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Abstract 
 

Luminescent metal-organic frameworks (LMOFs) are promising materials for 

myriad chromatic based applications, from organic-light emitting diodes (OLEDs) 

to sensors and optoelectronics. This arises from the rational tunability of MOFs, 

which imparts control over material properties so they can be tailored to particular 

use cases. Yet, the 3D nature of LMOFs creates challenges for optical transparency, 

sensing sensitivity, and device integration. Metal-organic framework nanosheets 

(MONs) have the potential to overcome these limitations by retaining the benefits 

of MOFs but in an atomically thin morphology of large planar dimensions.  

This integrated thesis establishes luminescent MONs (LMONs) as next-generation 

MOF materials for lighting, indicators, and sensors (Chapter 1). Chapter 2 

introduces the emerging field of MONs, and the techniques employed in this work 

to study the photophysical properties of materials. In Chapter 3, a robust in situ 

guest incorporation strategy for luminescent dyes in MONs is established. The 

incorporation of red, green, and blue emitters in various combinations endowed 

MONs with new luminescent properties, including white light emission (WLE), 

that could be tuned based on guest content and arrangement. The improved 

fabricability available with MONs is demonstrated in Chapter 4, by realising 

aerosol jet printing as a new methodology for creating fine-scale MOF-based 

luminescent thin film patterns and micro-structures.  

Chapter 5 expands the concept of luminescent guest@MONs to thicker (~ 200 nm) 

2D ZIF-L materials, allowing the benefits of 2D guest intercalation to be coupled 

with more regular porosity. The result was increased predictability of structure-

property relationships that could be used to better tune luminescent behaviours, 

along with an ability to grow in situ luminescent ZIF-L oriented films.   

A critical review of the studies in this thesis is provided in Chapter 6, accompanied 

with an outlook for the future directions of LMON-based optical devices.   
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1 T 
 Introduction 

 
1.1    Motivation 

Light is a foundational element of life and a guiding force of human history since 

its genesis. Without light, we would lose the critical sense of sight. Beyond its 

necessity as an energy source powering photosynthetic processes, and now 

photovoltaics, light has been harnessed by humans as a critical resource for 

development. One could trace this back to the first fires and then torches that were 

used to control light nearly 300,000 years ago, providing sight in the dark for 

survival and exploration.[1] Later, light directing devices such as glass prisms and 

lenses led to the advent of microscopy and telescopes. The milestone invention of 

the lightbulb revolutionised the generation of light and has since rapidly evolved 

into light emitting diodes (LEDs), organic light emitting diodes (OLEDs) and new 

quantum technologies, such as quantum dots, that manipulate light at the nanoscale. 

As a society, we now rely on light ubiquitously across essential services to power 

communications, information & education, entertainment and more. The United 

Nations Education, Scientific, and Cultural Organisation (UNESCO) declared 2015 



1. Introduction 
 

 

2 

as the International Year of Light and Light-Based technologies in recognition of 

the importance of light and optical technologies.[2] 

Colour is a key phenomenon of light and is determined by the wavelength of light.  

Our perception of colour relies on how light interacts with objects (i.e. absorption, 

reflection, and emission) and how our biological processes, especially related to the 

retina, process this light. In nature, colour acts as an evolutionary device for 

camouflage, a signal of danger to predators, or communications with individuals of 

the same species to attract mates. For humanity, colour is a favourable feature of 

light, from being valued in commerce through dyes and pigments, to the creation 

of art and fashion.[1] Now, colour is an essential component of screens, and 

indicators for mechanical systems, to name but a few applications.  To manipulate 

the colour of light, however, requires precise tools and the tuneability of material 

properties. Of particular interest is achieving white light emission (WLE), which 

relies on either broadband emission across the visible spectrum, or multicomponent 

emission from distinct colours that combine to produce white light (e.g. red, blue, 

and green, or blue and yellow).[3] 

Producing light requires energy input and conversion. Luminescence is a highly 

effective and tuneable mechanism to achieve this, being the emission of light 

without heat due to energetic excitation. Fluorescence, a type of luminescence, 

involves the absorbance of typically higher energy light, e.g. ultraviolet (UV) or 

blue visible, followed by spontaneous emission at lower energies.[4] A range of 

organic molecules, typically aromatics, are well studied for their ability to fluoresce 
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with emission colours across the visible spectrum.[5] They are utilised in diverse 

applications including in vivo biological imaging and tagging, as a component in 

LEDs, making textiles whiter, measuring protein binding, detecting and quantifying 

certain materials, and sensing more generally (e.g. of chemicals, pressure, or 

temperature).[5] Organic molecular fluorophores often exhibit short lifetimes, 

however, due to photoinduced decomposition. They are also difficult to control, 

typically being non-emissive in the solid state due to aggregation of the 

fluorophores and a lack of tuneable crystallinity that could be used to control 

packing arrangements.  

To better control fluorophores, and hence their suitability for applications, a range 

of composite materials have been reported. Metal-organic frameworks (MOFs), 

porous crystalline hybrid materials, are a common host superstructure that can be 

used to encapsulate guest organic fluorophores in porous cavities. The resultant 

“guest@host” MOF materials are a class of luminescent metal-organic frameworks 

(LMOFs) that have been found to stabilise guests, control the turning on and off of 

fluorescence, evoke new guest-guest and host-guest interactions, and otherwise 

tune the luminescent properties of the guest.[6] LMOF guest@host materials, 

however, still have limitations. For example, the three-dimensional (3D) MOF 

architecture can cause self-absorption and quenching, leading to guest leaching into 

the external environmental surrounds over time, and can exhibit delays in sensing 

due to the organic dyes being buried in the superstructure. Even if these are 

overcome by careful material design, LMOF powders are difficult to shape and 

fabricate into thin film optoelectronic devices.  
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Two-dimensional (2D) nanosheet materials, those with atomically thin height but 

micron scale lateral dimensions, theoretically offer resolutions to these issues. The 

morphology increases optical transparency with increased exposed surface areas 

and active sensing sites, while the layered structure can provide a degree of 

directional emission control and sensing. The nanoscale thickness and strong 

interlayer intermolecular forces offer the potential for improved fabricability. While 

luminescent guests have been intercalated into widely reported 2D materials, such 

as metal oxides, clays, and MXenes, these materials lack the customisability of 

MOFs.[7] Metal-organic framework nanosheets (MONs) present a promising 

alternative by uniting the benefits of 2D materials with the porosity, rational design 

and tuneability of MOFs.[8] 

To date, MONs have been primarily explored for catalysis, sensing, gas and 

molecular selectivity, and photovoltaics.[8] Few luminescent MONs (LMONs) 

exist, and those that do incorporate luminescent ligands into the framework, which 

can limit the degree of tuneability (e.g. guest loading and arrangement of 

luminescent active components).[9] The guest@host design is a promising 

mechanism to introduce fluorophores into MONs by intercalating guests between 

2D nanosheet layers, but the concept has yet to be fully realised in MON systems. 

One reason for this is the challenging synthesis of MONs, typically requiring 

exfoliation of multi-layered 2D systems, which would extract any captured guests 

within the system.  
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1.2    Contributions 

This thesis aimed to establish the incorporation of solid-state organic molecular dye 

guests into 2D MONs to access a range of functional luminescent properties for 

various light-based applications. The key research objectives were to:  

1. Design a synthesis methodology for guest@MON systems.  

2. Develop a range of guest@MON LMON systems using various organic dye 

guests with the purpose of understanding the effect of the 2D MON structure 

on the fluorescent properties of each system.   

3. Fabricate fluorescent thin films of LMONs for light-based applications.   

Chapter 2 provides background theory on MOF and MON materials, luminescence, 

and the key methods used in the reported studies. Chapter 3 (associated with Papers 

I and II), presents a versatile in situ guest incorporation strategy for MONs and 

demonstrates how incorporating a blue, green, and red guest emitter into MONs, 

individually and in different combinations, allowed new luminescent properties to 

be created and tuned. Chapter 4 (associated with Paper II and III), illustrates the 

benefits of the MON morphology for device fabrication, realising aerosol jet 

printing as a new methodology for creating MOF thin films. Finally, Chapter 5 

(associated with Paper IV) offers a contrasting study that applies guest@host design 

to the thicker (~ 200 nm) 2D ZIF-L (ZIF = zeolitic imidazolate framework) 

structure, establishing structure-property relationships relating to the morphology 

and luminescence of ZIF-L.  
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There were three aspects to the luminescent guest@MON studies: synthesis, 

functionality, and fabrication.  

1. Synthesis (Chapter 3). Typically, MONs are synthesised top-down via 

exfoliation of layered 2D materials.[10-11] Diffusion is then relied upon for 

guest encapsulation.[12] Not all MOF materials contain open channels, 

however, and those that do often exhibit guest leaching post-diffusion. To 

shift from post synthetic modification, a bottom-up in situ guest 

incorporation synthesis is required. This work, using ZIF-7-III as a case 

study system, established a facile, low energy, salt-templation synthesis 

using only NaCl, the MON reactants and the guest materials. It was shown 

to produce few-layer thin (2-4 nm), but laterally wide (4-6 𝜇𝜇m) nanosheets 

of guest encapsulation MON materials. A range of morphological and 

structural studies were reported to characterise the MONs. 

2. Luminescent mechanisms for functional MONs (Chapter 3). Using 

nanosheets of ZIF-7-III (Z7-NS) as a model system, various fluorescent 

mechanisms were observed for the first time in MONs by changing guest 

type and quantity. A triple guest system including a red, blue, and green 

emitter simultaneously exhibited triple monomeric RGB emission to create 

WLE fluorescence. The enabling and control of these mechanisms was a 

direct result of the nanosheet morphology surrounding the guests. 

Luminescent related material properties such as photoluminescent quantum 

yield (PLQY), photostability, and emission intensity were investigated and 
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compared with 3D analogue systems to identify the benefits achieved by 

using 2D MON systems.   

3. Fabrication and shaping (Chapter 4). Combining the mechanistic and 

morphological benefits of guest@Z7-NS MON systems described above, 

this work investigated the improved fabricability of Z7-NS LMONs over 

3D analogues. An initial study used inkjet printing. This was followed by a 

systematic study employing a new technique for MOFs and MONs: aerosol-

jet printing (AJP). This versatile technique was explored through different 

printing strategies to create various fine-scale fluorescent patterned thin 

films and 3D pillared structures.   

Chapter 5 shifts from MONs to broader 2D ZIF systems, exploring the 2D 

layered ZIF-8 analogue, ZIF-L, and the design of luminescent guest@ZIF-L 

systems. ZIF-L, averaging 150-200 nm in height and 5 × 10 μm wide, contains 

large cushion shaped cavities of 9.4 × 7 × 5.3 Å, ideal for the entrapment of 

small dye molecules.[13] A catalogue of dyes suitable for encapsulation in ZIF-

L was studied, using fluorescein (F) as a case study. Perylene is also explored, 

as an example of a single-guest WLE system when encapsulated in ZIF-L. 

Given the expanded density in the z-axis, the work, in contrast to MON studies, 

more precisely considers guest positioning within the host and the relationship 

this has on morphology and luminescent properties. Ultimately, as ZIF-L can 

grow oriented thin films on certain surfaces, the ability to grow luminescent 

oriented guest@ZIF-L films in situ was examined.  
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 Background 

 
2.1    Metal-Organic Frameworks 

MOFs are a class of porous coordination polymers (CPs) popularised by Yaghi in 

1995,[14] following Robson and Hoskins’ pioneering work.[15] MOFs are 

multidimensional structures comprised of metal cation or cluster nodes that are 

bridged by multidentate and multi-topic organic ligands via coordination bonds 

(Figure 2.1).[16] A rigid and ordered structure results, creating a highly crystalline 

extended network of varying multidimensionality. The topology of this structure 

resolves from the geometry of the metal-ligand coordination spheres, as illustrated 

in Figure 2.1. The diverse range of nodes and linkers that can be incorporated into 

MOFs provides a handle for design that imparts control over local interactions to 

tune chemical and physical properties of the bulk material.  

Since their inception, over 100,000 MOFs have been synthesised, with many more 

predicted.[17-19] Systematic approaches to MOF design can lead to isoreticular 

series and analogue materials that allow for rigorous structure-property relationship 

studies, providing a guide-rail for MOF synthesis. This has led to a plethora of 
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tuneable properties including conductivity, luminescence, charge transfer, spin-

state bistability, magnetism, and ferroelectricity.[20] These have led to myriad 

applications, including chemical and molecular sensing,[21] drug release and 

biomedicine,[22] polymer templating, electronic devices, and platforms for clean 

energy.[23] Ultimately, synergising these properties (e.g., magnetism and charge 

transfer), can produce newfound material characteristics, leading to breakthrough 

multifunctional materials.[24]   

 

 
Figure 2.1. Structural representations of multidimensional CPs derived from metal and 

ligand components.  

 

 

2.2    Luminescence 

Luminescence is a key property sought after in MOF materials.[25] A material is 

luminescent if it emits photons (light) upon absorption of electromagnetic radiation 

(typically a photon in the UV to blue region).[26] This can occur via fluorescence, 
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where after an electron is excited, it relaxes from the lowest singlet excited state S1 

to the ground state S0 by emission of a photon (Figure 2.2). Alternatively, 

luminescence can occur via phosphorescence, where intersystem crossing occurs 

from the singlet excited S1 state to the triplet excited state T1, followed by a photon-

emitting transition to the ground state S0 (Figure 2.2).[27] This thesis focuses on 

fluorescence. Excited state lifetimes of fluorescence are typically in the range of 1-

100 ns, while phosphorescence lifetimes are of at least 1 μs.[25] If a radiative 

relaxation pathway is not stable, non-radiative relaxation to the ground state will 

result and the material is non-emissive. Typically, fluorescent molecules are 

conjugated. This provides π electron clouds that enable more mobile electrons and 

stabilised energetics compared to non-conjugated systems. Fluorescent molecules 

also have restricted pathways of non-radiative decay (e.g. vibrational relaxation), 

achieved, for example, by confining molecules or restricting molecular rotation.  

 

 

Figure 2.2. Energy diagram of photon emission pathways. Reproduced with permission 
from Ref. [26]. Copyright Royal Society of Chemistry, 2014. 
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The intensity of, or entire ability to, luminesce can be varied by various factors 

including confinement and aggregation.[28] At this point, only the concept of 

common dimer aggregates will be established. In the following chapters, various 

dye-dye interactions are expounded, where appropriate, to explain photophysical 

observations of guest dyes in MOF materials. A dimer can be considered to contain 

two transition dipole moments. These can interact either in-phase (repulsive) or out 

of phase (attractive), leading to an increase and decrease in system energy, 

respectively, compared to the monomer.[29] Geometrically, the first scenario 

involves molecules aligning side by side (‘head to head’), termed H-aggregates (H 

= hypsochromic), while in the second scenario molecules align in-line (‘head to 

tail’), termed J-aggregates (J = Jelley, one of the researchers who discovered the 

aggregate) (Figure 2.3).[30] H-aggregates exhibit a blue shift in absorption but 

quenching of fluorescence as the lowest excited energy level is forbidden (Figure 

2.3). J-aggregates, in contrast, exhibit a red shift of absorption and emission 

compared to the monomer and sharp spectral bands attributable to minimal energy 

loss between absorption and emission (see Stokes Shift in §2.4.3).  

These two scenarios are only the end points of a spectrum of geometric 

arrangements and depending on the angle between monomers, intermediate 

electronic states may form. Beyond this, myriad other interactions, such as charge 

transfer between the two monomeric units, could compete with and alter the isolated 

concept of a J- and H-aggregate.[31] This is to say that the model presented above 

is simplistic, but fundamental in interpreting the data presented in the studies that 
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follow. While the concept will not be expanded upon further in this thesis, it is 

pertinent to note that significant computational work has more comprehensively 

studied and defined the operation of dimers.[32] Since 2001, there is also the well-

established concept of aggregation-induced emission. This is typically red shifted 

emission, but with a large stokes shift, which results from aggregation that prevents 

H-aggregates and suppresses non-radiative deactivation pathways (e.g., molecular 

rotation).[33-34]  

 

 

Figure 2.3. The effect of dimer aggregates on the energetics of fluorescence for common 

organic molecular dyes. Reproduced with permission from Ref. [29]. Copyright Royal 

Society of Chemistry, 2016. 

 

2.2.1    Luminescent MOFs 

LMOFs are a powerful subset of MOFs useful for sensing,[35] energy 

harvesting,[36] light-emission,[37] catalysis, and more broadly optoelectronic 

systems.[38] Recent works have also demonstrated the potential of LMOFs to form 

part of more environmentally friendly WLE OLED alternatives.[3,39] LMOFs 
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exhibit crystallinity, porosity, and tuneability, which are key advantages over other 

luminescent materials such as polymers, salts, or organic chromophores. By 

absorbing excitation energy, typically in the UV or visible (VIS) light regions, 

LMOFs undergo photon emission.[40] Luminescence can be introduced into MOFs 

through a variety of ways including ligand-centred emission, ligand-metal 

interactions (either from the metal-ligand or vice versa), metal-centred emission, 

and via encapsulated guest molecules in the LMOF pores (guest@MOF).[25] This 

work focusses on guest-induced luminescence.  

MOFs are ideal superstructures to host luminescent guests, due to the combination 

of crystalline rigidity, flexibility from organic linkers, and regular channel 

structures and controllable pore sizes.[40-41] Guests are typically organic dyes, but 

have also included metal ions, metal complexes, and quantum dots.[6] While a 

number of luminescent guest@MOF materials have been synthesised using post-

synthetic confinement, more robust and functional guest-based LMOF materials 

have been synthesised using in situ confinement.[6] This method enables the 

entrapment of bulky guests in the porous cavities of MOFs, increases uniformity of 

guest distribution in the MOF (compared with diffusion processes), and provides 

more efficient reactions, often under milder conditions.[42]   

As a neutral host, MOFs offer luminescent guests a protective structure to improve 

photo and chemical stability. The framework can be used to tune the luminescent 

properties of the guest;[6] it is well established that organic dyes are sensitive to 

surrounding environmental conditions (e.g., polarity or acidity), leading to shifts in 
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emission. The confinement of guests can also decrease or suppress non-radiative 

processes, causing an improvement in PLQY and fluorescence lifetimes (see 

§2.4.3).[6] MOF structures can also influence the organisation of guest molecules, 

affecting the nature and degree of molecular aggregation and/or interaction. When 

not a neutral host, MOFs can interact with guests to induce new properties in the 

material, or can contribute fluorescence independent to the guest, which when 

combined produces a composite emission profile of the guest and host.[6,43] 

LMOFs do experience limitations, however. LMOF sensitivity can be reduced due 

to interpenetration or labile coordination geometries of metal oxo-clusters.[44] 

Often, LMOFs are reliant on diffusion processes in the MOF channels, which can 

lead to slower responses of luminescent signal changes when acting as a sensor.[45] 

3D MOF frameworks can also impede emission via self-quenching. 

2.3    Metal-Organic Nanosheets 
2.3.1    Definition  

Nanosheets are materials with single or few-atom thickness (1-10 nm typically) but 

comparatively large micron-scale lateral planar dimensions, creating high surface-

to-volume atom ratios.[10] A range of archetypal 2D materials have been reduced 

to nanosheets to date,[46] including black phosphorus,[47] MXenes,[48] layered 

metal hydroxides and oxides,[49] hexagonal boron nitride,[50] and graphitic carbon 

nitrides.[51] In doing so, the nanosheet materials have been reported to achieve 

unprecedented physical, electronic, chemical, and optical properties unattainable in 

the 3D layered bulk counterparts.[46] These benefits arise from the properties 
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accessible in a nanosheet morphology, including high external surface areas, 

accessible active sites, and nanoscopic dimensions. Challengingly, restricting 

material size in one or more dimensions can limit long-range effects, functionality, 

and the structural diversity afforded by stacking 2D sheets into bulk 3D 

materials.[46] 

MONs are an increasingly sought-after form of MOFs that unite the properties of 

2D materials with 3D MOF characteristics.[8,52] MONs provide a competitive 

alternative to the currently reported 2D nanosheet materials by combining the 

benefits of a nanosheet morphology with the character of metal-organic 

composition. This character includes benefits such as structural diversity and 

tuneability by rational modular design, programmable functionality, and highly 

ordered pore arrays with abundant accessible active sites.[8] The first notable report 

of MONs was in 2010, with more frequent annual contributions (50-100 papers per 

year) since 2018.[8] To date, focus has been on a small portfolio of MONs, 

primarily from square planar Cu, Co or Ni secondary building units (SBUs), ZIFs, 

or Zr and Hf clusters. In recent years, reviews for the field have extended beyond 

synthesis and concepts,[52-53] to specific applications including catalysis,[54] gas 

and liquid separation,[55] and electrocatalysis.[8,56]   

 

2.3.2    Synthesising MONs 

The study of MONs is still in its infancy and synthesis is often the greatest 

impediment to studying nanosheets of MOFs.[10] The synthesis of MONs is still 

specific to each material type, not yet being fully generalised and rationalised. 
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Targeting specific morphologies or properties is typically achieved through 

experimental trials and is considered more ‘of an art than a science’.[57] Most 

studies utilise top-down disassembly of 2D layered MOFs using techniques 

illustrated in Figure 2.4. These techniques are energy- and time-intensive and can 

result in MONs of non-uniform nanosheet dimensions with rough fragmented 

surfaces. The exfoliated sheets are often also unstable, reaggregating over time to 

the thermodynamically preferred stacked morphology.  Direct bottom-up syntheses 

offer more control and consistency of material morphology but are less reported 

due to needing tailorable techniques depending on the material, with low yields 

frequently cited. Reported strategies (see Figure 2.4) for ZIFs have included 

diffusion,[58] surfactant assistance,[59-60] salt-confinement,[61] and interfacial 

synthesis.[62]  

 

 

 

Figure 2.4. Synthesis routes for MONs. Reproduced with permission from Ref. [52]. 

