201 C203 N202 171.3(3) 

Zn2 N201 C203 C204 -9.0(8) 

Zn2 N203 C205 C206 -168.7(4) 

Zn2 N203 C207 N204 168.8(3) 

Zn2 N203 C207 C208 -13.3(7) 

Zn2 N205 C209 C210 -173.7(3) 

Zn2 N205 C211 N206 173.7(3) 

Zn2 N205 C211 C212 -7.1(7) 

N201 C201 C202 N202 -0.3(6) 

N203 C205 C206 N204 -0.4(6) 

N205 C209 C210 N206 -0.5(5) 

C201 N201 C203 N202 -0.2(6) 

C201 N201 C203 C204 179.5(5) 

C202 N202 C203 N201 0.0(6) 

C202 N202 C203 C204 -179.6(5) 

C203 N201 C201 C202 0.3(6) 

C203 N202 C202 C201 0.1(6) 

C205 N203 C207 N204 0.1(5) 

C205 N203 C207 C208 178.0(5) 

C206 N204 C207 N203 -0.3(5) 

C206 N204 C207 C208 -178.2(5) 

C207 N203 C205 C206 0.2(6) 

C207 N204 C206 C205 0.4(6) 

C209 N205 C211 N206 -1.0(5) 

C209 N205 C211 C212 178.2(4) 

C210 N206 C211 N205 0.7(5) 

C210 N206 C211 C212 -178.6(4) 

C211 N205 C209 C210 1.0(5) 

C211 N206 C210 C209 -0.1(5) 

Zn3A N31A C31A C32A 169.2(7) 

Zn3A N31A C33A N32A -169.1(6) 

Zn3A N31A C33A C34A 12.0(13) 

Zn3A N33A C35A C36A -179.0(7) 

Zn3A N33A C37A N34A 178.2(6) 

Zn3A N33A C37A C38A -1.5(13) 

Zn3A N35A C39A C40A -170(2) 

Zn3A N35A C41A N36A 169.9(10) 

Zn3A N35A C41A C42A -11.9(17) 

N31A C31A C32A N32A -1.0(11) 

N33A C35A C36A N34A 0.8(11) 

N33A C37A C38A C32A1 162(2) 

N34A C37A C38A C32A1 -17(3) 

N35A C39A C40A N36A -2(3) 

C31A N31A C33A N32A -0.7(10) 

C31A N31A C33A C34A -179.5(10) 
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Atom Atom Atom Atom Angle [°] 

C32A N32A C33A N31A 0.0(10) 

C32A N32A C33A C34A 178.9(9) 

C33A N31A C31A C32A 1.1(11) 

C33A N32A C32A C31A 0.6(11) 

C35A N33A C37A N34A -0.7(9) 

C35A N33A C37A C38A 179.7(8) 

C36A N34A C37A N33A 1.3(11) 

C36A N34A C37A C38A -179.1(9) 

C37A N33A C35A C36A -0.1(10) 

C37A N34A C36A C35A -1.3(12) 

C39A N35A C41A N36A -1.1(14) 

C39A N35A C41A C42A 177.1(12) 

C40A N36A C41A N35A 0(2) 

C40A N36A C41A C42A -178(2) 

C41A N35A C39A C40A 2(2) 

C41A N36A C40A C39A 1(3) 

C34B C33B N31B C31B 178.6(10) 

C34B C33B N31B Zn3B -0.6(15) 

N33B C37B N1 C36B -2.0(10) 

C32B N32B C33B C34B -177.7(10) 

C32B N32B C33B N31B 1.4(11) 

C32B C31B N31B C33B -0.6(10) 

C32B C31B N31B Zn3B 178.6(6) 

C40B C39B N5B C41B 0.2(15) 

C40B C39B N5B Zn3B 173.2(12) 

C38B C37B N1 C36B 177.9(7) 

C42B C41B N5B C39B 178.5(12) 