Copyright Royal Society of Chemistry, 2018. 
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2.3.3    Properties and Applications of MONs 

MONs have been implemented across various applications, including gas 

separation and water purification,[63-64] energy storage,[65]  light harvesting and 

emission,[8] electronic devices,[66] catalysis,[54,56] and sensing.[67] Catalysis is 

of particular interest, followed by sensing and separation.[8] For catalysis 

applications, including photocatalysis and electrocatalysis, studies have found 

improvements over 3D MOFs due to active sites being more exposed than in 3D 

frameworks. A Zr based MON, for example, exhibited higher degrees of conversion 

and faster reaction kinetics than a 3D analogue.[68-69] Exposed active sites in 

MONs have also been utilised for effective sensing of small organic molecules, 

ions, and biological molecules.[8] Similarly, greater exposed surface area in MONs 

has improved separation of gases such as CO2,[8] and led to uses such as water 

purification, with removal of heavy metals and ions.[63,70-72] More recent works 

explore MONs for electronics, including as films on electrodes for lithium-ion 

batteries,[73-74] or as a hole buffer layer within an OLED system, which showed a 

nearly twofold improvement in device lifetime compared to conductive polymer-

based devices.[75] MONs are also being implemented as the photoactive layer of 

photovoltaics.[76-77]  

 

2.3.4    Luminescent MONs 

One of the less studied areas of MONs is their potential as luminescent materials 

for light emission, sensing, and optoelectronics. A strand of LMOF research has 
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focussed on producing nanoscale MOF materials to create higher performing 

chemical sensors, but the field has not merged into the study of MONs.[78] An 

effective fluorescent nano-emitter should exhibit negligible dye leaching, structural 

stability under ambient conditions and repeated use, and high quantum efficiency. 

The increased specific surface area of MONs theoretically provides the possibility 

of increased emission intensity, with the thinness improving optical 

transparency.[79-80] The confinement of electrons in an ultra-thin region also 

facilitates improved electronic behaviour and the control of excitons. In theory, this 

should optimise sensitivity and efficiency of LMOF light-emission capabilities.[11] 

The layered structure of MONs also provides strong in-plane covalent bonding, 

coupled with inter-layer intermolecular forces. These provide mechanical strength 

and flexibility, resulting in MONs being typically highly dispersive and stable in 

water or solvents.[8] These properties make it easier for MONs to be processed in 

solution via deposition as homogenous layers to fabricate films and ultra-thin nano-

devices.[66] By controlling nanoscopic dimensions it has been shown that emission 

chromaticity can be carefully tuned to desired ranges.[8]  

2D layered MOFs currently employ inherent luminescence via the design of 

emissive linkers, metal ions, or ligand-metal charge transfer, with a focus on 

sensing.[81] A 2D copper-based MOF AUBM-6 was exfoliated, for example, to 

form few-layer thick nanosheets. The nanosheets exhibited up to threefold greater 

emission intensity when sensing Pd2+ ions than bulk AUBM-6.[79] One distinct 

work used zirconium based MONs with a tetraphenylethylene-based 

tetracarboxylate ligand (TCBPE) to create white light emitting diodes (WLEDs). 
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The MONs produced yellow emission centred at 560 nm with high PLQY (50 %). 

A suspension of the MON was placed in a cavity above a GaN-InN blue emitting 

LED chip to produce WLE with Commission Internationale de l'Éclairage (CIE) 

coordinates (0.37. 0.41). A 30 % reduction in output power was observed following 

168 h of operation, which was attributed to degradation of the linker upon light-

exposure. A novel route to LMONs is employing the guest@MOF approach. To the 

best of our knowledge, the only work to date that has considered this approach is a 

system of lanthanide hydrate@MOF nanosheets (HSB-W5-NS) via metal ion 

guest@MOF.[82] No reported studies have attempted to incorporate luminescent 

organic dyes.  

 

2.4    Methods and Techniques 

Each paper presented in this thesis includes a comprehensive methods section 

outlining the technical aspects of data collection and synthesis. In this section, a 

summary of the techniques, and associated purposes, are briefly discussed to 

establish the experimental approach taken across all studies.  

 

2.4.1    Structural characterisation  

Diffraction was primarily employed to examine the structure of guest@MOF 

systems in this thesis. Powder x-ray diffraction (PXRD) was used to confirm sample 

crystallinity and examine any potential deviations from expected crystal structures 
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by analysing Bragg diffractions. Guests were not expected to show Bragg 

diffraction peaks given they are unlikely to exhibit long-range periodicity, and they 

comprise a low wt % of the guest@MOF material; PXRD typically requires 5-10 

wt % for detection.[6] Notably, MON data were not of sufficient resolution to 

undertake any refinements, even when synchrotron radiation was used to collect 

PXRD. While electron diffraction was attempted for one guest@MON sample, 

along with ZIF-L, data were not sufficiently complete enough to solve a crystal 

structure. For local scale structural analysis, selected area electron diffraction 

(SAED) was used. Thermal gravimetric analysis (TGA) was used to assess 

chemical components via rate of decomposition, while guest loading in a MOF host 

was determined by solution 1H nuclear magnetic resonance (NMR) spectroscopy 

after digesting the guest@MOF material with deuterium chloride (DCl).[83]  

Chemical bonding, and complementary structural information, was analysed with 

vibrational spectroscopy techniques, including attenuated total reflection Fourier 

transform infra-red spectroscopy (ATR-FTIR) or Raman spectroscopy.[84] 

Specifically, the techniques offered information about molecular structure, 

symmetry, and the strength and type of bonds between atoms based on the 

vibrational bands observed in spectra. The mid-infrared (4000-400 cm-1) was the 

typical range examined for organic ligands and molecular guests in MOFs by 

identifying specific functional groups. The far-infrared, including the terahertz 

region (400-10 cm-1) provided insight into framework bonding between metal 

nodes and ligands by identifying collective models (simultaneous vibrations of all 

atoms).[85] In this thesis, terahertz spectroscopy was collected at the Diamond 
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Synchrotron (B22 beamline). At a bulk level, these techniques were useful to 

identify any variation in the MOF framework bonding upon guest incorporation, 

along with identifying the presence of any concentrated guest content.  

Typically, however, guest content used for LMOF and LMON materials is too low 

in concentration for detection by ATR-FTIR, primarily due to signal oversaturation 

by the organic linkers of the MOF framework. Near-field nanoscale Fourier 

transform infra-red spectroscopy (nano-FTIR) instead offers a method of probing 

infra-red (IR)-active vibrational bands at the local surface environment (10 nm scale) 

of samples by circumventing the diffraction limit of light.[86] The technique has 

been established as an effective method for identifying the presence of guest species 

such as Rhodamine B (RB) on the surface of MOFs including ZIF-8.[87] For this 

thesis, a neaSNOM AFM system by neaspec GmbH was used to undertake 

nanoFTIR measurements. The instrument was used in tapping mode, with 

illumination of a platinum-coated cantilever tip probe from a tuneable broadband 

IR laser. Near-field interactions between the tip and the sample modified the IR 

light which was detected in the backscattered light from the tip. Detailed discussion 

of the computational and physical theory underpinning the technique can be found 

in reference [88]. 

2.4.2    Morphological characterisation  

Atomic force microscopy (AFM) was used to image surface topography, while 

scanning electron microscopy (SEM) and transmission electron microscopy (TEM) 
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were used to analyse the morphology of synthesised materials. A Si wafer substrate 

was used to ensure conductivity of the sample. MON samples for SEM were 

typically sputter-coated with up to 30 nm of Au (10x the thickness of the nanosheets) 

so morphological features were prominent. MON and ZIF-L samples were highly 

beam sensitive when imaged with TEM, so samples could not be analysed at high 

resolution to determine any extent of porosity or guest ordering.  

2.4.3    Luminescence Analysis  

LMOF materials were examined in the solid state using an FS-5 spectrofluorometer. 

Various data were collected, as described below. 

Emission spectra. A measure of the emission from a sample at a fixed excitation 

wavelength. Samples were excited with a xenon lamp, the light from which was 

directed towards the sample using a system of internal mirrors.  

Excitation spectra. A measure of the alteration of emission intensity at a particular 

wavelength as the excitation wavelength alters. Hence, these data indicated the 

absorption by a sample, across a region of light, to emit the specified wavelength.  

Absorption spectra. A measure of the degree of absorption of light as a function 

of the wavelength of incident light (measured using a solid-state UV-VIS 

spectrophotometer).  
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Stokes’ law provides that fluorescence emission occurs at a longer wavelength than 

the excitation wavelength due to the loss of vibrational energy when electrons relax 

from the excited to ground state.[89] The extent of wavelength shift is known as the 

Stokes Shift (Figure 2.5). A larger Stokes Shift avoids spectral overlap between the 

excitation and emission spectra, which can result in re-absorption of light and a 

reduction in the effectiveness of emission.   

 
Figure 2.5. Illustration of emission and excitation spectra, according to Stokes’ law and 

Kasha’s Rule, exhibiting minimal spectral overlap. 

If the emission and excitation spectra of a sample are mirror images, then the sample 

follows Kasha’s Rule.[90] This indicates that photon emission is expected only 

from the lowest excited state (S1 in the case of fluorescence), despite the level to 

which the molecule is initially excited. Where a molecule is excited to a higher 

electronic state, the molecule first undergoes rapid internal conversion that is faster 
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than fluorescence, so that the molecule vibrationally relaxes to S1 before then 

undergoing fluorescence from S1  S0 (see Figure 2.6). When Kasha’s Rule is 

followed, excitation spectra can be considered fluorescence detected absorption 

spectra.[91] For many guest@MOF samples, and materials investigated in this 

thesis, Kasha’s rule does not apply. This is a result of more complex energetic 

profiles formed by guest-host and guest-guest interactions.  

 

Figure 2.6. Perrin-Jablonski diagram with estimated timescales of excited state processes 

related to fluorescence for a typical organic dye. Reproduced with permission from 

Edinburgh Instruments. Copyright Edinburgh Instruments, 2021. 

 

Photoluminescent Quantum Yield (PLQY). PLQY is defined as the number of 

photons emitted per photon absorbed by a system. PLQY for fluorescence is 

determined by the radiative and non-radiative (e.g. internal conversion, intersystem 

crossing, energy transfer) transition rates of the system.[92] Thus, PLQY can be 
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interpreted as the probability that a system, once in the excited state, will relax to 

the ground state through a radiative process (i.e., fluorescence). In this work, 

absolute PLQY was measured, compared to a relative quantum yield measurement 

that requires a reference sample.[93] This used an integrating sphere to capture all 

light emitted by a sample followed by comparing the number of emitted photos with 

the number absorbed by the sample.  

According to Vavilov’s Rule, the PLQY of fluorescence is independent of the 

wavelength of excitation.[93]  This typically applies for the majority of molecules 

that obey Kasha’s Rule. However, literature has established various exceptions, 

including materials at the nanoscale, which can exhibit excitation dependent 

emission typically resulting from trapped excitons and excimer emission.[57]  

 Fluorescence Lifetime (τ). This measure corresponds to the average time a 

molecule remains in the excited state before relaxing to the ground state.[4] The 

value was determined by exciting a sample with short excitation pulses from an 

LED laser (typically at the sample’s absorption maximum) and measuring the 

fluorescence intensity decay. The studies in this thesis used time-correlated single-

photon counting (TCSPC) to measure fluorescence lifetime. The technique 

measured the time between an excitation pulse and a single emitted photon. The 

single photon was converted by a detector to an electronic pulse, which could be 

timed from the excitation pulse. This was repeated with a large population of 

photons (typically 10,000).  
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TCSPC data was represented as the rate of decay for an excited state population of 

a sample [M*] at time t, 

[𝑀𝑀∗](𝑡𝑡) = [𝑀𝑀∗]0𝑒𝑒−(𝑘𝑘𝑘𝑘)  Equation 2.1 

where [M*]0 is the number of molecules in the excited state at the arrival time of 

the excitation pulse.[94] Both radiative and non-radiative rate constants are 

associated with the process, with k representing the sum of all rate constants.  

The samples measured in this work exhibited multi-exponential decays, due to 

fluorophores existing in multiple states (e.g. monomers or dimers). The multi-

exponential decay model used for data fitting was:  

𝐼𝐼(𝑡𝑡) = ∑ 𝐵𝐵𝑖𝑖𝑛𝑛
𝑖𝑖=1 𝑒𝑒𝑒𝑒𝑒𝑒 (−𝑘𝑘

τ𝑖𝑖
)0  Equation 2.2 

where I(t) is fluorescence intensity at time t, normalised to the intensity at t=0, τi is 

the lifetime of the ith decay component and Bi is the component amplitude. The 

number of components was estimated based on the expected photophysics.  

Local Scale Fluorescence. To complement the bulk analyses above, fluorescence 

microscopy and fluorescence lifetime imaging microscopy (FLIM) were used in 

various studies. These techniques coupled optical microscopy with the measuring 

capabilities of a spectrofluorometer to analyse luminescence on isolated single 

particles of a bulk sample at the local scale. Further detail on each technique is 

provided, where appropriate, in Chapter 3 (Paper I) and Chapter 4 (Paper III). 
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3 T 
 Synthesising tuneable luminescent 

metal-organic nanosheets 
 
 

3.1    Premise 

MONs offer inherent benefits for the development of functional luminescent 

materials, when compared to 3D MOFs. Atomic thickness and increased external 

surface area can theoretically improve optical transparency, while inter-layer 

intermolecular interactions provide strong guest binding and chemical stability. To 

harness these benefits, this chapter establishes a guest@MON design to synthesise 

LMONs. Various luminescent guests are studied, with each demonstrating a 

beneficial photo-mechanism accessible due to guest confinement in the MON host 

structure. The work concludes by demonstrating how multiple guests can be 

simultaneously intercalated to achieve tuneable WLE, a critical commercially 

relevant application for emissive MOF materials. With overreliance on rare-earth 

metals for LEDs, alternate phosphor materials derived from more sustainable 

processes are in high demand. 
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3.2    Synthesising guest@MONs 

3.2.1    Selecting a Framework Candidate – ZIF-7 

ZIFs are a class of MOFs known for large porous cages and relatively high thermal 

and chemical stability.[95] They are formed analogously to aluminosilicate zeolites, 

with a framework constructed from tetrahedral building units with metal-linker-

metal bond angles of 145° (as for Si-O-Si bonds in silicon-based zeolites).[95] ZIF-

7 [Zn(bIm)2, bIm = benzimidazolate]) is one of the earliest reported ZIFs and forms 

with a typical ZIF sodalite topology. The Zn(II) metal centres are more 

environmentally friendly compared with more toxic metal centres as Cu, Cd, or Pb. 

ZIF-7 has also been reported to exhibit stability in humid conditions and aqueous 

solutions (attributable to being hydrophobic) and at high temperatures (up to 

400 °C).[96] ZIF-7 is known to undergo two phase transitions. The first is the 

conversion of ZIF-7-I to ZIF-7-II by removing dimethylformamide (DMF) solvent 

molecules from the framework pores (Figure 3.1).[97] ZIF-7-II can then convert to 

the densest and thermodynamically stable 2D phase, ZIF-7-III, comprising of 

Zn2(bIm)4 layers, via selective hydrolysis of Zn-N bonds in ZIF-7. This 2D stacked 

phase is ideal for exfoliation to form nanosheets. Z7-NS have been used as a matrix 

for the ionization of small molecules,[98] molecular sieving, and membranes.[99] 
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Figure 3.1. Structural phases of ZIF-7. Reproduced with permission from Ref. [97]. 
Copyright American Chemical Society, 2018. 

 

ZIF-7-III layers comprise a (4,4) square planar grid formed by corner-sharing 

networks, quadruply linked, of ZnN4 tetrahedra (Figure 3.2). Each monolayer, ~0.5 

nm thick, stacks orthogonally rotated on the z-axis via C-H/π interactions, 

producing 2D channels of ~1 nm in height through the (220) plane. The exposed 

bIm linkers of each Z7-NS layer form a herringbone layout, creating two theoretical 

inter-layer guest positions (Figure 3.2). One is a horizontal alignment within the 

bIm V-openings, where a gap of around 0.5 nm exists along with space for any 

flexible components of guest molecules to reside in the pockets between the bIm 

ligands. Alternatively, guests can be located vertically between the bIm ligands. 

The bIm ligands do exhibit a degree of rotational flexibility that could allow for 

structural relaxation around a guest. The bIm ‘claws’ could also act as a grip to 

ensure entrapment of any guests within the cavities to avoid potential leaching. 
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Figure 3.2. (a) Fluorescent guest molecules used in this study, including molecular 

dimensions. (b) Structure of 2D ZIF-7-III, showing the crystal structure of a single Zn 

tetrahedra, and a monolayer. (c) Cross section of ZIF-7-III b-axis indicating possible guest 

positions (blue rectangle). Structure determined from published crystallographic data.[97] 

 

 

3.2.2    Synthesis Routes to Nanosheets 

Beyond devising a reliable MON synthesis, a recurring challenge is ensuring the 

formed nanosheets remain stable, rather than re-aggregate into 2D stacked materials. 

In this study, potential routes for synthesising ZIF-7-III as nanosheets were first 

explored, and from these it was determined which could be augmented to include a 

step of guest encapsulation. To date, only top-down exfoliation strategies of 

synthesising ZIF-7-III nanosheets have been reported.  
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3.2.3    Z7-NS Top-Down Synthesis Approaches 

The synthesis of ZIF-7-III was first optimised in terms of yield and morphology to 

achieve the most suitable material for exfoliation. Two techniques were compared: 

a hydrothermal ‘traditional’ three-step synthesis from ZIF-7-I, and a direct 

mechanical synthesis (Figure 3.3). In the mechanical synthesis, an acid-base 

reaction occurs where Zn(NO3)2 + 2C7H6N2 + 2NaHCO3 ⇒ ZIF-7-III + 2NaNO3 + 

2H2O + 2CO2. The mechanical technique produced a yield of 76.7 % (139 mg) 

while the traditional synthesis resulted in a 1.1 % (197 mg) yield, attributable to 

multiple washing steps required to isolate the product after each reaction stage. 

PXRD patterns (Figure 3.3) indicated that while both methods resulted in ZIF-7-

III, mechanically synthesised ZIF-7-III were less crystalline, with a lower intensity 

reflection corresponding to the (002) plane at 2θ = 9.137°. AFM and SEM showed 

that the hydrothermally synthesised particles of ZIF-7-III formed rectangular layers 

with minimal defects and a single particle height of around 380-400 nm, composed 

of single 2D sheets each with an average height of 2.2 nm. In contrast, the 

mechanically synthesised ZIF-7-III presented more uneven edges along each 

particle, with a range of minor defects producing an uneven surface. The particles 

had a similar height of 390 nm, although they were laterally smaller by around 25 %. 

Given the consistency and uniformity of the traditional synthesis ZIF-7-III, it was 

theorised these samples would produce more ideal exfoliated nanosheets.    
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Figure 3.3. (a) Conventional hydrothermal (green) vs mechanochemical (blue) synthesis 

procedures. (b) PXRD patterns of synthesis products. (c-d) AFM and SEM of the products.  

 

Three previous reports have demonstrated exfoliation of ZIF-7-III using 

sonication/ball-milling/centrifuging (producing 1.12 nm thick sheets of 2.5 μm 

width),[100] ultrasonication/centrifuging in propanol (producing less even sheets 

of around 1 nm height but 0.3 μm width),[98] or microwave rapid exfoliation 

(producing sheets that were very even and uniform of around 1-2 μm width and few 

nm height).[101] Sonication was prioritised in this study due to equipment access 

limitations. Two variables were modifiable to tune the exfoliation technique: 

sonication energy (distributed ultrasonication bath or concentrated probe), and 

a b 

c d 
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solvent. An ideal solvent should move between the layers of ZIF-7-III to then 

encourage the exfoliation of layers. Steric bulk, polarizability, and surface tension 

contribute to the effectiveness of solvents in achieving this.[98]  A solvent with a 

surface energy comparable with the material to be exfoliated reduces the enthalpy 

of mixing, encouraging greater interaction and penetration of the space between 

layers by the solvent. Greater polarizability is also likely to encourage layer 

separation. With comparable 2D systems, such as MoSe2 and WS2, reported to have 

surface energies of around 25 mN/m,[101] methanol (MeOH) to pentanol were 

selected for study. Propanol was excluded given previous reports of 

ineffectiveness.[98]  

Initial studies (Figure 3.4) with MeOH showed that the mechanically derived 

materials exfoliated less successfully, resulting in layer decomposition rather than 

layer separation to produce single-layer materials. Using a sonication probe 

(producing 4000 J of energy) also resulted in disintegration of the crystal, rather 

than ‘peeling off’ layers, as desired. In contrast, MeOH ultrasonication of the 

traditional synthesis material resulted in semi-exfoliated particles, producing thin 

layers of ZIF-7-III (AFM determined height of around 40 nm, 10 % of ZIF-7-III). 

When increasing the chain length of solvent to butanol and pentanol, the material 

was partially exfoliated but to larger and thicker particles. In all cases, however, 

there was no bulk uniformity of the degree of exfoliation, resulting in a mixture of 

partially exfoliated layered materials and single-few layer sheets of various sizes. 

It is noted that reducing agitation and sonication during ZIF-7-III synthesis may 

result in more uniform initial 2D stacks to exfoliate from, thereby improving the 
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exfoliated sheets. Works also propose an additional wet grinding step before 

sonication, which improves inter-layer solvent penetration by avoiding 

agglomeration. 

 

 
Figure 3.4. (a-f) SEM images of exfoliated ZIF-7-III particles using a sonication probe (a-

b), ultrasonication exfoliation of mechanically synthesised ZIF-7-III (c) and traditionally 

synthesised ZIF-7-III in methanol (d), butanol (e) and pentanol (f). (g) AFM with 

corresponding height profile of the white line at the particle edge. Particle is from the same 

sample as in (d).  

 

This brief investigation did not conclude any reliable method of producing 

nanosheets. Moreover, any guests encapsulated in ZIF-7 were not retained during 

conversion to ZIF-7-II and -III due to the loss of pore space. Additionally, including 

guests in the solvent used for exfoliation did not lead to any guest incorporation; an 

expected result given the energy required to separate layers of ZIF-7-III. The results 

acted as an important control comparison, however, for the nanosheets that were 

next synthesised using a novel bottom-up methodology.   
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3.2.4    Z7-NS Bottom-up Synthesis Approaches 
 

As no bottom-up synthesis has been previously reported for ZIF-7-III nanosheets, 

a range was selected from related materials in literature (Figure 3.5), with only a 

few strategies excluded based on being specialised to a particular MOF that was 

chemically distinct from ZIF-7. One strategy, diffusion, slowed the interaction 

between metal ions and ligands such that once a layer of ZIF-7-III forms, it drops 

from the interface between the ions and ceases to react, leaving the material in 

single-layer sheets.[58] Other strategies involved coating ligands with surfactants 

during synthesis to create steric hindrance to multiple layer formation.[60,62]  None 

of these techniques were adaptable to ZIF-7-III after multiple attempts, except for 

salt-templating.  

 

 

Figure 3.5. Selected bottom-up nanosheet synthesis routes attempted for ZIF-7-III. Images 

sourced with permission from references indicated within the figure. 
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3.2.5    Salt Template Nanosheet Synthesis 

Paper I reports the successful modification of a bottom-up strategy employed for 

ZIF-67 nanosheets involving synthesis with an excess of NaCl.[61] In that work, 

salt crystals of just 1 μm in lateral dimension were used to grow nanosheets in the 

voids between salt crystals.[61] Salt can act in three primary ways when used as a 

templating agent during synthesis: 1) as a surface for controlled material growth, 2) 

as a self-assembly directing agent, or 3) as a porogen (Figure 3.6).[102-103] In 

Paper I, salt crystal faces were intended to act as a surface for ZIF-7-III growth that 

limits growth in the third dimension (‘hard template’). Due to the strong 

electrostatic attractions between NaCl surfaces and reagents, previous studies using 

metal nitrides and oxides (e.g., MoO3) have demonstrated that single layered 

growth of nanosheets typically formed on smooth salt surfaces of large dimensions 

(e.g., 20 μm side length) that could then be removed by dissolving NaCl.[102-104] 

 

Figure 3.6. Primary synthesis procedures involving salt templates to direct growth. 

Reproduced with permission from Ref. [103]. Copyright Elsevier, 2020. 
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Coating salt crystals in Zn(NO3)2 (by stirring) followed by addition of the ligand 

(bIm) with minimal solvent led to reagents forming MONs on salt crystal surfaces. 

Optical microscopy and SEM imaging of a NaCl crystal before synthesis, compared 

to the reaction mixtures after stirring (Figure 3.7), revealed such growth. After 

removing NaCl via heating and washing, it was possible to isolate large lateral size 

single layer nanosheets of homogenous morphology (see §3.2.5.1). Valuably, the 

developed salt-technique was scalable (tested up to 10 times initial quantities, 

producing yields from 93 mg to 1.22 g (7-80 %)) and used environmentally friendly 

and low-cost materials (NaCl). Once removed by dissolution, the NaCl could also 

be isolated via recrystallisation and re-used in future syntheses.  

 

Figure 3.7. (a-b) Stereoscopic optical microscope images (x50) of NaCl crystals coated 

with F@Z7-NS growth prior to washing. (c) secondary electron (SE) and (d) backscattered 

electron (BSE) FE-SEM images of a single NaCl crystal coated in Z7-NS prior to washing. 

(e) SE and (f) BSE FE-SEM images of a single NaCl crystal before synthesis. 

(b) 
 

(a) 
 

(c) 
 

(d) 
 

(e) 
 

(f) 
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3.2.5.1 Nanosheet structure and morphology 

PXRD and SAED analyses (Paper I, Figure 3) confirmed the nanosheets retained 

the ZIF-7-III crystal structure, but with limited intensity in the z-axis (e.g. the 

intensity ratio of X-ray reflections I(002)/I(220) varied from 14.814 in ZIF-7-III to 

3.941 in ZIF-7-NS), indicating reduced diffraction in the z-axis. SAED also showed 

no z-axis planes, only (220), (110) and (440). AFM, field emission scanning 

electron microscopy (FE-SEM), and TEM imaging (Paper I, Figure 2-3) revealed 

Z7-NS consistently formed as isolatable few-layer thin nanosheet particles (Figure 

3.8). The height of over 80 particles was determined via individual AFM 

topography imaging, with a calculated mean height of 1.9 nm for Z7-NS (vs 300-

400 nm for ZIF-7-III). Particles were a mixture of flat surfaces, with some edge 

curling. Similar curling has been observed by silica nanosheets from mechanical 

strain while mixing during synthesis.[105] Particles ranged in size with the smallest 

lateral dimensions of ~5×2 μm2, average of ~10×5 μm2, and largest of ~20×10 μm2. 

Conveniently, the smaller and larger nanosheets were found to be separable by 

gravitational sedimentation. The morphology remained comparable after 6 months 

of immersion in water or MeOH, with only slightly increased curling at the 

nanosheet edges.  
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Figure 3.8. (a-b) FE-SEM of Z7-NS particles distributed on silicon substrate (left) and 

aluminium stub with 25 nm gold coating (right). (c-d) FE-SEM imaging of Z7-NS (with 

25 nm gold coating) at a 45° tilt. Due to tilt, scale is not accurate to measure thickness. 

 

The effect of salt quantity was briefly studied to confirm the essential role it plays 

during synthesis. Room temperature ZIF-7-III synthesis was undertaken with no 

salt followed by sequential additions of NaCl. While PXRD confirmed the ZIF-7-

III structure of the products from each experimental condition, SEM showed 

varying morphology. This ranged from stacked layers with no salt, to layered 

globules at 5 mg NaCl (comparable to the sheets reported for ZIF-67, which grew 

between salt crystals).[61] At 10 mg NaCl particles formed independently, but with 

multiple sheets of ZIF-7-III per particle. Employing an excess of NaCl ensured void 

space between the dense NaCl was minimised, directing growth preferentially on 

the NaCl surfaces to produce few layer nanosheet particles.  

(c) 
 

(d) 
 

(  ) 
 

(  ) 
 



3. Synthesising tuneable luminescent MONs 

 

40 

Future work could further examine the salt-templating method to achieve 

controllability of the process. For example, the lateral size of the formed nanosheets 

is known to be controllable by salt crystal size, while the smoothness and sample 

morphology may be adjustable using different mixed salts (e.g. potassium chloride). 

 
Figure 3.9. (a-i) SEM images of various ZIF-7-III particles from samples synthesised by 

hydrothermal transformation of ZIF-7 (a-b), room temperature synthesis no salt (c-d), room 

temperature with 0.25x NaCl (e-g), and room temperature with 0.5x NaCl (h-i). (j) PXRD 

of ZIF-7-III samples.  

(  ) 
 

(  ) 
 

(  ) 
 

(  ) 
 

(  ) 
 

(  ) 
 

(   ) 
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(  ) 
 

(  ) 
 



3. Synthesising tuneable luminescent MONs 

 

41 

3.2.6    Guest incorporation by salt templating 

Developing a direct salt assisted strategy for synthesising Z7-NS allowed for the 

incorporation of guests in situ into Z7-NS by dissolving guest material into the 

methanol synthesis solution (Figure 3.10). Three luminescent dyes were selected 

as guests for incorporation in the study across Papers I and II: green emitter 

fluorescein (F), red emitter rhodamine B (RB), and blue emitter 7-

methoxycoumarin (MC) (see rationale in §3.3). Data presented in Papers I and II 

confirmed the presence of guests given the luminescent properties of the materials 

(see §3.3), while the morphology and structure of the guest@Z7-NS particles 

remained consistent with the host Z7-NS.   

 

 
Figure 3.10. Salt-templated synthesis mechanism for guest@MONs.  

 

Confinement, rather than surface adhesion, of guest particles is desirable to increase 

guest stability (by the protective host framework), increase host-guest interactions, 

and reduce guest leaching into external environments. Attempts to diffuse or coat 
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Z7-NS with guests by placing Z7-NS into a solution of guest molecules were 

unsuccessful. Given the in situ nature of synthesis, this implied some degree of 

incorporation into the Z7-NS particles. As outlined in §3.2.1, the structure of Z7-

NS does offer sites for guest incorporation. Even if the guests settled on the surface 

of one nanosheet layer during synthesis, it is possible for an additional layer to stack 

above this to intercalate the guest between Z7-NS layers.  

The nanoconfinement of guests, compared with less desirable surface adhesion, was 

confirmed by a range of data presented in Papers I and II. Of note, the guest@Z7-

NS materials were thoroughly washed post-synthesis in a solvent in which the guest 

is soluble, to extract any surface adhered guest molecules, or particles agglomerated 

with Z7-NS particle aggregates. The nanosheets were too small to undertake more 

precise diffraction studies for guest positioning.  

Firstly, nanoFTIR was used to probe the chemical composition of the local 

nanostructure of guest@Z7-NS materials. Vibrational spectra indicated consistency 

with Z7-NS, with no additional bands present. As a surface technique (to a probing 

depth of ~10 nm), nanoFTIR indicated the absence of any substantial dye on the 

surface of the nanosheets. FLIM was used to confirm single-particle fluorescence 

emission from guest@Z7-NS particles, confirming the incorporation of guests into 

the particles. PXRD indicated that the d-spacing between nanosheet layers 

increased following guest intercalation, from 9.44 Å in Z7-NS to 9.57 Å in F@Z7-

NS and RB@Z7-NS, and to 9.66 Å for F+RB@Z7-NS. Similarly, AFM average 

heights indicated growth in the z-axis and thickness of particles, to 2.6 nm for 
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F@Z7-NS, 2.8 nm for RB@Z7-NS, 2.9 nm for MC@Z7-NS, and 3.9 nm for 

F+RB@Z7-NS. This height average increase is complementary to the introduction 

of more bulky guests into the Z7-NS layers, suggesting successful guest 

incorporation. After suspending the guest@Z7-NS particles in MeOH for 6 months, 

no noticeable guest leaching had occurred, further indicating the successful binding 

of the guest molecules into the Z7-NS particles. Finally, as explained in §3.3, a 

range of luminescent properties were observed in guest@Z7-NS materials which 

are atypical for mere surface absorption, but instead nanoconfinement.   

 

3.3    Fluorescent Guest@MON Properties   

 

Figure 3.11. Various guest@Z7-NS samples under UV (above) and ambient conditions 

(below), illustrating the diverse range of emission colours achieved. 
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3.3.1    Experimental design 

The purpose of synthesising guest@MON materials in this study was to introduce, 

then tune, luminescent properties in MON materials that are desirable for lighting 

applications.  

Guests were selected with the intention of forming a white light emissive system, 

so included a red, green, and blue emitter. F is a common and well-studied green 

emitter, already reported in a number of guest@MOF materials including ZIF-8.[83] 

RB, as a red emitter, has been similarly encapsulated in MOF materials, including 

ZIF-71,[106] and is a dye frequently used for biological staining. Both are strongly 

emissive.  

Selecting a blue guest was more challenging, with a range of options including MC, 

pyrene, perylene, 8-hydroxyquinoline (HQ), Zn(II) 8-hydroxyquinoline (ZHQ), 

coronene, and tetraphenylethylene (TPE) (Figure 3.12). All materials were 

synthesised as guest@Z7-NS systems, along with guest@ZIF-7 systems for 

preliminary screening. Characterising the emission properties of these materials, 

along with analysis of molecular structures, led to MC as the best candidate. 

Coumarins are common blue phosphor components.[107] MC is a small molecule 

with a planar structure. It is a neutral, stable species with limited electron density. 

It is also naturally occurring in flora and biologically compatible.[108]  

Across Paper I and II, after guest emitters were nanoconfined in Z7-NS, the 

photophysical properties of the resulting materials were systematically evaluated. 
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The sections that follow in §3.3 outline the various fluorescence photo-mechanisms 

that were accessed by guest@MON design. In many cases, comparisons to 

guest@ZIF-7 materials (the analogous 3D material) were made, so the effects of 

2D MON confinement could be deduced. 

 

 

Figure 3.12. Various blue chromophores confined in Z7-NS, showing each guest@Z7-NS 

under ambient (left) and UV (right) conditions. Below: emission chromaticity of each 

guest@Z7-NS sample, compared with synthesis of the same guests in 3D ZIF-7. 
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3.3.2    ‘Turn on’ fluorescence 

RB and F in powder form are non-emissive due to aggregation-caused quenching. 

Previous encapsulation of RB or F in MOFs has demonstrated that confinement in 

MOF pores turned on fluorescence by preventing dye aggregation (Figure 

3.13).[83,106,109] The same result was achieved when RB and F were entrapped 

in Z7-NS MONs. Paper I, Figure 5 provides detailed photophysical analysis of 

F@Z7-NS and RB@Z7-NS, including emission and excitation spectra along with 

TCSPC fluorescence lifetime data for three different guest loadings of each sample.  

 

 

Figure 3.13. Emission of F@Z7-NS (left) and RB@Z7-NS (right). 

 

These data show that even at the lowest guest loadings, RB and F formed in an even 

quantity of monomeric species and J-aggregates in RB@Z7-NS and F@Z7-NS, 

respectively. In contrast, RB@ZIF-8 was reported to have a 70:30 ratio of 

monomers:J-aggregates, and 80:20 for F@ZIF-8.[110] The increase in aggregates 

may result from the open inter-layer space allowing for greater guest overlap, 

compared with isolation in discrete cages in ZIF-8. Of note, ZIF-7 was not a suitable 
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comparator as the guest molecules were not of appropriate sizes to be encapsulated 

in the cages of ZIF-7 (diameter of 5.58 Å vs 11.70 Å for ZIF-8). The J-aggregate 

dimers could be head-to-tail or overlapped at an angle through a slipped cofacial 

arrangement. Given the close proximity of guests within the interlayer spacing of 

Z7-NS, this is geometrically feasible. As J-aggregates result in more intense but 

lower energy emission than monomers, the proportion achieved in Z7-NS is 

favourable: overall intense emission was observed within the expected green 

chromaticity for F and orange-red chromaticity for RB. An additional benefit of the 

nanosheet morphology was photostability: after 24-hour exposure with a 150 W 

xenon lamp irradiation at each material’s absorption maximum, RB@Z7-NS lost 

10.5 % intensity, while F@Z7-NS lost 11.6 %. Both retained emission colour, and 

emission reduction stabilised after 14 hours. This is a noticeable improvement over 

the reported 35 % intensity loss for F@ZIF-8 and 13 % loss for RB@ZIF-8 after 

24 hours.[83,110]  

When loading increased significantly, the quantity of H-aggregates increased from 

5-6 % to 10-20 %. This resulted in decreased emission intensity and lower PLQY. 

Of note, H-aggregates (stacked dimer arrangement) are more likely to reside on 

particle surfaces where there is less steric confinement. This is typical for 

dye@MOF materials, and often indicates when the porous space for guest 

incorporation has been oversaturated and remnant guest particles reside instead on 

the exterior of the framework.  
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3.3.3    Preventing photodimerisation 

Many coumarins, including MC, undergo photodimerization when exposed to 

ultraviolet A light (UV-A, around 365 nm).[111] The process involves a [2+2] 

photocyclisation reaction that breaks the C=C bond adjacent to the carbonyl in two 

MC molecules, followed by bonding these together by forming a cyclobutene 

ring.[112] The dimer is non emissive, having lost aromaticity and therefore a stable 

pathway for fluorescence. Paper II analyses the photodimerization of MC using 

ATR-FTIR coupled with emission and excitation spectra to correlate observed 

chemical changes with photophysical alterations (Paper II, Figure 3). 

Photodimerization in MC has also been shown to cause large crystallographic 

distortions due to an increase in the a-axis by 6.8 Å to 14.6 Å, inducing strain in 

crystallites and a loss of crystallinity.[111] The lifetime for MC and similar 

coumarins, therefore, is not sufficient for use in LED related applications unless the 

photodimerisation can be prevented.   

In Paper II it is reported that by entrapping MC in Z7-NS, it was possible to prevent 

photodimerisation. Certain photophysical features indicated MC had been 

incorporated in the framework. Firstly, a blue-shift of 20 nm was observed in 

emission, typical of confined guests in a host structure. The Stokes shift also 

reduced from 53 nm to 45 nm, implying less energy is lost during the emission 

process. Finally, no aggregation band was observed in emission spectra, as seen in 

molecular MC, indicating a degree of physical molecular separation once 

positioned in the inter-layer cavities of Z7-NS. It is theorised that the positioning of 
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MC in Z7-NS primarily prevented photocyclisation from occurring. [2+2] 

photocyclisation of MC has been found to require double bonds within 3.83 Å.[113] 

Unlike typical photocyclisation reactions, the bonds do not need to also be parallel, 

instead undergoing a rotation of 65° with respect to each other after UV 

absorption.[114] Hence, not only physical proximity but also orientational 

flexibility is required, two qualities hindered by confinement in the host Z7-NS 

framework.  Paper II also reports on MC@ZIF-7, the 3D analogue to MC@Z7-NS, 

which was found to similarly prevent photodimerisation, but inherently exhibit 

lower fluorescence performance in terms of quantum yield and emission intensity 

(see further in §3.3.4.1).   

 

3.3.4    Enabling inter-guest interactions 

As provided in §3.3.2, F and RB exhibited aggregation in Z7-NS, a form of guest 

interaction within dimer units, that resulted in improved or diminished fluorescence 

emission depending on the dimer arrangement. This section concentrates on wider-

scale interactions across all guest species incorporated in Z7-NS.   

 

3.3.4.1 Homogeneous guest interactions 

Not only did MC@Z7-NS prevent photodimerisation, but it also created new MC 

inter-guest interactions that improved emission chromaticity, PLQY, and intensity. 

MC has previously been encapsulated in micellar systems, 

p-sulfonatocalix[4]arene,[115] and cyclodextrin,[116] but these have caused 
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fluorescence suppression due to non-polar cavities or hydrogen bonding.[117] No 

work has reported on methods to enhance the fluorescence of MC.  

Upon UV-A exposure for 2 hours, MC@Z7-NS exhibited an irreversible red-shift 

from purple to vibrant blue emission, corresponding to a 5-fold intensity increase 

of emission, increase in PLQY from 20.7 % to 26.6 %, and an increase in Stokes 

shift to 80 nm (Paper II, Figure 5). A large Stokes shift effectively prevents self-

absorption, improving overall emission efficiency and intensity. The brighter blue 

emission is more desirable for blue LEDs and a component for WLE systems. Due 

to the lack of detectable MC bands using PXRD or vibrational spectroscopy, 

photophysical data were used to elucidate potential mechanisms.  

Emission and excitation data measured across 24 hours revealed that while 

excitation bands remained consistent, an additional emission band formed at longer 

energy than the typical MC monomer emission band (Figure 3.14). This implied 

that the same monomeric species absorb energy to reach an excited state, but 

emission is occurring through both the monomer pathway (S1S0) and an 

additional pathway. This additional pathway is often a result of charge transfer. As 

a polar molecule, MC comprises a weak methoxy electron donor and a carbonyl 

electron acceptor. A full resonance pathway exists for electron delocalisation 

between the donor and acceptor, permitting intra-molecular charge transfer. 