C42B C41B N5B Zn3B 6.3(18) 

C42B C41B N6B C40B -177.7(17) 

N32B C32B C31B N31B 1.4(11) 

N32B C33B N31B C31B -0.5(10) 

N32B C33B N31B Zn3B -179.7(6) 

C31B C32B N32B C33B -1.7(11) 

C35B N33B C37B C38B -178.5(8) 

C35B N33B C37B N1 1.4(9) 

C35B C36B N1 C37B 1.8(10) 

C37B N33B C35B C36B -0.3(9) 

C39B C40B N6B C41B -2(3) 

Zn3B N33B C35B C36B -170.4(7) 

Zn3B N33B C37B C38B -7.7(12) 

Zn3B N33B C37B N1 172.1(6) 

N1 C36B C35B N33B -0.9(10) 

N5B C41B N6B C40B 2(3) 

N6B C40B C39B N5B 1(2) 

N6B C41B N5B C39B -1.6(19) 

N6B C41B N5B Zn3B -173.8(16) 
 

11-X,1-Y,2-Z 

 

Table A7. Hydrogen Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement 

Parameters (Å2×103) for 2016acc0004_R_100K. Ueq is defined as 1/3 of the trace of the orthogonalised Uij. 

Atom                          x                                 y                                   z                                  Ueq 

H102 517 6796 495 50 

H104 1459 5798 4180 46 

H106 1152 7804 4319 41 
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Atom                          x                                 y                                   z                                  Ueq 

H101 940 7449 2036 46 

H10A 1576 7397 845 48 

H10B -850 6243 925 78 

H10C -173 6187 1700 78 

H10D -2223 6338 1482 78 

H105 2506 6383 2638 47 

H10E 3747 5887 3362 50 

H10F -1551 6035 4492 66 

H10G -1728 6458 4334 66 

H10H -2828 6172 3846 66 

H109 -3453 7507 3276 37 

H110 -2107 7986 4027 44 

H11A 2438 6963 3538 60 

H11B 3478 7344 3651 60 

H11C 2866 7122 4278 60 

H202 -1180 3464 1355 43 

H204 4782 2376 4326 41 

H206 2125 4631 4424 43 

H201 -3341 3132 2971 48 

H20A -3900 3161 1740 46 

H20B 1815 3737 1784 67 

H20C 1671 3917 2502 67 

H20D 2687 3535 2445 67 

H205 2553 2901 2760 45 

H20E 4533 2377 3095 49 

H20F 3749 2714 5281 64 

H20G 3578 3135 5102 64 

H20H 1739 2892 5101 64 

H209 4569 3689 4289 43 

H210 5153 4322 4628 48 

H21A -1155 4513 3989 66 

H21B -1255 4205 3427 66 

H21C -1762 4111 4166 66 

H32A 1180 5760 9270 37 

H34A 7139 3849 9671 40 

H36A 1010 4742 6122 37 

H31A 2833 4758 9538 40 

H32B 1024 5243 10023 41 

H34B 2471 5936 8203 61 

H34C 4386 5729 8123 61 

H34D 2494 5594 7717 61 

H35A 4420 4034 7922 35 

H36B 5532 3538 8690 40 

H38A 7983 4784 9458 52 

H38B 8495 4469 9989 52 

H38C 6542 4675 9984 52 

H39A 6238 4954 6737 34 

H40A 3994 4929 5751 39 

H42A 739 4356 7467 62 

H42B -439 4707 7226 62 

H42C 942 4720 7898 62 

H1WA 6882 6366 9307 155 

H1WB 5290 6566 9396 155 

H34E 1123 5442 8240 66 

H34F 2025 5778 7886 66 

H34G 1377 5821 8622 66 

H32C 7859 5649 9264 40 
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Atom                          x                                 y                                   z                                  Ueq 

H36C 6949 3634 8900 40 

H40B 1327 4743 5814 37 

H38D 2895 4667 9676 58 

H38E 2559 4293 10047 58 

H38F 4377 4529 10265 58 

H42D 7236 5010 6789 62 

H42E 6521 5161 7467 62 

H42F 7140 4747 7418 62 

H32D 5009 5997 8929 40 

H31B 7052 5017 8996 36 

H35B 6009 4085 8030 35 

H39B 491 4625 6962 34 

H1 5662 3852 9919 40 

H6B 4674 4896 5924 39 

 

Table A8. Hydrogen Bond information for 2016acc0004_R_100K. 