Alternatively, two closely aligned MC molecules, arranged to have one donor 

component and one acceptor component in close proximity, could enable the 

overlap of delocalised π systems sufficient for inter-molecular charge transfer. 
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Similar behaviour was observed by encapsulating a MC based coumarin in a crown 

ether, where both local excitation and an internal charge transfer band occurred, 

with charge transfer resulting from the close alignment of fluorophores (within 8-

10 Å) provided by the diaza-crown.[118] Notably, MC@ZIF-7 did not exhibit the 

photoinduced band formation, suggesting the increased molecular overlap achieved 

in interlayer spaces may be a factor in enabling a charge transfer driven interaction.  

 

 
 

Figure 3.14. Emission-excitation maps of MC@Z7-NS after various lengths of UV 

exposure (0, 2, 12, 24 hrs from left to right). 

 

Less clear is the reason for the interaction to occur post-UV exposure. One 

hypothesis posited in Paper II relates to molecular movement: MC is known to 

undergo molecular rotation and movement upon excitation, a feature that enables 

dimerisation. Chromophores such as RB have previously been shown to exhibit 

movement under UV exposure over time, leading to, for example, self-aggregation 

in confined domains on silica nanoparticles.[119] Here movement of MC may 

enable greater electron cloud overlap for CT. 

0 hr 2 hrs 12 hrs 24 hrs 
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3.3.4.2 Heterogeneous guest interactions 

The combination of F and RB in Z7-NS resulted in a dual-guest system, which was 

studied to develop a yellow emitter DG@Z7-NS. The system exhibited tuneable 

emission chromaticity that varied across red to green by adjusting the ratio of F:RB 

confined in the framework (see Paper I, Figure 7). It was established, by analysing 

the properties of 20 unique DG@Z7-NS samples of varying F:RB ratio, that the 

emission colour was quantifiable. This was derived from a linear relationship 

between red and green values (from RGB values) of emission chromaticity, along 

with a logarithmic relationship between the green RGB value and F:RB synthesis 

ratio. From the developed equations, emission colour could be predicted given a set 

F:RB synthesis ratio. Conversely, if a particular emission colour was required, the 

F:RB synthesis ratio needed to achieve this could be determined. A notable result 

from this finding is that such a relationship implies there is a discrete subset of 

colours (an ‘emission chromaticity fingerprint’) that is attainable by this particular 

dual-guest system. While a number of luminescent MOF systems have proven 

tuneability by a subset of examples, this is the first study known to the authors that 

quantified tuneability.  

Importantly, Paper I deduced the emission mechanism behind the tuneable emission 

observed in DG@Z7-NS was a result of inter-guest interactions in the form of 

Förster resonance energy transfer (FRET) (see Paper I, Figure 6). FRET (Figure 

3.15) is a physical process whereby energy is transferred non-radiatively from an 

excited donor dye to an acceptor dye by way of long-range dipole-dipole 
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intermolecular interactions. The phenomenon is distance dependent, with the 

efficiency of FRET dependent on the inverse sixth power of the intermolecular 

separation distance and is typically observed between 1-10 nm. As the emission 

band of F overlaps with the absorption band of RB, it is theoretically possible for F 

molecules, in the excited state, to exhibit energy transfer to RB. Not all excited 

energy, however, is often transferred and F will still exhibit a degree of fluorescence, 

allowing for yellow emission colour. Unlike trapping guests in the pores of 

frameworks such as ZIF-8, the tight space within the MON layers creates a 

favourably short distance between guest dyes. Evidence for FRET is established in 

Paper I. This included additional fluorescence lifetime decay components, 

attributable to short lasting FRET interactions. A shift in emission energies of F and 

RB compared to physical mixing of F@Z7-NS and RB@Z7-NS also indicated more 

complex intra-molecular interactions were occurring in DG@Z7-NS. Finally, the 

emission bands of RB were observed beyond the typical excitation ranges of RB, 

indicating an alternate energy source other than direct excitation (i.e., FRET).  

     

Figure 3.15. Left: FRET mechanism with F on the left and RB on the right. Right: Energy 

transfer through the overlap of F emission with RB absorption bands. 
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3.4    White light emission 

The third component in this first study was combining the red, green, and blue 

emitters studied to produce a WLE emitting system. Standard WLE is characterised 

by the CIE coordinates of (0.33, 0.33) and colour correlated temperatures (CCTs) 

between 2500-6500 K. While ideal WLE has been achieved for the few reported 

dye@MOF WLE materials, there is still a challenge in balancing high PLQY (often 

only attainable up to 20-30 %), with ideal CCT and CIE coordinates, long-term 

physico-chemical and photo-chemical stability, and fabricability for workable 

OLED devices.[120]  

Several studies report WLE nanosheet materials based on metal-oxides or boron 

nanosheets that increase pathways for charge transfer and increase efficiency, while 

also creating easier-to-fabricate thin film devices.[121-125] Only two works known 

to the authors have reported WLE MONs. One yellow-emitting Zr MON with TPE-

based ligands was combined with a blue LED to produce WLE with CIE 

coordinates of (0.37, 0.41).[126] The second study reported a composite of 

lanthanide hydrates@2D MOF. While this system achieved CIE coordinates of 

(0.31, 0.33) at 6370 K, PLQY was relatively low (3.3-8 %) and the guest 

incorporation and long-term stability were unclear.[82]  

Paper II, Figures 7-8 detail 30 samples of Z7-NS that were prepared with different 

MC:F:RB ratios in order to obtain a 3 phosphor WLE system (TG@Z7-NS). 

Emission colour temperature ranged between 4000-8000 K on the Planckian locus, 

corresponding to incandescent lightbulbs typically rated at 4200 K, daylight at 
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5500 K, and an overcast day at 6500 K. An ideal WLE sample with chromaticity 

coordinates (0.33, 0.34) was achieved, with a remarkably high PLQY of 65.08 % 

(see Figure 3.16). Emission, excitation, and lifetime data showed the contribution 

from the three phosphors, with no evidence of aggregation or inter-guest 

interactions. This is expected given the mix of dyes now within the Z7-NS 

framework, inhibiting any favourable alignment of molecules for guest-guest 

interactions. The material did exhibit limitations, however. Firstly, 75 % intensity 

was lost during 24 hours of exposure to 150 W xenon lamp at 350 nm, although 

emission chromaticity remained consistent when observed by eye. Secondly, the 

ratio of MC:F:RB determined by NMR digest in the ideal WLE Z7-NS material 

was 148:14:1, disproportionately weighted towards MC due to the dye being a 

weaker emitter. Furthermore, the synthesis ratio was 34058000:2650:1 (see Figure 

3.17), indicating limited MC was intercalated during synthesis. Hence, while an 

effective proof of MON WLE, further study should optimise the suite of guests 

selected to balance emission intensities and ranges.  

 

Figure 3.16. Selection of TG@Z7-NS samples exhibiting a range of WLE. 
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Figure 3.17. TG@7-NS emission (above), corresponding to MC: RB: F ratios (below). 

Do we have another EM MAP for TG

White Light 

mmol (x106 for RB and x103 for F) 
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3.5    Implications and Applications 

The studies reported in this chapter across Papers I and II established the first 

bottom-up synthesis of ZIF-7-III nanosheets. In doing so, it also presented a new 

methodology for guest@MON synthesis. While the applications targeted in this 

study were luminescence, this method could be applied to any guest, including 

conductive or redox active guest molecules.  

In the case of luminescence, this study has established how various emission 

mechanisms can be accessed through confinement of light-emissive guests in the 

Z7-NS structure. These ranged from turning on guest fluorescence, to preventing 

photodimerisation, tuning emission chromaticity, controlling guest-guest 

interactions, and mixing guests in multi-guest confinement to achieve WLE. 

Further mechanisms such as turn off and switching fluorescence, along with more 

diverse guest-guest interactions, or even phosphorescence, are still highly relevant 

to explore for MONs. Ultimately, myriad molecules are available to endow MONs 

with new properties ideal for applications, from pressure sensors that could take 

advantage of the large surface area in 2D MONs, to environmental sensors, 

expected to be more responsive than bulk materials given MON exposed active sites.  

A third key fundamental realised in this study is the quantifiability of emission 

chromaticity tuning. Devising tuneability that is predictable and precise is 

significant for guest@MOF and guest@MON materials, or luminescent 

guest@host materials more generally. The implication that emission chromaticity 

is limited to a discrete subset of RGB values presents a strong theoretical foundation 
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for rationally designing future guest@host systems. By modelling predicted 

energetics of the dyes, followed by mapping a sample synthesis, it is possible to 

design systems of discrete colour ranges, with a priori ‘emission chromaticity 

fingerprints’, ideal for a range of nanophotonic applications from unique identifiers 

for product quality assurance and covert security tags, to sensing and lighting, or 

layered semi-conductors. While beyond the scope of this work, it would be of 

interest to examine whether such quantifiability can extend to other guest@MON 

systems, and if so, whether there is an underpinning fundamental principle of 

fluorescence emission from which the relationship is derived.  
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3.6     Paper I 

 

Guest entrapment in metal-organic nanosheets for 

quantifiably tuneable luminescence 

 

 

 
Figure 3.18. Illustration of RB (red) and F (green) entrapped in Z7-NS, undergoing 

FRET to produce yellow fluorescence emission.  
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Guest Entrapment in Metal-Organic Nanosheets for
Quantifiably Tuneable Luminescence
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Abderrazzak Douhal, and Jin-Chong Tan*

Luminescent metal-organic frameworks (LMOFs) are promising materials for
nanophotonic applications due to their tuneable structure and
programmability. Yet, the 3D nature of LMOFs creates challenges for stability,
optical transparency, and device integration. Metal-organic nanosheets
(MONs) potentially overcome these limitations by combining the benefits of
metal-organic frameworks (MOFs) with an atomically thin morphology of
large planar dimensions. Herein, the bottom-up synthesis of few-layer thin
ZIF-7-III MONs via facile low-energy salt-templating is reported. Employing
guest@MOF design, the fluorophores Rhodamine B and Fluorescein are
intercalated into ZIF-7 nanosheets (Z7-NS) to form light emissive systems
exhibiting intense and highly photostable fluorescence. Aggregation and
Förster resonance energy transfer, enabled by the MON framework, are
revealed as the mechanisms behind fluorescence. By varying guest
concentration, these mechanisms provide predictable quantified control over
emission chromaticity of a dual-guest Z7-NS material and the definition of an
“emission chromaticity fingerprint” – a unique subset of the visible spectrum
that a material can emit by fluorescence.

1. Introduction

Metal-Organic Framework (MOF) nanosheets, recently termed
Metal-Organic Nanosheets (MONs), are an increasingly sought-
after form of MOFs that unite the properties of 2D mate-
rials with 3D MOF characteristics.[1,2 ] Nanosheets are high
surface-to-volume atom ratio materials with single or few-atom
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thickness (1–10 nm typically) and com-
paratively large micron-scale lateral pla-
nar dimensions.[3 ] Archetypal 2D materi-
als, such as MXenes,[% ] layered double hy-
droxides (LDH) and oxides,[5 ] and graphitic
carbon nitrides,[6 ] have been reduced to
nanosheets in multiple studies.[( ] These
nanosheets have unprecedented physical,
electronic, chemical, and optical proper-
ties unattainable in their 3D layered bulk
counterparts.[( ] MONs provide a competi-
tive alternative to these nanosheet materi-
als by adding key MOF characteristics de-
rived from the metal-organic composition.
These include structural diversity and tune-
ability, programmable functionality, me-
chanical anisotropy,[),9 ] and highly ordered
pore arrays with abundant accessible active
sites.[1 ] To date, MONs have shown great
promise in gas separation and water purifi-
cation applications,[10,11 ] energy storage,[12 ]

light harvesting and emission,[1 ] electronic
devices,[13 ] catalysis,[1%,15 ] and sensing.[16 ]

ZIF nanosheets are particularly intriguing, given that 3D ZIFs
exhibit high stability, hydrophobicity, and large pore size.[1( ]

ZIF-( [Zn(bIm)2, bIm = benzimidazolate] is isolatable in a
dense thermodynamically stable 2D-layered phase ZIF-(-III
(Zn2(bIm)%),[1) ] making it viable for the formation of nanosheets
(Figure 1).[19 ] ZIF-( nanosheets have been used as a matrix for
the ionization of small molecules,[20 ] molecular sieving,[21 ] and
membranes.[21 ]
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Figure 1. Schematic of material design with structures from single crystal ZIF-&-III data.[33 ] a) Chemical structures of Rhodamine B and Fluorescein. b)
Single secondary building unit with ZnN% tetrahedra highlighted on a single sheet (monolayer) of Zn2(bIm)% in the xy-plane of a segment of ZIF-&-III
layered structure with green planes indicating the (002) d-spacing. c) Cross section of the (220) plane, illustrating the perpendicular arrangement of
layers and interlayer spacing. For all representations: carbon (purple), nitrogen (blue), Zn(II) (orange), oxygen (red), hydrogen (omitted for clarity).

The study of MONs is still in its infancy, with synthesis and
stability often the greatest challenges.[3,22 ] Most studies rely on
top-down disassembly of 2D layered MOFs,[23,2% ] which is en-
ergy and time consuming, and typically result in MONs of non-
uniform nanosheet dimensions with rough surfaces that com-
monly reaggregate.[23 ] Bottom-up synthesis provides greater mor-
phological control and stable isolated sheets, but with few re-
ports in high yield.[1% ] Examples of bottom-up techniques tai-
lored to specific MOFs, such as ZIF-) and ZIF-6(, include
modulation,[25,26 ] diffusion,[2( ] surfactant assistance,[2),29 ] salt-
confinement,[30 ] and interfacial synthesis.[31 ] To our knowledge,
though, there are no reports of ZIF-(-III nanosheet bottom-
up synthesis, only top-down delamination.[20,31,32,33 ] While rarely
used for MONs, salt-templating is a frequently cited method of
synthesizing nanosheets of 2D materials.[3%,35 ] Acting as a hard-
templating agent, salt crystal faces provide an energetically favor-
able surface for the growth of consistently thin nanosheet ma-
terials. Given the ubiquity of NaCl, and ease of its removal via
dissolution in H2O, this method has significant benefits environ-
mentally and for scalability.

One of the lesser explored areas of MONs is luminescent
optoelectronics. A fluorescent nano-emitter should have neg-
ligible dye leaching, structural stability under ambient condi-
tions and repeated use, and high photoluminescence quan-
tum yield (PLQY). Key to making nano-emitters application-
ready is the ability to tune luminescence energetics and chro-
maticity. Studies have demonstrated that the emission chro-
maticity of luminescent MOFs (LMOFs) with chromophore
guests can be tuned qualitatively by varying the guest load-
ing concentration within the framework pores.[36,3( ] To our
knowledge, however, there is no numerical study of the pre-
cise relationship between guest concentration and resulting ma-
terial luminescence chromaticity. Finding such a correlation
would provide unprecedented precision tuneability of lumines-
cence energetics for nano-emitters, a function critical to ad-
vancing the field of MON optoelectronics from layered semi-
conductors to sensors and organic light-emitting diode (OLED)
materials.

The majority of LMOF literature targets 3D bulk materials,[3) ]

but these are often unstable in solution due to guest leaching. The
host framework can also impede emission via self-quenching, ei-
ther through energy interconversion and absorption or physical
shielding.[39 ] In contrast, the atomic thickness and increased spe-
cific surface area of MONs improve optical transparency, while
still allowing strong in-plane covalent bonding for stronger guest
binding and chemical stability.[%0,%1,9 ] The confinement of elec-
trons in an ultra-thin region also facilitates the control and di-
rectionality of excitons emission, which theoretically allows for
the optimization of guest luminescence.[%2 ] Exfoliated materials
such as AUBM-6-NS, for example, have reported up to threefold
greater emission intensity than the bulk AUBM-6.[%0 ]

At present, the overwhelming majority of luminescent MONs
(LMONs) utilize inherent luminescence via the design of emis-
sive linkers, metal ions, or via ligand-metal charge transfer.[%3 ] A
novel route to LMONs is employing the guest@MOF approach
and, to the best of our knowledge, the only work to date con-
sidering this approach is the system lanthanide hydrate@MOF
nanosheets (HSB-W5-NS).[%% ] Dyes, alternatively, are ideal for use
in guest@MOF systems.[%5 ] Rhodamine B (RB) and Fluorescein
(F) (Figure 1a) are two of the most employed guests due to their
high PLQY and stability.[%6 ] While F and RB do not fluoresce in
solid-state due to aggregation-caused quenching (ACQ),[%(,%) ] iso-
lating monomers via encapsulation in pores of 3D MOFs,[%9–52 ]

can induce fluorescence in solid state while also improving long-
term guest stability.[53,5% ] In 3D MOF materials, in situ guest en-
capsulation strategies are typically employed to overcome small
pore apertures prohibiting dye diffusion.[52 ] In a 2D MON sys-
tem, we theorize this encapsulation is analogous to intercala-
tion, which has been achieved for RB and F in LDH systems and
clays,[55,56 ] yet the resulting systems are frequently reported as be-
ing unstable or lack tuneability.[5(,5) ] The intercalation of organic
fluorophores is yet to be explored in MONs, despite the apparent
advantages of a more flexible and customizable parent matrix to
control loading and tune interlayer spacing.

Herein, we report the first in situ bottom-up synthesis
of ultrathin Zn2(bIm)% MONs (Z(-NS) via a low-energy and
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scalable salt-template synthesis. We show that the fluorescent
dyes RB and F can be incorporated into individual Z(-NS using
this synthesis to yield highly stable fluorescent guest@MON sys-
tems with tuneable emission of visible light. Utilizing nanoscale
analysis techniques, we reveal the underpinning mechanisms
of guest intercalation. When the dyes are intercalated simul-
taneously, a dual-guest yellow emitting nano-system results,
whose emission chromaticity is precisely tuneable via numerical
modelling.

2. Results and Discussion

2.1. Synthesis and Structure of Z7-NS Guest@MON Materials

Z(-NS were synthesized in situ using an environmentally be-
nign salt-templating technique during a one-pot reaction (see
Experimental Section). In brief, after coating a large excess of
NaCl crystals in Zn(NO3)2 solution, benzimidazole (bIm) was
added with minimal solvent (MeOH) and mixed rapidly to grow
Z(-NS. The nanosheets were isolatable by dissolving NaCl in
H2O. Optical microscopy and SEM imaging of a NaCl crystal
before synthesis, compared to the reaction mixtures after stir-
ring (Figure S1, Supporting Information), revealed preferential
growth of the nanosheets on the surfaces of NaCl crystals, thereby
limiting growth along the z-axis. It is well reported that salt parti-
cles with large dimensions (such as 20 µm used in this synthesis)
and smooth surfaces (see NaCl in Figure S1, Supporting Infor-
mation) act as this hard template for synthesizing 2D sheets of
materials such as metal nitrides and oxides (e.g., MoO3).[3%,35,59 ]

This contrasts with the only reported ZIF nanosheets (ZIF-6()
synthesized with salt, which used salt crystals of just 1 µm to grow
nanosheets in the voids between salt crystals.[30 ]

To examine the essential role of the dense NaCl matrix in form-
ing nanosheets, the Z(-NS synthesis was repeated with varied
NaCl quantities and compared with ZIF-(-III synthesized us-
ing hydrothermal transformation of ZIF-(.[33 ] All syntheses pro-
duced materials with a ZIF-(-III crystal structure, confirmed by
PXRD (Figure S2, Supporting Information). The morphology,
however, varied progressively with the addition of NaCl. As seen
in SEM imaging (Figure S2, Supporting Information), hydrother-
mal synthesized ZIF-(-III formed layered stacks, while the direct
room temperature synthesis without salt produced aggregated
layered globules. Synthesis with 0.25x NaCl quantity results in
the layered globules beginning to aggregate via interconnected
nanosheet layers, similar to the nanosheet networks seen in the
reported ZIF-6( salt temptation. At 0.5x NaCl quantity, particles
form independently and are predominantly composed of inter-
twined nanosheets with some remaining globules. This suggests
that isolated nanosheets are forming on NaCl surfaces, but the
voids in the less dense NaCl crystal confinement likely allow for
precursor solution to still concentrate and form stacked materi-
als around the nanosheets. When a large excess of NaCl is used
in standard reaction conditions, the void space is filled by the
dense NaCl matrix, directing growth preferentially on NaCl sur-
faces without 3D protrusions.

Fascinatingly, by adding F or RB dissolved in methanol into
the synthesis solution, facile in situ guest incorporation into the
framework was achieved. Two single-guest systems (F@Z(-NS
and RB@Z(-NS) at various guest loadings (guest@Z(-NS-10−1,

-10−2 and -10−3 M using synthesis guest quantities of 0.03, 0.003
and 0.0003 mmol respectively) were formed, along with a dual-
guest system (entrapping F and RB simultaneously, DG@Z(-
NS). Guest loading was quantified using 1H NMR (see Figure S3
and Table S1, Supporting Information) with data confirming
guest loading increases with an increase in guest concentration
during synthesis. Synthesis was scalable, tested up to 10 times
the initial quantities, producing solid material yields from 93 mg
to 1.22 g ((0%–)0%). Z(-NS remained as stable dispersions in
H2O or MeOH, confirmed by Tyndall scattering (Figure S%, Sup-
porting Information), and are thermally stable up to 550 °C
(Figure S5, Supporting Information).

AFM and FE-SEM imaging (Figure 2) revealed Z(-NS con-
sistently formed as isolatable few-layer thin nanosheet particles,
with this morphology being maintained after the incorporation
of guest molecules. The height of over )0 particles per mate-
rial was determined via individual AFM tomography imaging
(Figure 2a,b), with calculated mean heights of 1.9 nm for Z(-
NS, 2.6 nm for F@Z(-NS, 2.) nm for RB@Z(-NS and 3.9 nm
for DG@Z(-NS. This height average increase is complementary
to the introduction of more bulky guests into the Z(-NS layers,
suggesting successful guest incorporation. Height distributions
(Figure 2b) and height profiles (Figure 2w) for each material indi-
cate a monolayer of Z(-NS being ≈1.2 nm, with samples prefer-
entially forming in 1–% layers aggregates dependent on guest (c.f.
ZIF-(-III 2D layer stacks of 200 nm average height) (Figure S2,
Supporting Information).

AFM height profiles (Figure 2w) along with AFM imaging
and FE-SEM (Figure 2c–g for Z(-NS, Figure 2h–l F@Z(-NS,
Figure 2m–q for RB@Z(-NS and Figure 2r–v for DG@Z(-NS)
indicate nanosheets form mostly as flat plate-like sheets, with
occasional curling observed (e.g., Figure 2k–n) that cause con-
centrated protrusions in AFM surface imaging and 3D particles
from thin flat surface-layers of nanosheets observable in SEM
(Figure S6, Supporting Information). Similar curling has been
observed by silica nanosheets from mechanical strain while mix-
ing during synthesis.[60 ] AFM phase images (corresponding to
the first harmonic of the probe tip’s tapping frequency) of se-
lect samples imaged in Figure 2 (Figure S(, Supporting Infor-
mation) highlight the phase homogeneity of imaged nanosheets
even with height anomalies on the surface of base nanosheet
layers that correspond to potential curling in the z-axis (e.g.,
Figure 2d). This is in contrast with the distinct phases for
Figure 2d and the right particle in Figure 2s, which show con-
tamination on the sample slide. Particles range in size with the
smallest lateral dimensions of ≈5×2 µm2, average of ≈10×5 µm2,
and largest of ≈20×10 µm2. Fragmentation via the formation of
micro-holes was observed in nanosheets ultrasonicated for over
5 min (Figure S), Supporting Information), suggesting the par-
ticle size variations derive from the mixing, purification, and iso-
lation of synthesized materials. Conveniently, the smaller and
larger nanosheets were found to be separable by gravitational
sedimentation. SEM micrographs of Z(-NS imaged at a %5° tilt
highlighted the thinness, curvature, and isolated nature of the
nanosheets (Figure S9, Supporting Information). Large-area FE-
SEM imaging was collected to confirm consistency with these
morphological parameters and homogenous particle dispersion
across sample slides, on which they were drop casted for micro-
scopic examinations (Figure S10, Supporting Information). The
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Figure 2. a,b) Heights of over 80 particles of each material (Z&-NS – blue, F@Z&-NS [+F] – green, RB@Z&-NS [+RB] – pink, DG@Z&-NS [+DG] – orange)
measured individually using AFM imaging. a) Box plot indicating quartile ranges, median (line), outliers (diamond) and the average height (cross) of
each material. b) histogram (0.5 nm bins) height distributions for each material. c–v) AFM surface imaging of material particles on silicon wafer and
FE-SEM secondary electron micrographs collected at 10 keV and working distance of 9 mm (samples were either drop-cast onto an aluminium specimen
stub and coated with 25 nm of gold [f, k and u], or drop-cast on a silicon wafer [g, l, p-q, v]). Each row is a di,erent material: Z&-NS (c-g), F@Z&-NS (h-l),
RB@Z&-NS (m-q) and DG@Z&-NS (r-v). w) Height profiles across select positions in AFM imaging for each material.

morphology remains comparable after 6 months of immersion
in water or MeOH, with only slightly increased curling at the
nanosheet edges (Figure S11, Supporting Information).

The nanosheet morphology and guest incorporation do not
affect the long-range periodicity growth of the host framework,
with ZIF-(-III like crystal structure confirmed by direct align-
ment of PXRD pattern reflections (Figure 3a), IR and Raman
spectroscopic bands (Figures S12 and S13, Supporting Informa-
tion). There is no indication of structural transformation or other
phase impurities such as NaCl (Figure S1%, Supporting Infor-
mation). Diffraction data further indicate the ultrathin 2D na-
ture of the Z(-NS and the retention of crystallinity across the
thin 2D plane. In PXRD patterns (Figure 3a), peak broadening
compared to ZIF-(-III and significant reduction in the relative

peak intensity ratio of I(002)/I(220) reflections from 1%.)1% in
ZIF-(-III to 3.9%1 in ZIF-(-NS indicate reduced diffraction in the
z-axis (out-of-plane orientation, see Figure 1b) of the Z(-NS. HR-
TEM (Figure 3b,c; Figure S15, Supporting Information) shows
large domains of consistent d-spacing across a single nanosheet
with an interlayer spacing of 0.56 nm, corresponding to the (220)
planes, and 0.25 nm within each of the (220) layers, correspond-
ing to the (260) planes. In the SAED pattern (Figure 3d), three
distinctive planes are identifiable upon indexing: the (220) (low-
est angle (hkl) reflection with no symmetry about the z-axis), (110)
and (%%0). All three planes have no z-component of symmetry.
Thus, we posit the nanosheet has minimal atomic density in the
z-axis, while the xy-plane is significantly atomically dense to pro-
duce intense diffraction.
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Figure 3. a) PXRD patterns of Z&-NS with various dye@Z&-NS. b) TEM im-
age of a single Z&-NS particle studied in (c)-(d). c) Fourier-transform anal-
ysed HR-TEM of Z&-NS revealing inter-plane (220) spacing and intra-plane
spacing in the (2)0) plane. d) Selected area electron di,raction (SAED)
image of Z&-NS showing indexed planes.

With the ZIF-( host framework clearly defined, we next con-
sidered the location of the guest molecules within the structure.
It was not possible to convert the guest@ZIF-( systems to ZIF-(-
III, nor was post-synthesis guest diffusion successful in incorpo-
rating guests into ZIF-(-III stacked materials or Z(-NS. Given
the molecular dimensions of F and RB (10.191×9.669×6.%3 Å
for F and 13.6)3×13.233×6.9( Å for RB),[51 ] this was expected
due to the dense layer packing in ZIF-(-III and limited openings
into interlayer spaces. Instead, guests were only incorporable via
in situ syntheses, suggesting the guests are in some way being
nanoconfined or intercalated within the layered nanosheet sys-
tem during its formation, rather than merely attached to the ex-
ternal surfaces. Sterically, each guest comprises a xanthene ring
with appended phenyl group, known to rotate to a planar confor-
mation in confined spaces (Figure 1a).[61 ] This, along with their
molecular dimensions make the guests feasible to incorporate
into the Z(-NS host framework. A single layer of ZIF-(-III com-
prises of a (%,%) square planar grid formed by corner-sharing net-
works, quadruply linked, of ZnN% tetrahedra (Figure 1b). Each
monolayer, of ≈0.5 nm thick, stacks orthogonally rotated on the
z-axis via C-H/! interactions, producing 2D channels of ≈1 nm
in height through the material’s (220) plane (Figure 1c). These
channels could accommodate F or RB guests, oriented either per-
pendicularly or at least inclined at an angle to the layers of Z(-NS.
Alternatively, a gap of 0.5 nm between layers provides opportu-
nity for parallel dye encapsulation, with guest phenyl rings able
to rest within the pockets between the sterically bulky bIm lig-
ands (these protrude from the Zn centers of each layer but have
a degree of rotational flexibility to accommodate guests).

PXRD shows that the (002) d-spacing between nanosheet lay-
ers increased following guest intercalation, from 9.%% Å in Z(-

NS to 9.5( Å in F@Z(-NS and RB@Z(-NS, and to 9.66 Å for
DG@Z(-NS (Figure 3a). As described earlier, layer height also
increased in AFM surface profiles. Vibrational spectroscopy (Ra-
man, MIR and FTIR) revealed no new bands, suggesting no new
covalent bonds have formed between the guests and the frame-
work via surface absorption or within the framework (Figures S12
and S13, Supporting Information). Nor are changes observable
for the Z(-NS bands, indicating guests are incorporated in a way
that does not affect the surrounding host framework. Nano-FTIR
(Figure 4; Figure S16, Supporting Information) was used to probe
the local nanoscale chemical composition of the guest@Z(-NS
systems at single points and across 2D fields, with a spatial reso-
lution of ≈20 nm. Near-field vibrational data show the presence
of several IR bands, in particular the strong band at (60 cm−1

(corresponding to bIm aromatic ring in-plane and out-of-plane
deformations),[61 ] that align with the Z(-NS nano-FTIR spectra
and the corresponding materials’ ATR-FTIR spectra. There are,
however, no strong bands present that correlate to the spectra
of F and RB (Figure %b,c; Figure S16, Supporting Information).
Since nano-FTIR is a surface-based technique, the lack of vibra-
tional modes corresponding to F and RB, indicates the absence
of any substantial dye on the surface of the nanosheets, as pre-
vious studies in our group have demonstrated.[62 ] Hence, as the
presence of dyes are still observable at a single crystal level by
a confocal microscopy (vide infra), this would indicate that the
dyes are mainly located within the MOF nanosheets rather than
distributed on its surface.

Notably, guest@Z(-NS samples showed negligible dye leach-
ing when suspended in MeOH for 6 months, evincing protected
encapsulation in the Z(-NS framework. Moreover, to ensure the
presence of the dyes within the nanosheets, we have conducted
fluorescence lifetime imaging microscopy (FLIM) experiments
for the single guest@Z(-NS samples (Figures S1( and S1), Sup-
porting Information). The FLIM images show a good distribution
of the fluorescent dyes over the whole nanosheets, with the emis-
sion spectra and decay lifetimes (") comparable to that obtained
for the bulk samples (vide infra). This local scale characterization
unequivocally proves the presence of the dyes in the nanosheet.

2.2. Photophysical Properties

The incorporation of dyes into the Z(-NS host enabled turn-
on fluorescence of the guest in the solid state, with no indica-
tion of emission from the Z(-NS framework (Figure S19, Sup-
porting Information) or energy transfer between the LMON and
guest (Figure 5a,b). The emission spectral maps of F@Z(-NS and
RB@Z(-NS (Figure S20, Supporting Information) systems ex-
hibit a single emission band characteristic of F and RB. A red
shift of the emission is seen with increasing guest loading, re-
sulting in tuneable chromaticity as a function of guest loading
(Figure S21, Supporting Information). This is an indication of
guest aggregation as shown in other LG@MOFs systems.[%6,50 ]

Excitation spectra and time-resolved photobehaviour obtained
through picosecond time-correlated single photon counting
(TCSPC) corroborate that guest molecule aggregation is a driver
of these luminescent properties (Figure 5c,d; Figure S22 and
Tables S2 and S3, Supporting Information). The fluorescence
decays (observed at three wavelengths, upon excitation at
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Figure 4. a) AFM topography image (above) of DG@Z&-NS with height profile showing %.9 nm average height (below) marked by the white line labelled 1
on the image. b) Hyperspectral nano-FTIR imaging across a 2D region of DG@Z&-NS (see in AFM image above) between &25–12&1 cm−1. c) Nano-FTIR
spectra of various Z&-NS samples.

Figure 5. a,b) Emission (left) spectra of guest@Z& materials excited at 550 nm (RB) and %85 nm (F), and excitation spectra (right) of guest@Z&-
NS materials with emission of )50 nm (RB) and 550 nm (F). Inset: powders of guest@Z&-NS-10−3, guest@Z&-NS-10−2 and guest@Z&-NS-10−1
(left-right) under ambient lighting (top) and UV light (bottom). c,d) TCSPC fluorescence lifetime data and photoluminescence quantum yield (QY) of
guest@Z&-NS materials across 3 observed wavelengths showing the percentage contribution c on vertical axis and " values above columns. Orange
("1) = H-aggregates, green ("2) = J-aggregates, and purple ("3) = monomer species.

the maximum of the absorption intensity) of F@Z(-NS and
RB@Z(-NS were fitted using a three-component exponential
function giving three time constants ("1 = 0.16, "2 = 1.23, and
"3 = 3.(6 ns for F@Z(-NS at 5%0 nm; and "1 = 0.95, "2 = 2.9),
and "3 = 5.90 ns for RB@Z(-NS at 620 nm) that we assign to
H-aggregates ("1) (face-to-face), J-aggregates ("2) (head-to-tail),

and monomers ("3) of F and RB, respectively. Our assignment is
based on previous findings for guest@MOF systems and agrees
with excitons theory.[%9,50,63 ] Upon increasing concentration of
the guest molecules, there is a reduction in contribution of the "3-
component (monomers), while the "2-component (J-aggregates)
exhibits minor increase proportional to guest loading. This
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observation suggests an increment in J-aggregates population,
which is causing a red-shift in the absorption and emission
spectra as explained above. On the other hand, "1-component
(H-aggregates) increases its contribution significantly with the
guest loading, reflecting a major formation of H-aggregates.
This is further supported by the growth of a shoulder band in
the excitation spectrum at higher energies (%(0 nm for F and
515 nm for RB), and the reduction of PLQY, given emission
from H-aggregates is theoretically forbidden.[%9,6%–66 ]

These data suggest a mix of monomers and J-aggregates are
preferred in dilute guest@Z(-NS samples, likely packing hori-
zontally between the sheets given our structural analysis. With in-
creased guest concentration, more e,cient packing between lay-
ers leads to aggregation, with H-aggregates being more densely
packed. Moreover, our structural analysis revealed the possibil-
ity of angular guest stacking and slipped cofacial forms of the
J- and H-aggregates are well reported.[65 ] However, a saturation
point appears with RB@Z(-NS-10−1 evincing a large increase of
H-aggregation. The emission spectra of RB@Z(-NS also present
a shoulder ≈650 nm that increases in intensity with higher guest
loading, most notably from the 10−2 to 10−1 samples.

Importantly, we theorize this aggregation occurs in chains,
producing long-range order resulting in larger orbitals overlap,
as seen in the reduced band gap caused by increasing guest
loading (Figure S23, Supporting Information) and reported for
other guest@MOF materials.[50 ] This phenomenon is more pro-
nounced in the RB samples where emission decays are depen-
dent on the gated spectral region, indicative of extended aggre-
gate interactions, likely due to the molecular size of RB. Inter-
estingly, while both RB@Z(-NS and F@Z(-NS exhibit solva-
tochromism in a range of common organic solvents (Figure S2%,
Supporting Information), solvatochromic shifts are more pro-
nounced in F@Z(-NS (Figures S25 and S26, Supporting Infor-
mation). The tighter aggregate packing and molecular size of RB
may sterically hinder solvent interactions with RB guests, while
in F the looser packing provides interaction sites for sensing,
showing selectivity for aprotic solvents (via red-shift of emission)
and polar protic solvents (higher emission intensity).

The photostability of these materials was also tested, both ex-
hibiting good performance (Figure S2(, Supporting Informa-
tion). After 2% h of intense exposure to the spectrofluorometer’s
150 W xenon bulb irradiating at a wavelength corresponding to
each materials absorption maximum, RB@Z(-NS lost 10.5% in-
tensity and F@Z(-NS lost 11.6% but retained chromaticity. 90%
of this decrease occurred in the first 10 h, with the following
1% h plateauing to a stable intensity. This loss is comparable to
F encapsulated in ZIF-) reported materials, while F@ZIF-) ma-
terials that exhibited surface aggregation saw over 35% intensity
loss after 15 h.[%9 ] This shows a great promise for long-term light-
emitting device use of the materials.

2.3. Dual-Guest Emission Mechanism

By intercalating F and RB together in Z(-NS, at a total guest con-
centration below the determined saturation level for both guests,
an optimized warm-yellow emitting material (DG@Z(-NS; DG
= F+RB) was synthesized. Luminescence was achieved by ex-
citing the material at the absorption intensity maximum of F

(%95 nm), producing an emission spectrum of two distinct but
overlapping bands attributable to F (band at 525 nm) and RB
(band at 5)0 nm, Figure 6a). The excitation spectra of DG@Z(-
NS present two bands with intensity maxima at %95 nm (compa-
rable to the absorption of F) and 560 nm (due to the absorption
of RB dye) (Figure 6b; Figure S2), Supporting Information). Re-
markably, when the excitation spectrum is recorded at (25 nm
(the emission of F dye is barely existent at this wavelength) the
band at %95 nm is still observable. Although RB has some absorp-
tion cross section at this wavelength, the excitation spectrum of
RB@Z(-NS shows that at %95 nm, the signal is decreasing in in-
tensity (Figure 5a; Figure S29, Supporting Information), rather
than being a band maximum as for DG@Z(-NS, meaning that
this is a new band not detected for RB@Z(-NS. The absorption of
F has its maximum intensity at ≈%95 nm (Figure 5b; Figure S29,
Supporting Information), so it is logical to attribute this new band
observed for DG@Z(-NS to the F dye. Additionally, at (25 nm,
the excitation spectrum is recorded in a region where RB emits
but F does not (Figure 5a,b). This means the excitation spectrum
should be similar to the absorption spectrum of RB. However, the
spectrum presents as a combination of F and RB. This indicates
F is transferring the energy absorbed through photoexcitation to
RB for emission in the (25 nm region. This is strong evidence
that a Förster resonance energy transfer (FRET) (Figure 6c) ex-
ists from the F to RB molecules within the Z(-NS sheets.[6( ]

Similar behavior has been reported for FRET phenomenon
occurring from MOF materials to different guests.[6) ] Theoreti-
cally, energy transfer is possible between F and RB guests due to
the spectral overlap of the emission and absorption bands of F
and RB, respectively (in the 520−5%0 nm region) (Figure 6e).[69 ]

FRET is rarely observed between guest dyes in MOF systems,
however, due to the lack of proximity between dye molecules,
which are typically entrapped within individual pores. The tight
space within the MON layers, contrastingly, favors a short dis-
tance between guest dyes, triggering the FRET mechanism.[(0 ]

Resultingly, the energy absorbed by F upon excitation is partially
interconverted to the RB system, from where it is then emitted si-
multaneously, to produce a yellow emission; the combination of
the emission from F monomers not undergoing FRET and RB
(Figure 6). To confirm the energy-transfer mechanism, we phys-
ically combined F@Z(-NS with RB@Z(-NS in a 1:1 and 10:1 ra-
tio (Figure 6a). The 1:1 ratio powder mixture shows near-yellow
emission and, fascinatingly, the emission spectrum aligns with
the mathematical superposition of the individual emission spec-
tra of F@Z(-NS and RB@Z(-NS (Figure 6a). In contrast, the
emission spectrum for the dual-guest system shows far greater
peak overlap, with a shift of the F emission band to longer wave-
lengths, while the RB emission shifts to shorter ones.

FLIM experiments were also conducted to shed light on the
photophysical mechanism of the DG@Z(-NS at a single crystal
level. The images of several isolated MONs were collected using
two band pass filters (BPF) at 520 ± 20 nm and 623 ± 25 nm
to selectively record the emission of F and RB within the
MONs, respectively (Figure 6d; Figure S30, Supporting Informa-
tion). Remarkably, the fluorescence of both dyes is homogenous
across the entire Z(-NS, illustrating the homogenous distribu-
tion (within the spatial resolution of the microscope, ≈250 nm) of
the two guests throughout the ultra-thin nanosheet system. The
emission spectra collected at different individual points of these
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Figure (. a) Emission spectra of DG@ZIF-&-NS (DG = F+RB) compared to various spectra related to the single-guest F or RB@Z&-NS systems. Black
curve indicates mathematical superposition of F@Z&-NS + RB@Z&-NS emission spectra. b) Various excitation spectra of DG@Z&-NS recorded at
indicated emission wavelengths. c) Schematic of FRET between F and RB dipole-dipole bound dimers in DG@Z&-NS. d) FLIM of DG@Z&-NS with two
band pass filters (BPF) applied (left: 520 ± 20 nm and right )23 ± 25 nm). e) Absorption spectra of RB@Z&-NS overlapped with emission spectra of
F@Z&-NS. f) Emission decay lifetimes. Orange ("1) = FRET mechanism, green ("2) = F, and purple ("3) = RB.

nanosheets closely match with the bulk observation, with two
emission bands corresponding to F and RB fluorescence, con-
firming the phenomena identified in spectrofluorometer mea-
surements, and which are originating from the Z(-NS samples
rather than other impurities or crystallized fluorophore mixed
phases.