D     H     A    d(D-H) [Å]    d(H-A) [Å]       d(D-A) [Å]  D-H-A [°]  

C38B H38F N32B1 0.98 2.03 2.703(13) 123.6 

N32B H32D O1W 0.88 1.60 2.425(11) 153.7 
 

11-X,1-Y,2-Z 

 

Table A9. Atomic Occupancies for all atoms 

that are not fully occupied in 2016acc0004_R_100K. 

Atom         Occupancy 

 Zn3A 0.5 

Cl3A 0.5 

N31A 0.5 

N32A 0.5 

H32A 0.5 

N33A 0.5 

N34A 0.5 

H34A 0.5 

N35A 0.5 

N36A 0.5 

H36A 0.5 

C31A 0.5 

H31A 0.5 

C32A 0.5 

H32B 0.5 

C33A 0.5 

C34A 0.5 

H34B 0.5 

H34C 0.5 

H34D 0.5 

C35A 0.5 

H35A 0.5 

C36A 0.5 

H36B 0.5 

C37A 0.5 

C38A 0.5 

H38A 0.5 

H38B 0.5 
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Atom         Occupancy 

H38C 0.5 

C39A 0.5 

H39A 0.5 

C40A 0.5 

H40A 0.5 

C41A 0.5 

C42A 0.5 

H42A 0.5 

H42B 0.5 

C34B 0.5 

H34E 0.5 

H34F 0.5 

H34G 0.5 

N33B 0.5 

C32B 0.5 

H32C 0.5 

C36B 0.5 

H36C 0.5 

C40B 0.5 

H40B 0.5 

C38B 0.5 

H38D 0.5 

H38E 0.5 

H38F 0.5 

C42B 0.5 

H42D 0.5 

H42E 0.5 

N32B 0.5 

H32D 0.5 

C31B 0.5 

H31B 0.5 

C33B 0.5 

C35B 0.5 

H35B 0.5 

C37B 0.5 

C39B 0.5 

H39B 0.5 

C41B 0.5 

Zn3B 0.5 

Cl3B 0.5 

N1 0.5 

H1 0.5 

N5B 0.5 

N6B 0.5 

H6B 0.5 

N31B 0.5 
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Appendix B 
 

Crystallographic Data for BAWLUJ 
 

B1 Experimental 

Single clear colourless prism-shaped crystals of (2016acc0005_K1_100K) were provided. A 

suitable crystal (0.20×0.05×0.03) mm3 was selected (Figure B1 a) and mounted on a MITIGEN 

holder with silicon oil on a Rigaku AFC12 FRE-HF diffractometer. The crystal was kept at T = 

100(2) K during data collection. Using Olex2 (Dolomanov et al., 2009), the structure was solved 

with the ShelXT (Sheldrick, 2015) structure solution program, using the Intrinsic Phasing 

solution method. The model was refined with version 2014/7 of ShelXL (Sheldrick, 2015) using 

Least Squares minimisation (Figure B1 b). 

 

 

Figure B1. Optical microscope image of BAWLUJ crystal (a) and (b) thermal ellipsoids 

drawn at the 50% probability level. 

 

B2 Crystal Data 

C24H36N14O6Zn, Mr = 682.04, monoclinic, C2/c (No. 15), a = 18.6154(9) Å, b = 9.7902(3) Å, c = 

20.3110(11) Å, β = 120.574(7)°, α = γ = 90°, V = 3187.0(3) Å3, T = 100(2) K, Z = 4, Z' = 0.5, 

µ(MoKα) = 0.832, 15734 reflections measured, 4095 unique (Rint = 0.0358) which were used in 

all calculations. The final wR2 was 0.1038 (all data) and R1 was 0.0408 (I > 2(I)). 

 

 

 

 



 

 

238 

Table B1. Crystal data for BAWLUJ. 

 

Compound  
 

 

2016acc0005_K_100K  
 

Formula  
 

C24H36N14O6Zn  

                              C16H24N8Zn, 2(C4H6N2), 2(NO3) 

Dcalc. [g cm-3] 1.421  

µ [mm-1] 0.832  

Formula Weight  682.04  

Colour  clear colourless  

Shape  prism  

Size [mm3] 0.20×0.05×0.03  

T [K]  100(2)  

Crystal System  monoclinic  

Space Group  C2/c  

A [Å]  18.6154(9)  

B [Å]  9.7902(3)  

C [Å]  20.3110(11)  

Α [°] 90  

Β [°]  120.574(7)  

Γ [°]  90  

V [Å3] 3187.0(3)  

Z  4  

Z'  0.5  

Wavelength [Å]  0.71073  

Radiation type  MoKα  

Θmin[°] 2.968  

Θmax [°]  28.698  

Measured Refl.  15734  

Independent Refl.  4095  

Reflections Used  3617  

Rint  0.0358  

Parameters  219  

Restraints  0  

Largest Peak  1.230  

Deepest Hole  -0.584  

GooF  1.046  

wR2 (all data)  0.1038  

wR2  0.0998  

R1 (all data)  0.0481  

R1  0.0408  
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B3 Structure Quality Indicators 

Reflections: 

 

Refinement: 

 
 

A clear colourless prism-shaped crystal with dimensions 0.20×0.05×0.03 was mounted on a 

MITIGEN holder with silicon oil. Data were collected using a Rigaku AFC12 FRE-HF 

diffractometer equipped with an Oxford Cryosystems low-temperature apparatus operating at T 

= 100(2) K. 

Data were measured using profile data from -scans of 1.0° per frame for 15.0 s using MoK 

radiation (Rotating Anode, 45.0 kV, 55.0 mA). The total number of runs and images was based 

on the strategy calculation from the program CrystalClear (Rigaku). The actually achieved 

resolution was  = 28.698. 

Cell parameters were retrieved using the CrysAlisPro (Rigaku, V1.171.38.41, 2015) 

software and refined using CrysAlisPro (Rigaku, V1.171.38.41, 2015) on 9122 reflections, 58 

of the observed reflections. 

Data reduction was performed using the CrysAlisPro (Rigaku, V1.171.38.41, 2015) 

software, which corrects for Lorentz polarisation. The final completeness is 99.60 out to 28.698 

in . The absorption coefficient  of this material is 0.832 at this wavelength ( = 0.71073) and 

the minimum and maximum transmissions are 0.78813 and 1.00000. 

The structure was solved in the space group C2/c (# 15) by Intrinsic Phasing using the ShelXT 

(Sheldrick, 2015) structure solution program and refined by Least Squares using version 2014/7 

of ShelXL (Sheldrick, 2015). All non-hydrogen atoms were refined anisotropically. Hydrogen 

atom positions were calculated geometrically and refined using the riding model, except the –

NH, which were freely refined. 

The value of Z' is 0.5. This means that only half of the formula unit is present in the 

asymmetric unit, with the other half consisting of symmetry equivalent atoms. 
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Figure B2. Generated precision images for BAWLUJ. 

 

 
 

Figure B3. Part of the 3-fold interconnecting hydrogen bond network. for BAWLUJ. 