Additionally, the fluorescence decays of bulk DG@Z(-NS were
analyzed by a sum of 3-components, assigned as follows: RB
("3), F ("2) and F-RB coupled FRET mechanism ("1) (Figure 6f;
Figures S31 and S32, Table S%, Supporting Information). "3
and "2 are assigned as such for two reasons. This first corre-
sponds with the single-guest system monomer component life-
times (RB@Z(-NS > F@Z(-NS). The emission lifetime of F
in the dual guest system ("2) is largely quenched compared to
F@Z(-NS, while "3 is comparable to RB@Z(-NS, strong evi-
dence of a FRET mechanism. Second, as the observed wavelength
varies from the Emax of F (≈520 nm) to RB (≈5)0 nm), the "3-
component contribution increases significantly, indicating that
"3 is the lifetime of RB. While at 520 nm RB@Z(-NS shows
minimal emission (Figure 6a), the DG@Z(-NS emission spec-
tra (Figure S33, Supporting Information) reveals a hypsochromic
shift of the RB band by 30 nm, meaning the RB emission band
will exist at 520 nm, allowing "3 to still be observable at 520–
5%0 nm. "1 is greater than the typical 0.1 ns observed for the H-
aggregates of the single-guest Z(-NS systems.[50 ] Furthermore,
the contribution of "1 rapidly decreases as the observed wave-
length increases, and therefore, it is sensible to attribute this con-

tribution to the FRET mechanism, as it is demonstrated below for
the DG@Z(-NS single particles.

The time-resolved photobehavior of the isolated thin films
in FLIM also aligns with that of the bulk samples, being the
emission decays analyses as a sum of three exponentials ("1 =
%)0−520 ps, "2 = 1.)−2.0 ns, and "3 = %.6−5.0 ns when record-
ing at 520 ± 20 nm, and "1 = (0−90 ps, "2 = 1.9−2.2 ns, and "3
= %.%−5.1 ns when gating at 623 ± 25 nm, Figure S30, Support-
ing Information). Like our previous attribution, the longest "3-
component, whose contribution is higher at longer wavelengths
(623 ± 25 nm BPF), is assigned to the emission lifetime of the
trapped RB dye. On the other hand, the "2-component, contribut-
ing more at the bluest region, is the emission lifetime of trapped
F molecules. Finally, the shortest component is decaying in the
highest energetic regions (520 ± 20 nm) but rising (negative am-
plitude) in the lowest ones (623 ± 25 nm), reflects a FRET from
trapped F to RB dyes within the nanosheets. These types of short
components decaying in the donor emission region, which be-
come rising components in the acceptor emission region, are typ-
ical of photoinduced processes. Since at these wavelengths (623
± 25 nm) the contribution of F to the signal is much weaker
than that of RB, the rise must have its origin from the emission
of RB. Hence, we attribute this rising component to the FRET
from F to RB, as the photoexcitation of F is populating the excited
state of RB. A comparison of the decays obtained from DG@Z(-
NS and R@Z(-NS in the RB emission region (BPF of 623 ±
25 nm) (Figure S33, Supporting Information), reinforces this

Adv. Funct. Mater. 2023, 221%30& 2214307 () of 13) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

 16163028, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202214307 by O
xford U

niversity, W
iley O

nline Library on [22/06/2023]. See the Term
s and Conditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable Creative Com
m

ons License



www.advancedsciencenews.com www.afm-journal.de

Figure 7. a) Above: selection of synthesised samples in ambient conditions (top) and under UV (bottom), below: predicted finite spectrum of emission
chromaticity for DG@Z&-NS derived from correlations, the “emission chromaticity fingerprint”, with emission chromaticity of synthesised samples
indicated along the spectrum as black dots. b) Correlation between synthesis ratio of F:RB and RGB of emission chromaticity. c) R value of DG@Z&-NS
materials correlated with G value (of RGB coordinates, derived from the emission spectra). d) Emission spectra of various DG@Z&-NS samples excited
at %&0 nm; colours of each spectrum line indicate that sample’s emission chromaticity RGB value. e) Emission spectra of RB@Z&-NS when mixed with
various ratios of BaSO%. f) Emission-excitation maps of three DG@Z&-NS samples at an F:RB ratio of 25, 100, and 200 (bottom to top). g) Photostability
of various guest@Z&-NS samples as a percentage of maximum absorption peak intensity over 2% h with continuous exposure to respective sample
Absmax.

finding by presenting a clear rise only in the decay obtained for
DG@Z(-NS.

2.4. Tuning the Dual-Guest System

By varying the concentration of F during synthesis of the sam-
ples (Table S% and Figure S2), Supporting Information), a sub-
set of twenty samples of DG@Z(-NS were obtained with distinct
emission chromaticity coordinates (Figure 7a; Figures S3% and
S35, Table S5, Supporting Information). Significantly, the chro-
maticity of the system can be accurately quantified – allowing for
precise fine-tuning of the emission color of DG@Z(-NS. Upon
plotting the synthesis ratio of F:RB against the RGB (red-green-
blue) values of each sample (Figure (b), a good logarithmic corre-
lation (R2 = 0.99() was obtained between the F:RB concentration
and the G value. Then, when comparing the G value to R value
(Figure (c), we see two clear linear correlations with distinct do-
mains (R2 = 0.996). Together, these data can be used to identify
the final emission color of a dual-guest Z(-NS sample based sim-
ply on the ratio of F:RB used in the synthetic procedure. If a par-
ticular color from green to red is desired, the ratio can be com-
puted using Equations (1) and (2). It is remarkable and of greatest
significance is that this relationship confirms that there is only a

discrete subset of colors (a “emission chromaticity fingerprint”)
attainable by this dual-guest system: those that lie on the two G:R
correlations (Figure (c), seen in the spectrum bar of Figure (a.

Green value (G)

= )0.6960%(
1 + 1.29E−% × Synthesis Ratio of F : RB

)155.(632%
(1)

Red value (R) =
⎧
⎪
⎨
⎪⎩

G − 5(21
−22

, G < 1(0

G − 33).155%)
−0.(000)

, G ≥ 1(0
(2)

Equations 1 and 2. Quantitative determination of DG@Z(-NS
chromaticity based on ratio of F:RB used in the material’s syn-
thesis. The empirical coe,cients were derived from Figure ((b)
and ((f) (inset).

The photophysical properties of the dual-guest materials were
explored to determine the causes driving these chromaticity find-
ings (Figure (; Figures S36 and S3(, Supporting Information).
The spectral changes across the emission spectra of all 20 sam-
ples (Figure (d) also exhibit two clear processes occurring when
the concentration of F increases in the system, with high-energy
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bands in the excitation spectra vary in similar stages. In the ini-
tial phase of 25 to 125 F:RB ratios, there is a blue shift of the RB
system along with suppression of a shoulder band identifiable at
≈650 nm. This corresponds to the first steep linear correlation in
the R:G chromaticity relationship, with a dramatic increase of F
emission with minimal RB value increase. By systematic mixing
of the single-guest RB@Z(-NS sample with BaSO% in increasing
ratios as shown in Figure (e, we suggest that these changes to be
a cause of steric hindrance in the system. As the ratio increased
from 10:1 to 1000:1, we saw a blueshift of emission peak, and the
suppression of a shoulder at ≈650 nm. As more salt crystals were
added to RB@Z(-NS, we reasoned that a greater disturbance de-
velops between Z(-NS crystals or even within the layers of sheets
in single crystals. This will interfere with long-range interactions
that we commented on before and that exists in the RB-Z( sys-
tem, particularly the J-aggregates responsible for the shoulder at
650 nm. The result is a general destabilization of the system, and
therefore a blue-shifted emission. The same measurement done
with F resulted in very minimal shift and spectral shape variance
comparably (Figure S3), Supporting Information).

The first process ceases once a ratio of ≈125 is reached, after
that the second process dominates: the growth and narrowing
of an emission band from F. The change in spectral patterns is
most visible when comparing three emission maps (Figure (f),
measured at samples with F:RB ratios of 25, 100 and 200, where a
sharpening of emission bands is seen and the growth of a second
local maxima at the absorption intensity maxima of fluorescein.
Indeed, after the isosbestic point at the R value of 2%2 in the G:R
correlation (Figure (c) a more subtle linear process also controls
this relationship. As shown by the minimal shift from 1000:1 to
100:1 of BaSO%:RB@Z(-NS (Figure (e), there reaches an equi-
librium where steric hindrance no longer affects the energetics.
From here, the second process dominates, being the increased
emission from fluorescein and the interaction between F and RB
molecules as observed in the optimized warm yellow-emitting
sample (DG@Z(-NS).

Together, these data reveal that the competitive emission path-
ways within DG@Z(-NS dictate emission chromaticity. In fur-
ther support of this are photostability measurements of DG@Z(-
NS over 2% h (Figure (g; Figure S39, Supporting Information).
Both guests’ decay at rates akin to the single-guest NS systems
for the first 3 h, but after the F band begins to intensify as RB con-
tinues to diminish. We attribute this to the photodegradation of
RB monomers resulting in the reduction of F-RB energy transfer
systems. This allows for increased emission from F monomers
alone without absorption by RB. This continues until 21.5 h, af-
ter that both guests appear to decay at a consistent rate evinced by
proportional peak intensity loss in emission spectra. Importantly,
always, yellow emission chromaticity is maintained (Figure S39,
Supporting Information).

3. Conclusions

This work has demonstrated a new versatile concept for function-
alizing 2D MON systems via intercalation of guests. The concept
is achieved by the first in situ bottom-up synthesis of Z(-NS using
a facile salt-templating methodology. This bottom-up approach
produces highly stable, homogenous nanosheets that dispersed
without aggregation in solution, and maintain dimensions of a

few-layer thickness (ca. 2−3 nm) while extended 5×15 µm2 in
plane. The selection and trapping of two fluorophores resulted
in two single-guest LMONs, both exhibiting strong fluorescence
controllable by guest loading concentration that affects guest
packing and aggregation. Importantly, the systems show long-
term physicochemical stability with a high resistance to leaching.
Ultimately, we showed that combining two guests can result in a
warm yellow emitting dual-guest intercalated MON that main-
tains the structural stability and nanosheet morphology of the
single-guest systems. The system allows for an enhanced dual-
guest energy-transfer interaction and, most remarkably, emis-
sion chromaticity that could be quantified so that tuneability be-
came a precisely predictable process. This realization that emis-
sion chromaticity is limited to a discrete subset of RGB values
presents a strong theoretical foundation for rationally design-
ing future LMON systems. By modelling predicted energetics of
the dyes, followed by mapping a sample synthesis, it is possible
to design systems of discrete color ranges, with a priori “emis-
sion chromaticity fingerprints”, ideal for a range of nanophotonic
applications from sensing to lighting, layered semi-conductors,
product quality assurance and covert security tags.

4. Experimental Section
Synthesis of ZIF-7-III Nanosheets (Z7-NS): Zn(NO3)2 (59.5 mg,

0.2 mmol) was dissolved in methanol (MeOH) (2 mL). The solution was
then added to a conical flask containing NaCl powder (20 g) under vig-
orous magnetic stirring. After 20 min, benzimidazole (bIm) (283.5 mg,
2.% mmol) was then dissolved in MeOH (2 mL). The solution was added
dropwise to the conical flask followed by vigorous mixing for 12 h.
Deionised H2O (250 mL) was then added to the flask and heated to 100 °C
while stirring. The mixture was then siphoned into 50 mL centrifuge tubes
and centrifuged at 10000 rpm for 25 min. The collected powder at the bot-
tom of each tube was combined into one tube, followed by further washing
and centrifuging cycles (3 × %5 mL H2O and 5 × %0 mL MeOH). The fi-
nal product was dried in the tube for 1 h at 90 °C in an oven (≈&0%–80%
yield).

Samples characterized by AFM, nano-FTIR, FE-SEM and TEM were pre-
pared by adding 5 mg of Z&-NS in a vial with 10 mL of MeOH. The vial was
sonicated for 1 min to disperse the Z&-NS before drop casting the solution
onto the sample substrate. To obtain particle size separation, after 2% h,
the solution was pipetted from the centre or base of the vial depending on
preferred particle morphology.

Synthesis of Guests@Z7-NS Materials: The synthesis above was re-
peated except that initially Fluorescein (F) or Rhodamine B (RB)
(0.003 mmol, 0.0003 mmol or 0.03 mmol) were solubilized with MeOH
(2 mL) via sonication. This solution was mixed with the bIm solution be-
fore then adding to the Zn(NO3)2@NaCl vial.

Synthesis of ZIF-7-III: ZIF-&-III was synthesized via an adapted proto-
col by Peng et al.[33 ] Synthesis of ZIF-& (I): DMF (100 mL) was added to
a mixture of Zn(NO3)2•)H2O (303 mg) and bIm (&&0 mg). After stirring
for 1 h, the solution was kept at room temperature for 9) h. The formed
ZIF-& crystals were collected by centrifugation and washed with MeOH
(5×50 mL). The wet product was dried at 50 °C for 8 h and then at 120 °C
for %8 h in a vacuum oven.

ZIF-&-III: the obtained ZIF-& crystals were dispersed in distilled water
at a concentration of 0.5 wt.% and then refluxed at 100 °C for 2% h. The
resulting turbid dispersion was filtered and washed with distilled water
(3×50 mL) and MeOH (%×50 mL). The product was dried at 50 °C for 12 h
to form the layered product Zn2(bim)%.

Powder X-Ray Diffraction: Powder x-ray di,raction (PXRD) patterns
were collected using a Rigaku MiniFlex di,ractometer equipped with a Cu
K# source and step size of 0.0025° at a scan rate of 0.0%° min−1. Sam-
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ples were prepared using a 0.1 mm shallow well sample holder. High-
resolution XRD patterns were collected at the Diamond Light Source I11
beamline using the MAC detection system. Calibrations were performed
using Si powder standard (NIST SRM)%0c), with an X-ray beam energy
of 15 keV (0.82)83%(10) Å) and scan time of 3)00 s. Samples were pre-
pared in borosilicate glass capillaries of 0.5 mm diameter. d-spacing was
calculated using Bragg’s Law.

Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy:
Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy
(ATR-FTIR) measurements of bulk Z& and Z&-NS materials were per-
formed using a Nicolet iS10 FTIR spectrometer. High-resolution syn-
chrotron radiation infrared (SR-IR) measurements of the mid-IR and far-IR
(FIR) spectra were performed at the Diamond Light Source B22 MIRIAM
beamline. FIR and MIR spectra were collected under vacuum, using the
ATR module installed on the Bruker Vertex 80 V FTIR bench equipped with
the DLaTGS detector. For improved signal-to-noise ratio, liquid helium-
cooled bolometer was used in FIR measurements.

Nano-FTIR: Near-field optical measurements were collected using the
neaSNOM instrument (neaspec GmbH) based on a tapping-mode AFM.
The platinum-coated tip (NanoAndMore GmbH, cantilever resonance fre-
quency 250 kHz and nominal tip radius ≈20 nm) was illuminated by a Top-
tica broadband mid-infrared (MIR) femtosecond laser. Individual crystals
of Z& and Z&-NS type materials were analyzed by averaging % measure-
ments with 18 individual point spectra each. For each sample, at least 10
unique crystals or regions were probed. Each spectrum was acquired from
an average of 20 Fourier-processed interferograms with 10 cm−1 spec-
tral resolution, 20%8 points per interferogram, and an 18-ms integration
time. The sample spectrum was normalized to a reference spectrum mea-
sured on a silicon surface to reconstruct the final nano-FTIR amplitude and
phase. The continuous broadband MIR spectra were attained by combin-
ing two illumination sources, then the obtained spectra were combined at
1500 cm−1. All measurements were carried out under ambient conditions
(≈%0% RH).

Raman Spectroscopy: Raman spectra were collected using the Bruker
MultiRAM Raman spectrometer with sample compartment D%18,
equipped with a Nd-YAGlaser (10)% nm) and a LN-Ge diode as a detector.
The laser power used for sample excitation was 50 mW, and )% scans were
accumulated at a resolution of 1 cm−1.

Thermogravimetric Analysis: Thermogravimetric analysis (TGA) was
performed using a TA Instruments Q50 TGA machine equipped with a
platinum sample holder under an N2 inert atmosphere at a heating rate
of 10°C min−1 from 30 to 800 °C.

Atomic Force Microscopy: Atomic force microscopy (AFM) imaging
was performed with a neaSNOM instrument (neaspec GmbH) operat-
ing in tapping mode. Height topography images were collected using the
Scout350 probe (NuNano), which has a nominal tip radius of 5 nm, a
spring constant of %2 N m−1 and resonant frequency of 350 kHz.

Scanning Electron Microscopy: Backscattered electron and secondary
electron scanning electron microscopy (SEM) images were obtained at
10 keV under high vacuum using a SEM Tescan Lyra 3 (Tescan, Czech Re-
public) with secondary and backscattered electron imaging (SEI and BSE
respectively) using a voltage from 10 to 15 keV. Samples were drop cast
onto silicon wafer or a polished aluminium specimen stub that was coated
with gold (Au) with a thickness of 25 nm using SC&)20 sputter coater
(Quorum Technologies) at 20 mA plasma current for 3 min.

Spectrofluorimetric Measurements: Steady–state fluorescence spectra,
steady–state di,use reflectance spectra, photoluminescence quantum
yield (PLQY), and TCSPC emission decay data were recorded using the FS-
5 spectrofluorometer (Edinburgh Instruments) equipped with the appro-
priate modules for each specific experiment. For TCSPC measurements,
the samples were pumped with a 3)5 nm EPLED picosecond pulsed laser
source. Lifetime fitting of the time constants from decay data was per-
formed using the Fluoracle software. Excitation spectra exhibit artefacts
(sharp peaks) from equipment operation that were not removed in pre-
sented data.

Fluorescence Lifetime Imaging: Fluorescence lifetime images (FLIM)
were recorded using an inverted-type scanning confocal fluorescence mi-
croscope (MicroTime-200, Picoquant, Berlin) with a )0× NA1.2 Olympus

water immersion objective, and a 2D piezo scanner (Physik Instrumente).
A %&0-nm pulsed diode laser (pulse width ≈%0 ps) was employed as the
excitation source. A dichroic mirror (AHF, Z3&5RDC), a 500-nm long-pass
filter (AHF, HQ500lp), a 100-µm pinhole, and an avalanche photodiode
detector (MPD, PDM series) were used to collect the emission. Moreover,
the FLIM and emission decays of the DG@Z&-NS sample were collected
using two band pass filters (520 ± 20 and )23 ± 25 nm) to selectively
record the emission region of F and RB, respectively. The emission spec-
trum was recorded using a spectrograph (Andor SR 303i-B) equipped with
a 1)00×200 pixels EMCCD detector (Andor Newton DU-9&0N-BV) cou-
pled to the Micro-Time-200 system.

Transmission Electron Microscopy: Transmission electron microscopy
(TEM) characterization was performed at 200 keV accelerating voltage us-
ing a LaB) electron source using a JEM-2100 electron microscope. The
images were recorded on a Gatan Orius camera through Digital Micro-
graph.

Nuclear Magnetic Resonance Guest Loading Analysis: Samples for nu-
clear magnetic resonance (NMR) were dissolved in a solution composed
of 500 µL methanol-d% and 50 µL DCl/D2O (35 wt.%). All NMR spec-
troscopy was done at 298 K using a Bruker AvanceIII spectrometer op-
erating at )00 MHz, equipped with a BBO cryoprobe. Data were collected
using a relaxation delay of 20 s, with 128 k points and a sweep width of
19.8 ppm, giving a digital resolution of 0.18 Hz. Data was processed using
Bruker Topspin with a line broadening of 1 Hz and 2 rounds of zero-filling.
The loading amount was calculated from the molar ratio of compound to
bIm. To calculate the molar ratio, peaks corresponding to each compound
were integrated and normalized according to the number of protons giv-
ing rise to the signal. For fluorescein (F), the doublet at ≈8.30 ppm was
used, which corresponds to a single proton (that in the ortho position rel-
ative to the carboxyl group). For Rhodamine B (RB) the broad multiplet at
≈8.22 ppm was used, which corresponds to the equivalent single proton
in the ortho position relative to the carboxyl group. For benzimidazole the
singlet at ≈9.33 ppm was used, which corresponds to the single proton
of the imidazole group, adjacent to the two nitrogens. Global spectral de-
convolution (in the MestReNova software package) was used to pick and
integrate the peaks.
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A B S T R A C T   

Organic-based phosphors are promising alternatives to rare-earth metal based white light-emitting diodes 
(LEDs). Integrating phosphors into organic LED systems, however, is constrained by limited long-term chemical- 
and photo-stability, particularly for blue emitters, along with fabricability. Coumarins are common blue emitters 
for red-green-blue (RGB) or blue-yellow white light emission (WLE) systems but are susceptible to photo-
dimerization and decay, both supressing fluorescence. This work employs a guest@host architecture to entrap 7- 
methoxycoumarin (MC) in metal-organic framework nanosheets (MONs) of the 2D phase of ZIF-7 (Z7-NS). This 
prevented photodimerization due to the arrangement of dye molecules within the nanosheet spacings. Favour-
ably, upon ultraviolet exposure (365 nm), a new intense broader emission band forms irreversibly, derived from 
charge-transfer behaviour of the MC chromophores. This resulted in intense blue emission with 4.2 → improved 
photoluminescence quantum yield (PLQY) (Φ ↑ 26.6 %) compared to molecular MC. Contrastingly, encapsu-
lation of MC in 3D ZIF-7 (MC@Z7) also prevented photodimerization, but only exhibited purple-blue low-in-
tensity, low PLQY MC monomeric fluorescence. The fabricability of MC@Z7-NS was demonstrated by inkjet 
printing blue emitting thin-films that showed improved homogeneity and quantum yield over MC@Z7. Finally, 
an RGB triple guest@Z7-NS was synthesised and optimised over 30 samples to produce WLE with ideal CIE 
coordinates of (0.33, 0.34), high PLQY of 65.08 %, and tuneable cool-warm temperatures. Combined, the work 
demonstrates the remarkable potential of guest@MON systems for improved WLE OLEDs.   