 

B4 Data Plots 

Diffraction Data: 
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Refinement Data: 

 

 
 

 

B5 Reflection Statistics 

Total reflections  

(after filtering)  

16290  Unique reflections  4095  

Completeness  0.995  Mean I/σ  26.21  

hklmax collected  (11, 10, 28)  hklmin collected  (-25, -13, -25)  

hklmax used  (21, 13, 27)  hklmin used  (-25, 0, 0)  

Lim dmax collected  7.0  Lim dmin collected  0.74  

dmax used  6.86  dmin used  0.74  

Friedel pairs  1501  Friedel pairs merged  1  

Inconsistent equivalents  33  Rint  0.0358  

Rsigma  0.0279  Intensity transformed  0  

Omitted reflections  0  Omitted by user (OMIT hkl)  16  

Multiplicity  (2406, 6122, 685, 83, 5)  Maximum multiplicity  11  

 

Table B2. Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement Parameters 

(Å2×103) for 2016acc0005_K1_100K. Ueq is defined as 1/3 of the trace of the orthogonalised Uij. 

Atom                        x                                     y                                   z                                Ueq 
 

Zn1 
 

5000 
 

4572.5(3) 
 

2500 
 

16.12(10) 

N1 4987.9(11) 7178.2(19) 4102.7(10) 27.5(4) 

N2 5185.3(10) 5904.2(16) 3322.9(9) 19.6(3) 

N3 3996.7(10) 3384.8(16) 2092.7(9) 20.7(3) 

N4 3235.8(11) 1521.3(17) 1771.9(10) 22.8(3) 

C1 4353.7(15) 4855(3) 3857.9(14) 35.7(5) 
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Atom                        x                                     y                                   z                                Ueq 

C2 4836.5(12) 5964(2) 3756.6(11) 23.6(4) 

C3 5445.5(14) 7951(2) 3882.2(12) 29.4(5) 

C4 5575.9(12) 7156.1(19) 3404.3(11) 23.6(4) 

C5 3311.9(12) 3546(2) 1360.2(11) 23.5(4) 

C6 2838.0(13) 2402(2) 1159.9(11) 25.4(4) 

C7 3925.6(12) 2135.7(19) 2321.3(11) 21.4(4) 

C8 4502.9(14) 1477(2) 3071.0(12) 30.6(5) 

N5 2225.4(10) 3820.0(16) 3203.6(9) 21.8(3) 

N6 2794.2(11) 1896.6(18) 3804.1(11) 26.0(4) 
 

C9 
 

2896.4(13) 
 

3895(2) 
 

4627.3(11) 
 

25.5(4) 

C10 2639.2(12) 3218.5(19) 3881.5(11) 21.0(4) 

C11 2466.1(14) 1638(2) 3038.2(13) 29.5(4) 

C12 2115.2(13) 2833(2) 2670.7(12) 26.5(4) 

O1 3536.7(10) 9639.0(15) 4973.0(9) 31.4(3) 

O2 4032.7(14) 9537.1(18) 4217.8(12) 48.6(5) 

O3 4236.6(9) 7843.0(15) 4979.1(8) 27.6(3) 

N7 3941.6(10) 9014.7(17) 4728.6(10) 24.9(3) 

 

Table B3. Anisotropic Displacement Parameters (×104) 2016acc0005_K1_100K. The anisotropic 

displacement factor exponent takes the form: -22[h2a*2 × U11+ ... +2hka* × b* × U12]. 

Atom              U11                    U22                    U33                        U23                  U13                     U12 

Zn1 17.36(15) 13.46(15) 19.74(15) 0 11.03(12) 0 

N1 25.2(8) 31.6(9) 25.0(8) -6.1(7) 12.2(7) 7.8(7) 

N2 19.4(7) 20.1(7) 21.4(7) -1.4(6) 11.8(6) 0.6(6) 

N3 20.8(7) 18.3(7) 23.4(8) 0.2(6) 11.6(6) -2.4(6) 

N4 24.2(8) 17.4(8) 27.8(8) -1.7(6) 14.0(7) -3.7(6) 

C1 34.1(11) 47.6(14) 36.2(12) -4.4(10) 25.7(10) -6.5(10) 

C2 20.5(9) 29.5(10) 22.2(9) -2.1(7) 11.8(7) 3.6(7) 

C3 30.4(10) 20.2(9) 25.9(10) -5.0(7) 5.9(8) 3.3(8) 

C4 23.1(9) 20.1(9) 24.0(9) -0.2(7) 9.4(8) -0.9(7) 

C5 22.3(9) 22.6(9) 24.5(9) 3.7(7) 11.3(8) 2.3(7) 

C6 22.6(9) 24.9(9) 25.2(9) -1.6(7) 9.6(8) -0.9(8) 

C7 22.0(9) 19.1(8) 26.1(9) -0.5(7) 14.4(8) -1.8(7) 

C8 31.9(11) 27.7(10) 27.5(10) 7.0(8) 11.7(9) -2.7(8) 

N5 23.2(8) 19.2(8) 25.6(8) 1.5(6) 14.4(7) 2.3(6) 

N6 26.7(9) 19.4(8) 34.4(9) 5.8(7) 17.4(8) 6.3(7) 

C9 25.8(10) 27.3(10) 25.6(9) 2.8(8) 14.6(8) 3.7(8) 

C10 18.8(8) 19.2(8) 29.1(9) 3.4(7) 15.0(7) 3.4(7) 

C11 35.4(11) 21.7(9) 38.0(11) -2.1(8) 23.5(10) 2.1(8) 

C12 29.9(10) 23.9(9) 28.8(10) -1.5(8) 17.1(8) 1.0(8) 

O1 28.6(8) 30.8(8) 37.6(8) -12.8(6) 19.1(7) 1.5(6) 

O2 69.4(13) 35.5(9) 67.4(13) 22.6(8) 54.2(11) 23.1(9) 

O3 29.9(8) 23.6(7) 29.9(7) 3.4(6) 15.5(6) 8.8(6) 

N7 21.4(8) 23.2(8) 30.0(9) -6.1(7) 13.1(7) 2.3(6) 

 

Table B4. Bond Lengths in Å for 2016acc0005_K1_100K. 

Atom Atom Length [Å] 

Zn1 N21 2.0064(16) 

Zn1 N2 2.0064(16) 

Zn1 N3 1.9881(16) 

Zn1 N31 1.9881(16) 

N1 C2 1.336(3) 
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Atom Atom Length [Å] 

N1 C3 1.373(3) 

N2 C2 1.335(2) 

N2 C4 1.391(3) 

N3 C5 1.391(2) 

N3 C7 1.338(2) 

N4 C6 1.379(3) 

N4 C7 1.341(2) 

C1 C2 1.489(3) 

C3 C4 1.359(3) 

C5 C6 1.354(3) 

C7 C8 1.491(3) 

N5 C10 1.326(2) 

N5 C12 1.386(3) 

N6 C10 1.352(3) 

N6 C11 1.375(3) 

C9 C10 1.492(3) 

C11 C12 1.362(3) 

O1 N7 1.252(2) 

O2 N7 1.243(2) 

O3 N7 1.262(2) 
 

11-X,1-Y,2-Z 

 

Table B5. Bond Angles in ° for 2016acc0005_K1_100K. 