1. Introduction 

Rare-earth metal free white light-emitting diodes (WLEDs), such as 
organic based systems, are a promising alternative to current light- 
emitting diode (LED) devices (see e.g Refs. [1,2]). The present reliance 
on rare-earth metal phosphors (e.g., Eu, Y, Ga and In) for LEDs [3] has 
resulted in costly and energy intensive production and recycling [4,5]. 
Standard white-light emission (WLE) is characterised by the Commis-
sion International de l’Eclairage (CIE) coordinates of (0.33, 0.33) and 
colour correlated temperatures (CCTs) between 2500 and 6500 K; 
properties not easily achieved and maintained in operative conditions 
for extended periods of time. The success of phosphors in doing so re-
quires high quantum efficiency, strong absorption, and high stability. 

Advantages of organic phosphors over LED phosphors include large 
absorption coefficients, wide excitation bands, short fluorescent 

lifetimes, and low energy materials synthesis and refinement [6]. WLE 
OLEDs typically comprise a combination of blue and yellow phosphors, 
or red, green, and blue phosphors (RGB), relying heavily on a fluores-
cent blue emitter. Blue emitters pose the greatest impediment to inte-
grated OLED lighting, however, due to the high-energy transition 
required for blue fluorescence that often results in fast degradation and 
low efficiency [7,8]. 

Coumarins are common blue phosphor components in WLE systems 
owing to their extended spectra ranges, stability in less hazardous sol-
vents, and high emission yields [9–11]. 7-hydroxycoumarin is common 
in triple-phosphor systems. 7-methoxycoumarin (MC), known as Her-
niarin, is also a strong candidate, being a stable neutral species with 
limited electron density. Naturally occurring in flora (e.g., chamomilla), 
MC is readily sourced and biologically compatible, used often for bio-
logical labelling, and known to have antimicrobial and 
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anti-inflammatory properties [10,12–14]. However, like many couma-
rins, MC photodimerizes via [2 ↓ 2] photocyclization when exposed to 
ultraviolet A light (UV-A around 365 nm) (Fig. 1a) [15–17]. The pho-
todimer does not fluoresce, impeding the use of MC as a phosphor 
(although the optical characteristics of MC have not been closely studied 
in relation to photodimerization and long-term UV exposure) [11]. 
Coumarin dimerization has been controlled by confinement in super-
structures such as cyclodextrins and Pd-nanocages (stereo-, regio- or 
enantioselective), but little work has attempted to prevent dimerization 
[18]. 

Aside from the blue-light emission challenge, multicomponent LEDs 
exhibit phase separation problems, unequal decay rates of individual 
phosphors that leads to chromatic aberration, and difficulties in fabri-
cation to obtain homogeneity and device integration [19,20]. The use-
ability of these chromophores has been improved via confinement, 
which improves long-term stability and control of fluorescence [21]. By 
controlling the arrangement and therefore interaction of dyes, host 
frameworks play a critical role in preventing aggregation, and thus 
quenching, as well as reducing non-radiative deactivation pathways that 
limit luminescence [22]. 

Common metal (e.g., Zn and Cu) based Metal-organic frameworks 
(MOFs) are ideal hosts for encapsulating organic luminescent guest 
molecules due to their high specific surface area, pore sizes, and unique 
tuneability and rational designability [6,21]. Guest-based luminescent 
MOFs (LMOFs) are emerging as next-generation WLE materials for 
hybrid OLEDs [23]. One LMOF design uses a trio of RGB guests to 
achieve WLE, with frameworks incorporating the red emitter Rhoda-
mine B (RB), green emitter Fluorescein (F) and a coumarin blue emitter 
(7-amino-4-(trifluoromethyl)-coumarin or 7-hydroxycoumarin) [12, 
13]. With a small molecular planar structure, limited rotation, and a 
similar lifetime to RB and F, MC is a strong blue-emitting guest candi-
date for MOFs. Indeed, MC has been encapsulated in micellar systems, 
p-sulfonatocalix [4]arene [24], and cyclodextrin [25], but these have 
caused fluorescence suppression due to non-polar cavities or hydrogen 
bonding between MC and guanine [26]. There is still a need to explore 
ways of enhancing the fluorescence of MC. 

While quality WLE has been achieved for the few reported dye@MOF 
WLE materials, there is still a challenge in balancing high photo-
luminescent quantum yield (PLQY) (often only attainable up to 20–30 

%), with ideal CCT and CIE coordinates, long-term physico-chemical 
and photo-chemical stability, and fabricability for workable OLED de-
vices [27]. Metal-organic nanosheets (MONs) present a potential way to 
overcome these limitations. At a few nanometres thin, combined with 
wide micron scale lateral dimensions, nanosheet morphologies and 2D 
materials offer improved control over thin-film deposition and com-
posite surfaces. Layered inorganic nanoparticles have successfully been 
utilised to control molecular aggregation and dye structures to tune 
luminescent properties [28,29]. Our group recently applied the 
guest@MOF approach to MONs by in situ encapsulation of RB and F in 
nanosheets of 2D ZIF-7-III (Z7-NS), producing a dual-guest yellow 
emitting MON with quantifiable control over emission chromaticity 
[30]. Several studies report WLE nanosheet materials based on 
metal-oxides or boron nanosheets that increase pathways for charge 
transfer and increase efficiency, while also creating easier to fabricate 
thin film devices [31–35]. Very limited work, however, has explored the 
potential offered by WLE MONs. One study synthesised a few-layer Zr 
MON with a yellow-emitting tetraphenylethylene-based tetracarbox-
ylate ligand that was combined with a blue LED to produce a WLED with 
CIE coordinates of (0.37, 0.41) [36]. Separately, another study produced 
a WLE MON via a composite of lanthanide hydrates@2D MOF. While 
achieving (0.31, 0.33) CIE at 6370 K, the quantum yield (QY) was found 
to be low (3.3–8%) and the guest incorporation and long-term stability 
were unclear [37]. 

This work establishes a new approach to improving coumarin blue 
phosphors and multi-phosphor WLE systems by integrating organic 
fluorophores into MONs via a guest@host strategy [21]. MC was 
entrapped in a Z7-NS host via our established in situ guest@MON 
encapsulation strategy [30]. This not only prohibited MC photo-
dimerization to improve photostability, but also enabled new photoin-
duced pathways for fluorescence that improved quantum yield and 
emission chromaticity and intensity. The nanosheet morphology also 
allowed for inkjet printing to be used to fabricate blue phosphor thin 
films. The same benefits, in contrast, were not observable in a MC@Z7 
system that was also synthesised. Critically, by combining MC with F 
and RB luminescent dyes in Z7-NS it was possible to accomplish a single 
RGB WLE MON system, exhibiting CIE coordinates of (0.33, 0.34), 
competitive high PLQY of 65 % and a controllable range of colour 
temperature. 

Fig. 1. The structure of MC@Z7-NS. (a) Photodimerization of MC and photoinduced cleavage of the dimer for retroconversion to the monomer. (b) Crystal structure 
of Z7-NS superimposed with MC to illustrate both horizontal (green) and vertical (red) potential arrangements, with C (black), N (blue) and Zn (orange) atoms 
represented. (c) 3D interlayer spacing between nanosheets of Z7-NS with the incorporation of a MC molecule. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.) 
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2. Results and discussion 

2.1. MC@Z7-NS morphology and structure 

In situ entrapment of MC in Z7-NS was achieved using the previously 
reported salt-templating method employed for the intercalation of F and 
RB in Z7-NS [30]. 100 isolated MC@Z7-NS nanosheets were measured 
using atomic force microscopy (AFM) to determine an average particle 
height of 2.90 nm (↔ 0ω43 nm) and lateral dimensions of ~2 → 3 μm 
(Fig. 2a–c, Fig. S1). The height profile of a single nanosheet (Fig. 2a) 
showed a 1.2 nm step at the particle edge, indicating the layered nature 
of the nanosheets (each sheet being ~ 1 nm based on reported crystal 
structures of ZIF-7-III) [38]. Field Emission Scanning Electron Micro-
scopy (FE-SEM) images showed similar curled nanosheet flakes (the 
sample being coated with 25 nm of Au to highlight morphology) 
(Fig. 2d). Notably, while the nanosheet morphology remained when 
exposed to air or when stored in solution (MeOH or H2O) over 3 months 
[28], the thin sheets were susceptible to fragmentation upon sonication 
for more than 2 min (Fig. S2). Thermogravimetric analysis showed 
stability of MC@Z7-NS up to 500 ↗C (Fig. S3), consistent with Z7-NS. 

Powder X-ray diffraction (PXRD) of MC@Z7-NS confirmed retention 
of the ZIF-7-III crystal structure with no phase impurities (e.g., ZnO, 
NaCl) despite the introduction of guests into the framework (Fig. S4) 
[38]. The MC@Z7-NS diffraction pattern also exhibits nanosheet effects, 
i.e., minimal electron density in the z-axis and small crystallite size, 
observable from peak broadening and the peak intensity ratio of the I 
(002)/I(200) reflections decreasing from 14.8 in ZIF-7-III to 3.7 in 
MC@Z7-NS. 

The previously reported F@Z7-NS, RB@Z7-NS, and F ↓ RB@Z7-NS 
established that the synthesis method used here resulted in a degree of 
encapsulation, rather than surface attached guest-host positioning [30]. 
MC is planar and smaller than RB and F, with the ring structure only 2.7 
→ 4.7 Å and the remaining methoxy and carbonyl substituents extending 
in the furthest positions to 7 → 3.5 Å (Fig. 1b and c). Z7-NS contains 
adequate cavities between the nanosheet layers (Fig. 1c), produced by a 
herringbone layout of the exposed benzimidazole (bIm) linkers. By 
superimposing the ZIF-7-III crystal structure [38] with a molecular unit 
from the MC reported structure [39], potential packing arrangements 
can be deduced (Fig. 1b). While there is no evidence of uniform packing, 
two possible positions are accessible simultaneously: a horizontal 
alignment within the bIm V-openings (green, Fig. 1b) and a vertical 
alignment between the bIm ligands (red, Fig. 1b). Interestingly, the bIm 

‘claws’ could act as a grip to ensure entrapment of any guests within the 
cavities to avoid potential leaching. 

Vibrational spectroscopy was used to verify a degree of incorporation 
of MC into Z7-NS. Samples were thoroughly washed with MeOH and 
H2O to remove excess MC. Fourier Transform Infrared (FTIR) and 
Raman spectra were consistent with Z7-NS across a range of MC guest 
concentrations (Figs. S5–6), with no new vibrational bands or energy 
shifts occurring. While the minimum concentration of guest species 
relative to the framework may limit observable MC signal, we also 
employed nano-FTIR to measure near-field IR spectra of MC@Z7-NS at 
various points on the surface of the single particle in Fig. 2a. The 
averaged nano-FTIR spectra (Fig. S7) show a prominent band at 760 
cm↘1 corresponding to the bIm aromatic ring in-plane and out-of-plane 
deformations of the host framework. No peaks that correspond to the 
vibrational bands in MC are present contra previous guest@MOF works 
that show guest signal in nano-FTIR spectra when surface species are 
present [40]. Terahertz synchrotron radiation (SR)-IR spectra (Fig. S8) 
also revealed the alignment of vibrational modes of MC@Z7-NS with 
Z7-NS, except for the band at 214 cm↘1 being blue shifted by 3 cm↘1. 
This band is assignable to the bending at the bridge of the aromatic rings 
in bIm [41]. If guests reside within Z7-NS layers, then exposed bIm 
linkers in the interlayer space (Fig. 1b) may adjust their orientation to a 
less energetically favourable position to accommodate MC molecules, 
causing this observed blue shift. 

2.2. Photophysical properties of 7-methoxycoumarin 

Before examining the effect incorporating MC into Z7-NS has on 
fluorescence, we first established the emission behaviour of uncon-
strained MC. For this study, MC (as a thin layer of fine crystalline 
powder) was exposed to a UV lamp at 365 nm (4 W, 5 cm from sample) 
for 32 h while measuring two sets of excitation (λobs ↑ 400, 500 nm) and 
emission spectra (λex ↑ 320, 375 nm) (Fig. 3a–d, f-h). FTIR of the UV- 
exposed MC sample was used to track the formation of the photo-
dimer (Fig. 3e–i and Fig. S9 for vibrational model visualisations). Most 
prominently, in the first 2 h of UV exposure, the monomer band at 1706 
cm↘1 corresponding to the C––C pyronic bond lowers in intensity, while 
a new band at 1758 cm↘1 assigned to the C––O carbonyl stretching in the 
MC dimer increases in intensity. This peak is present, but weak, in the 
initial MC, suggesting a trace of photodimerized species already present. 

Tracking the peak intensity of these characteristic bands reveals a 
logarithmic reaction rate of dimer formation (Fig. S10), suggesting 90 % 

Fig. 2. Morphology of MC@Z7-NS. (a) AFM surface imaging a MC@Z7-NS particle measured on Si wafer (right) with height profiles across indicated lines (left), (b) 
histogram (0.5 nm bins) of height distribution measured by AFM of 100 MC@Z7-NS particles, (c) AFM scan of multiple MC@Z7-NS particles. (d) FE-SEM images of 
MC@Z7-NS measured at 10 keV and working distance of 9 mm samples were drop-cast onto an Al specimen stub and coated with 25 nm of Au. 
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of dimer formation is completed within the first 2 h. Further spectral 
changes indicate the formation of the dimer. At 1581 cm↘1 a band forms, 
corresponding to the dimer in-plane aromatic ring stretch modes (now 
connected to the cyclobutene ring), while the band at 1621 cm↘1 re-
duces, being the monomer in-plane aromatic stretch. At 1190 cm↘1 a 
new peak forms, corresponding to the C–H rocking around the cyclo-
butene dimer ring. At 1356 cm↘1 the C––C, C–H rocking band of the 
monomer reduces while at higher energies a new out of plane C–H, C––C 
(aromatic) bending band forms at 783 cm↘1 and the monomeric out-of- 
plane aromatic bending band at 813 cm↘1 reduces. 

With an awareness of the chemical composition of MC over time with 
UV exposure, we turn back to examining photophysical properties. 
Initially, a single emission band at λmax ↑ 400 nm is observed (Fig. 3b), 
corresponding to MC deep-purple fluorescence via conversion from S1 → 
S0 [26]. The corresponding excitation region (Fig. 3a) comprised, un-
expectedly, two bands: a broad band with λmax ↑ 325 nm corresponding 
to monomeric emission [26], and an intense, narrowband shoulder at 
375 nm. The bands are most prominent in the excitation-emission map 
of the initial MC sample (Fig. 3g). The secondary band is sharp, at lower 
energy, and exhibits a minimal Stokes shift (15–20 nm): three charac-
teristics of J-aggregation (head-to-tail arrangement of MC monomer 

molecules) [42,43]. MC crystallises in the triclinic P1 system, with 
molecules packed asymmetrically so that the ethylenic bond of the 
pyrone cycle form at an angle of 65↗ [44]. This creates desirable con-
ditions for J-aggregation, where a ‘head-to-tail’ or ‘slipped co-facial’ 
arrangement of neighbouring monomers could result in a negative 
coupling and lower energy excited singlet state. 

After 2 h of UV exposure, the emission from MC is blue-shifted by 10 
nm with a 50 % or 86 % reduction in intensity at λex ↑ 400 nm and λex ↑
500 nm, respectively (Fig. 3f and visually evident in Fig. 3b, inset). This 
loss is mostly attributable to the photodimer forming, which possesses 
no π-orbitals and no mechanism for fluorescence. The excitation spectra 
(Fig. 3a and c) indicates that J-aggregation has ceased (partially 
contributing to emission intensity loss), while a new excitation band 
forms at 300 nm (most prominent at λobs ↑ 500 nm), assigned to the 
higher energy absorption of the dimer [45,46]. Notably, physically 
mixing MC with BaSO4 and Z7-NS also extinguished the aggregate ab-
sorption peak (Fig. S11), along with a 5–10 nm blue shift and 30 % 
reduction in intensity of emission. This suggests the process of photo-
dimerization disrupts the ordered arrangement of molecules by the 
formation of dimer molecules and corresponding strain that propagates 
through the crystallites. 

Fig. 3. Fluorescence properties of MC under UV exposure. (a)–(d) Excitation and emission spectra of solid MC observed over 32 h exposure to 365 nm UV (4 W, 5 cm 
from sample). Excitation spectra measured at λobs ↑ 400 nm (a) and 500 nm (b), emission spectra measured at λex ↑ 320 nm (b) and 375 nm (d). Inset (b) shows MC 
before irradiation under UV light (left) and after (right). (e) FTIR spectra of MC monomer and dimer species characteristic bands measured over 32 h of exposure to 
365 nm UV. (f) Comparison of intensity of emission and excitation spectra presented in (a)–(d). (g)–(h) Emission-excitation maps of MC before (g) and after (h) 365 
nm UV exposure. (i) FTIR spectra of MC when exposed to UV (365 nm) and then 254 nm to retroconvert dimers to monomeric species (red spectra). (j) Emission (at 
λex ↑ 320 and 375 nm) and excitation spectra (λobs ↑ 400 nm) of solid MC post-UV exposure under 254 nm light in MeOH for retroconversion of dimer species to 
monomers. Inset: normalised emission spectra and sample vial under ambient (top) and UV illumination before (middle) and after (lower) 254 nm irradiation. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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Spectral changes and shifts reduce significantly from 2 h until the 32- 
h endpoint. Monomer emission continues to reduce in intensity, but now 
more attributable to photo decay (Fig. 3f). The only notable change is 
after 4 h, when a broad excitation band with λmax ↑ 411 nm is observed 
(Fig. 3c), corresponding to a broad emission band from 500 to 700 nm 
(λmax ↑ 540 nm). Relative to monomeric emission, the intensity is 
negligible (Fig. 3f). The photodimer is photosensitive and is known to 
form radicals and unexpected decay fragments. Notably, the band is 
excitation dependent, observable at λex ↑ 375 nm not 325 nm (and 
emission band are generally observed to vary with excitation wave-
length in all spectra of MC over the time analysed). These behaviours 
resemble a “red-edge” type effect, where a fluorophore’s emission en-
ergy is dependent on the energy input due to a competing energetic 
process that occurs after excitation of the fluorophore on a timescale 
comparable to fluorescence mechanism [47]. Here, the broadband 
low-energy excitation dependent emission has been observed previ-
ously, being attributed to photodegradation of the dimer due to the 
photochemically active carbonyl group that can cause a biradical 
character to form that can create free radicals [14,46,48,49]. 

Together, the data highlight the instability of MC when exposed to 
UV, driven primarily by photodimerization. Indeed, a recent work 
confirmed the conversion of monomers to dimers results in the a-axis 
increasing by 6.8 Å to 14.614 Å, with a unit cell volume expansion from 
206 Å3 to 411 Å3 resulting with transition to Pbcn. This large distortion 
induces strain in crystallites and a loss of crystallinity [17]. This is 
observed in the PXRD of our UV exposed MC samples too (Fig. S12), and 
we note the sample colour change from white to brown along with the 
low emissive nature of UV exposed samples (Fig. 1b). 

Picosecond time-correlated single photon counting (TCSPC) data of 
MC corroborate the spectral observations above (Fig. 4a–b, S13 and 
Table S1). Fluorescence decays were fitted with a three-component (τ′s) 
exponential function. Monomer emission was tentatively assigned τ2 in 
accordance with previous reports [50]. The τ3 component, exhibiting a 
longer lifetime, is tentatively assigned to a form of charge-transfer 
relaxation pathway, while τ1 is likely related to aggregates. The initial 
MC sample (Fig. 4b, top) shows wavelength dependent τ1 and τ2 with 

negligible contribution from τ3; at 390 nm τ2 dominates while by 510 
nm the τ1 is the major contributor. In contrast, after UV exposure, the 
contribution of τ2 remains consistent across observed wavelengths, 
while τ1 is initially greater then reduces. Notably, at 390–430 nm, the 
contribution of τ1 and τ2 are close to equal in the converted sample. τ3 
increases across all wavelengths, indicative of the new photo decay 
activated broadband emission. The lifetime of τ1 and τ2 reduce after UV 
exposure significantly with increased observed wavelength. 