Atom Atom Atom Angle [°] 

N2 Zn1 N21 98.95(9) 

N3 Zn1 N21 107.84(6) 

N31 Zn1 N2 107.84(6) 

N31 Zn1 N21 116.99(7) 

N3 Zn1 N2 116.99(7) 

N31 Zn1 N3 108.41(9) 

C2 N1 C3 108.56(17) 

C2 N2 Zn1 130.01(14) 

C2 N2 C4 106.43(16) 

C4 N2 Zn1 121.97(13) 

C5 N3 Zn1 122.33(13) 

C7 N3 Zn1 128.89(14) 

C7 N3 C5 106.03(16) 

C7 N4 C6 108.52(16) 

N1 C2 C1 123.83(19) 

N2 C2 N1 110.06(19) 

N2 C2 C1 126.11(19) 

C4 C3 N1 106.46(18) 

C3 C4 N2 108.47(19) 

C6 C5 N3 109.29(17) 

C5 C6 N4 106.10(17) 

N3 C7 N4 110.06(17) 

N3 C7 C8 127.01(18) 

N4 C7 C8 122.92(17) 

C10 N5 C12 106.15(16) 

C10 N6 C11 108.01(17) 

N5 C10 N6 110.50(18) 

N5 C10 C9 125.05(17) 

N6 C10 C9 124.45(18) 

C12 C11 N6 105.99(18) 

C11 C12 N5 109.35(18) 
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Atom Atom Atom Angle [°] 

O1 N7 O3 120.67(18) 

O2 N7 O1 119.67(18) 

O2 N7 O3 119.63(17) 
 

11-X,1-Y,2-Z 

 

Table A6. Torsion Angles in ° for 2016acc0005_K1_100K. 

Atom Atom Atom Atom Angle [°] 

Zn1 N2 C2 N1 165.56(13) 

Zn1 N2 C2 C1 15.0(3) 

Zn1 N2 C4 C3 166.35(13) 

Zn1 N3 C5 C6 163.03(14) 

Zn1 N3 C7 N4 161.29(13) 

Zn1 N3 C7 C8 19.3(3) 

N1 C3 C4 N2 1.0(2) 

N3 C5 C6 N4 -0.4(2) 

C2 N1 C3 C4 -1.0(2) 

C2 N2 C4 C3 -0.6(2) 

C3 N1 C2 N2 0.7(2) 

C3 N1 C2 C1 -179.9(2) 

C4 N2 C2 N1 0.0(2) 

C4 N2 C2 C1 -179.5(2) 

C5 N3 C7 N4 -0.1(2) 

C5 N3 C7 C8 -179.5(2) 

C6 N4 C7 N3 -0.1(2) 

C6 N4 C7 C8 179.30(19) 

C7 N3 C5 C6 0.3(2) 

C7 N4 C6 C5 0.3(2) 

N6 C11 C12 N5 0.0(2) 

C10 N5 C12 C11 0.1(2) 

C10 N6 C11 C12 -0.2(2) 

C11 N6 C10 N5 0.2(2) 

C11 N6 C10 C9 179.95(19) 

C12 N5 C10 N6 -0.2(2) 

C12 N5 C10 C9 179.92(18) 

 

Table B7. Hydrogen Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement 

Parameters (Å2×103) for 2016acc0005_K1_100K. Ueq is defined as 1/3 of the trace of the orthogonalised 

Uij. 

Atom                       x                                         y                                  z                                Ueq 

H1 4802(19) 7450(30) 4416(18) 50(8) 

H4 3105(17) 690(30) 1798(15) 35(7) 

H1A 3930 4506 3356 54 

H1B 4081 5217 4126 54 

H1C 4733 4113 4159 54 

H3 5634 8861 4034 35 

H4A 5882 7412 3166 28 

H5 3195 4335 1049 28 

H6 2333 2239 692 30 

H8A 5005 2040 3354 46 

H8B 4660 569 2984 46 

H8C 4223 1390 3368 46 

H6A 3046(19) 1340(30) 4134(17) 45(8) 



 

 

246 

Atom                       x                                         y                                  z                                Ueq 

H9A 3094 3204 5031 38 

H9B 2418 4379 4594 38 

H9C 3346 4548 4747 38 

H11 2481 798 2812 35 

H12 1838 2968 2133 32 
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