After 32 h of UV exposure, MC exhibited predominantly dimer 
composition (but a lack of crystallinity). The dimer can be symmetrically 
cleaved back to monomeric MC by UV-C exposure (less than 300 nm) in 
MeOH, regenerating fluorescence, but the process typically leads to 
material degradation [15–17]. The UV converted solid sample was first 
submerged in MeOH for 2 h to confirm no change in emission results 
from solvent interactions alone (Fig. S14). After exposure to 254 nm UV 
light over 24 h (4 W lamp) emission reverted to the original monomeric 
band but was low in intensity (Fig. 3j). FTIR spectra confirms the 
regeneration of the monomer species bands (Fig. 3i), albeit less intense 
and with still some presence of the dimer. PXRD indicated amorphiza-
tion still of the sample (Fig. S12). We conclude, therefore, that while UV 
exposure does return the sample chemically to monomeric form, the loss 
of crystallinity and order of the dipole moments interferes with the 
desirable geometric conditions for effective fluorescence. 

2.3. Photophysical properties of MC@Z7-NS 

To analyse the effect of entrapping MC in Z7-NS, a system of 12 
MC@Z7-NS samples with different guest loadings were prepared. From 
NMR (Fig. S15), the bIm:MC final loading ratio was determined to be 
3.4 → 10↘4, 5 → 10↘4, and 7.2 → 10↘4 from synthesis quantities of 1.3, 
2.6 and 4.5 mg MC, respectively (and bIm:MC synthesis ratios of 5 →
10↘3, 1 → 10↘2 and 1.6 → 10↘2). Fluorescence of MC@Z7-NS (assigned 
as the 2.6 mg sample) initially appears dark purple (Fig. 5a and h), with 
a PLQY of 20.7 % (3.3→ increase from molecular MC). MC@Z7-NS ex-
hibits a single emission band (λmax ↑ 385 nm) comparable to the 
monomeric state of MC (Fig. 5a), with the corresponding excitation band 

Fig. 4. Lifetime analysis of MC and MC@Z7-NS. (a) Lifetime components (in ns) of τ1, τ2 and τ3 for MC and MC@Z7-NS compared to before (green) and after (purple) 
UV exposure across a range of observed wavelengths. (b)–(c) Lifetime components of MC (b) and MC@Z7-NS (c) before (top) and after (below) UV exposure. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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between 300 and 350 nm (λmax ↑ 340 nm). As MC loading increases, the 
emission band intensity increases (Fig. S16) while the band position 
remains constant. Solid-state UV–Vis absorption spectra (Fig. S17) also 
confirms the presence of MC in MC@Z7-NS samples, with a slight in-
crease in intensity of the absorption band at 325 nm upon increased 
guest loading. While Z7-NS absorbs and emits in the UV (λex ↑ 250–280 
nm, causing UV-B λem ↑ 295–320 nm) (Fig. S18), when excited at 325 
nm, the framework absorption does not interfere with MC fluorescence 
(Fig. S19). 

The photo behaviour of MC@Z7-NS further supports that MC was 
incorporated into the nanosheets, rather than simply being a composite 
mixture. Emission from MC@Z7-NS is blue-shifted 20 nm cf. molecular 

MC, the higher energy being typical of molecules confined within a host 
structure. Entrapment is further indicated by a reduction in the Stokes 
Shift from 53 nm to 45 nm, implying less energy is lost. Unlike molecular 
MC, no aggregation band is observed in excitation/emission spectra 
(Fig. 5) or absorption spectra (Fig. S17), suggesting the positioning of 
MC in inter-layer cavities limits the necessary physical overlap. In 
contrast, for Z7-NS physically mixed with molecular MC (equivalent to 
synthesis quantity for MC@Z7-NS), a distinct absorption band was 
measured, comprised of a larger band at 325 nm and a secondary 
shoulder at 360 nm (attributable to aggregates) (Fig. S17). 

When MC@Z7-NS is exposed to 365 nm UV light, distinct and 
favourable behaviour is observed in contrast to molecular MC (Fig. 5). 
Remarkably, there is no evidence of dimerization in the emission spectra 
or solid-state absorption (Fig. S20). This is likely due to the lack of 
double bond overlap and alignment between MC molecules, as is needed 
for dimerization, when entrapped between Z7-NS. Photodimerization 
via [2 ↓ 2] photocyclization typically requires the favourable topolog-
ical condition posited by Schmidt, being reactive double bonds parallel 
in the crystal lattice within 4.2 Å of separation [51]. MC is an exception 
to this rule, initially, however. While MC has double bonds within 3.83 Å 
of each other, they are not parallel as is also required. Instead, they are 
rotated 65↗ with respect to each other [44]. Studies have revealed that 
orientational flexibility is key and the absorbance of UV allows for the 
rotation to generate the syn-head-tail dimer [52,53]. The dimerization 
of coumarins is known to be highly sensitive to packaging arrangements 

Fig. 5. Photophysical properties of MC@Z7-NS. (a)–(d) Emission-excitation maps of MC@Z7-NS exposed to UV light (365 nm, 4 W) for 0, 1, 2 and 12 h (left to right). 
Signal intensity indicated by colour (dark blue ↑ weakest, red ↑ strongest). Above: MC@Z7-NS powder under UV irradiation before (left) and after (right) UV 
exposure. Colour bar represents emission chromaticity as a function of UV exposure time. (e)–(i) Emission and excitation spectra of MC@Z7-NS over 24 h of UV 
exposure with excitation at 375 nm (e, g), 320 nm (h–i) and excitation observed at 500 nm (f–g) and 400 nm (h–i). Inset: MC@Z7-NS powder under ambient (right) 
and UV illumination (left) after 0, 1 and 15 h of UV exposure. Spectrum designation indicated by colours of times in (h). Artefact peaks from equipment (410, 545, 
580 nm) present across spectra. 

Table 1 
Emission and excitation maxima, with the corresponding Stokes shifts of MC and 
MC@Z7-NS under UV exposure.  

Sample MC MC@Z7-NS 

UV Exposure 0 h 12 h 0 h 1 h 2 h 12 h 
Ex1 λmax (nm) 352 355 340 338 340 336 
Em1 λmax (nm) 405 395 385 382 379 378 
Stokes Shift 1 53 40 45 44 39 42 
Ex2 λmax (nm) 384 411  384 375 384 
Em2 λmax (nm) 405 540  463 460 458 
Stokes Shift 2 21 129  79 85 74  
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[44], and increasing pressure has been shown to also limit dimerization 
of MC [54]. UV exposure over a 2-h period, however, does result in a 
red-shift of emission to a vibrant blue (Fig. 5a–d) with a 5→ intensity 
increase (λex ↑ 375 nm) (Fig. 5g and i). This is associated with an in-
crease in quantum yield from 20.7 % to 26.6 % (4.2→ increase cf. mo-
lecular MC). A larger Stokes shift of ≃80 nm is observable (Table 1), a 
notable improvement over molecular MC by effectively preventing 
self-absorption. These properties are a significant improvement in 
desirability for a blue emitting LED system over molecular MC. 

To reveal the origin of the new band, MC@Z7-NS was exposed over a 
period of 24 h to a UV lamp (365 nm, 4 W) with excitation and emission 
spectra measured intermittently. Due to the lack of detectable MC bands 
using XRD or vibrational spectroscopy (Figs. S21–S22), only photo-
physical data was useful for elucidating potential mechanisms. Emission 
maps at select times (Fig. 5b–d) present a clear progression of a second 
emission band forming at around 475 nm after 1 h (Fig. 5b). At this 
point, the second band and higher-energy monomeric band appear equal 
in intensity. The emission spectra comprising the map have an isosbestic 
point between the two bands, suggesting a relationship between the two 
emission processes (Fig. S23). After 2 h (Fig. 5c), the second lower- 
energy band dominates, while after 12 h (Fig. 5d) the monomeric 

band is entirely extinguished, leaving the second lower-energy band. 
At all times, excitation spectra measured at 400 nm results in a single 

absorption band characteristic of molecular MC with λmax ↑ 325 nm. 
Intriguingly, however, the corresponding emission spectra observed at 
320 nm, while initially exhibiting the monomeric MC emission band, 
begins to form a second emission band at 475 nm as the initial mono-
meric band decreases. This implies that the same monomeric species are 
absorbing energy to reach an excited state, while the emission is 
occurring through both the initial monomer S1→S0 pathway and a new 
pathway. 

In contrast, when the sample is excited at 375 nm, no emission band 
is initially observable but after 1 h a broadband between 400 and 600 
nm forms, increasing in intensity by a factor of 5 over 24 h. Corre-
spondingly, excitation observed at 500 nm sees a secondary absorption 
band at 384 nm, corresponding to the new blue emission observed. This 
is coupled with the suppression of any traces of the monomeric band 
observable in initial spectra before UV exposure. A final key observation 
is that while the Stokes shift of the first emission band is around 42 nm, 
remaining mostly consistent upon UV exposure, the second broadband 
has a Stokes shift of, on average, 80 nm (Table 1). Critically, the new 
band is distinct, both in terms of energy and Stokes shift, from the low- 
intense broadband observed in molecular MC after UV exposure that was 
attributed to photo decay. PXRD and FTIR of the sample post-UV 
exposure reveal no change in crystallinity or chemical bonding, at 
least of the framework (Figs. S21 and S22). Suspending MC@Z7-NS in 
MeOH for 6 h did not alter the emission spectra (Fig. S24). Nor did 
irradiation of MC@Z7-NS in MeOH with 254 nm UV, confirming the 
process is not reversible like photodimers in MC (Fig. S25). 

These data combined suggest the new emission band may arise from 
a form of intramolecular or inter-molecular charge transfer (CT), a 
common indicator in spectra induced by CT effects [55]. MC is known to 
undergo molecular rotation and movement upon excitation, a feature 
that enables dimerization. Chromophores such as RB have been previ-
ously shown that movement under UV exposure can occur over time 
irreversibly, leading to, for example, self-aggregation in confined do-
mains on silica nanoparticles and as nanosized domains in THF [56]. 
Here MC may move to enable greater overlap for CT. 

MC is a polar molecule comprising a methoxy weak electron donor 
and carbonyl electron acceptor. This permits intramolecular charge 
transfer (ICT) which is increased in the excited state. A full resonance 
pathway exists for electron delocalisation between the donor and 
acceptor due to the 7-position substituent, allowing the donor group to 
participate more effectively in the delocalised π system of the coumarin. 
This creates a “push-pull” effect in coumarins which shifts absorption 
and emission spectra [57]. Alternatively, the charge transfer may take 
place between two closely aligned molecules. Di 
(7-methoxycoumarin-4-methyl)-1,10-diaza-18-crown-6 exhibits both a 
local excitation and an internal charge transfer band, with charge 
transfer resulting from the close alignment of fluorophores (within 8–10 
Å) provided by the diaza-crown [58]. For MC@Z7-NS, the bIm hori-
zontal claw inter-layer spacing overlaps the methoxy and carbonyl 
groups of neighbouring MC, potentially enabling CT interactions. The 
CT process creates a more stable excited state, i.e., the red shifted band 
compared to the monomeric position. The diaza-crown system, like 
MC@Z7-NS, also exhibited an isosbestic point, referencing the recip-
rocal relationship between the locally excited (LE) and CT band. 

While MC is capable of π electron overlap and delocalisation, exci-
mer emission has been discounted due to the large spacing (5.7 Å) be-
tween MC guests limiting aromatic ring overlap (Fig. 1b). Park et al. 
demonstrated that for coumarins with substituents in 7- and 4- positions, 
the fluorescence behaviour of the material is highly sensitive to packing 
arrangements [10]. Isolated monomer type coumarins exhibited some 
intermolecular interactions and yielded stronger fluorescence while 
only isolated-dimer systems (not evinced for MC@Z7-NS) led to emis-
sion from excimers. 

Lifetime data further provides understanding (Fig. 4c, S26 and 

Fig. 6. Inkjet Printed Films of MC@Z7-NS. (a) SEM images of MC@Z7-NS 
inkjet printed onto PET substrate, viewed at various magnifications. Above: 
thin film under ambient lighting (left), UV illumination (middle) and post-UV 
exposure under UV illumination (right). (b) SEM images of MC@Z7 at 
various magnifications. Above: thin film under ambient lighting (left) and UV 
illumination (right). (c) Emission spectra of MC@Z7-NS printed films on PET 
(orange) and glass (purple) before UV irradiation. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 
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Table S2). Lifetime data of MC mixed with Z7-NS aligns closely with the 
MC lifetime data (Fig. S27, Fig. 4b). In MC@Z7-NS, however, the 
monomer component is a major contributor to lifetime. Lifetime data 
with varying concentrations of MC is consistent with that obtained for 
MC@Z7-NS (Fig. S28). Upon UV-exposure lifetimes change less drasti-
cally than seen for molecular MC, although τ3 notably increases in 
contribution, while the monomeric component reduces. This aligns with 
the suggestion that a degree of charge transfer is involved in the fluo-
rescence mechanisms after photoirradiation of MC@Z7-NS, as the ICT 
state lifetime is longer for coumarin entities [59]. Unlike MC, the 
framework appears mostly independent of observed wavelength, with 
only a minor reduction of τ1 percentage contribution as observed 
wavelength increases. 

To examine long term stability, MC@Z7-NS, was exposed to a 150 W 
concentrated UV irradiation from a Xenon lamp at the sample’s ab-
sorption maximum (325 nm) over 24 h. Compared with a typical 4 W 
LED cell, these results reflect a simulation of long-term working-time 
use. The data (Fig. S29) reveal exponential decay with similar intensity 
loss to MC (40–50 %), although the less concentrated MC@Z7-NS 
sample appeared to retain more emission intensity. Importantly, 
limited chromatic aberration was observed for the MC@Z7-NS samples, 
compared with the significant blue-shift towards deep purple emission 
for MC (resulting from photodimerization and decay). 

2.4. Comparison to MC@Z7 

To confirm the features described are attributable to the 2D archi-
tecture of MC@Z7-NS, we prepared MC@Z7, the analogous 3D sodalite 
ZIF framework. The room temperature in situ encapsulation synthesis of 
MC in Z7 was adapted from a guest@ZIF-8 synthesis protocol with equal 
MC synthesis quantity to MC@Z7-NS (see Methods). Analysis of the 
reported ZIF-7 crystal structure confirmed a cavity size of 17.34 → 11.47 
Å2, large enough for a MC molecule. The opening of the cavity is 3.7 Å2, 
discouraging any encapsulated guests from leaching. PXRD and FTIR 
confirmed the retention of the ZIF-7 framework crystallinity (Fig. S30) 
with no new bands indicating impurities or surface MC. The material 
fluoresced deep-blue under UV (Fig. S31) with the emission map of 
MC@Z7 resembling the monomeric pre-UV exposed MC sample 
(Fig. S31). After 24 h of UV-exposure, the sample did not alter in 
emission colour, suggesting the framework encapsulation prevented 
dimerization in a similar fashion to MC@Z7-NS. No secondary lower- 
energy band formed, however, and the quantum yield remained low 
(4.5 %). This reaffirms the importance of an open interlayer spacing 
arrangement for dye-dye interactions in enabling the more intense blue 

emission observed in MC@Z7-NS. 

2.5. Inkjet printing of MC@Z7-NS thin films 

To showcase the potential photoluminescent capabilities of nano-
sheet blue emitters, thin films of MC@Z7-NS were fabricated using a 
research-grade inkjet printer (Jetlab II, MicroFab Technologies®). Mi-
croscope glass slides and Polyethylene terephthalate (PET) films were 
used as the two different substrates considered in this demonstration. To 
determine the optimal film thickness, several layers of MC@Z7-NS were 
deposited onto a glass substrate, and subsequently tested. The outcomes 
of these printing trials are presented in Fig. S32, while the final printed 
film, covering an area of 763.6 μm → 1039 μm with a thickness of 26.15 
μm, comprising 12 layers of MC@Z7-NS, is illustrated in Fig. S33 of the 
supplementary information section. Fig. 6a shows a film of MC@Z7-NS 
(12 layers) finely printed onto a PET substrate. The SEM images reveal a 
consistent coating of the sample across the entire printed area. Alicona 
surface imaging revealed micron-sized surface roughness, resulting in an 
increase surface area, which in turn improved emission intensity 
(Fig. S33). In contrast, a printed film of MC-Z7 exhibited aggregation 
and inconsistent layering (Fig. 6b and S34) with low quantum efficiency 
(3.42 %). While initially deep-blue/purple emitters (Fig. S32), after UV 
exposure, printed MC@Z7-NS films exhibited homogenous stable bright- 
blue emission, similar to that of the powdered sample (Fig. 6a, S35). 
Samples printed onto PET exhibited an increase of more than 6 → in 
emission intensity over glass slides after UV exposure (Fig. 6c). PLQY 
(19.3 %) was closely retained to values observed for powder MC@Z7- 
NS. While only preliminary, given the complexity of fully realised 
OLED devices [23,60], these printing results show the potential of 
luminescent MON thin films via printing for incorporation into opto-
electronics such as OLEDs. 

2.6. White-light emitter via triple-guest system 

With a blue emitter established, we developed a single system triple- 
guest (TG) WLE material, eliminating the need to combine single guest 
materials. In situ incorporation of MC, F and RB was achieved by mixing 
the three chromophores in a specific ratio with bIm, Zn(NO3)2 and NaCl. 
The resultant material, TG@Z7-NS produced WLE (Fig. 8a–f). The 
crystal structure and morphology of Z7-NS was maintained in TG@Z7- 
NS, with no new bands observable in vibrational spectroscopy to indi-
cate surface species of any guest (Figs. S36 and S8). Nano-FTIR also 
resembled Z7-NS nanoFTIR spectra, with no bands from any guest 
(Fig. S8). Particle morphology was consistent with MC@Z7-NS (Fig. 7a), 

Fig. 7. Morphology of TG@Z7-NS. (a) AFM surface imaging of TG@Z7-NS (right) with height profiles (left); (b) histogram (0.5 nm bins) of TG@Z7-NS particle height 
of 100 sample size; (c) TG@Z7-NS particles imaged by AFM; (d) SEM Imaging of single TG@Z7-NS particles (material on an aluminium stub with 25 nm gold 
coating). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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with 100 particles exhibiting an average height of 3.5 nm (↔ 0ω37 nm) 
and lateral dimensions of ca. 2 → 3 μm (Fig. 7b–c, Fig. S37). 

30 unique cold-warm white light fluorescence emission colours were 
achieved depending on the concentrations of MC, F and RB during 
synthesis (Fig. 8f and S38). Emission colour temperature is mostly 
within 4000–6000 K and 6000–8000K on the Planckian locus. These 
ranges correspond to bright white light and colder white light, respec-
tively, with incandescent lightbulbs typically rated at 4200 K, daylight 
at 5500 K, and an overcast day at 6500 K. An ideal white-light emitting 
TG@Z7-NS sample with chromaticity coordinates (0.33, 0.34) was 
achieved by tuning guest synthesis ratios over 30 samples (Fig. 8f, 
sample 22). The PLQY of TG@Z7-NS was impressively high, 65.08 %, 
attributable to the thin 2D nature of Z7-NS. Four further clusters of 
colours were achieved: yellow/green, blue-green, cold white, and warm 
white (Fig. S39). Emission chromaticity adjusted as expected with the 
increase/decrease of a contributing chromophore (e.g., maintaining MC 
and F while reducing RB produces a colder white towards blue 

emission). 
TG@Z7-NS (ideal sample) excited at 330 nm exhibited three distinct 

emission bands, assignable to MC at 390 nm, F at 515 nm and RB at 585 
nm (Fig. 8b). The ideal sample shows equivalent intensity bands from F 
and RB, while the MC band is more intense with a ratio of 5:3 of MC:F/ 
RB (Fig. 8b). An emission map exhibits the excitation range of 320–360 
nm where all three guests emit (Fig. 8e). At longer wavelengths, the dual 
emission of F ↓ RB (~500 nm), then only single emission of RB (~560 
nm), is observable. The excitation spectra (observed at 610 nm emission 
wavelength) correspond to the emission spectra, with three distinct 
absorption bands assignable to MC at 300–375 nm, F at 425–520 nm, 
and RB at 540–600 nm (Fig. 8a). The excitation spectra remain similar 
over varied F:RB:MC concentrations (Fig. S40). 

Simple physical mixing of the F/RB/MC dyes did not produce the 
same spectral bands, nor did mixing the three single-guest F/RB/ 
MC@Z7-NS systems, highlighting the importance of simultaneous 
entrapment in Z7-NS for ideal WLE (Fig. S41). UV–Vis solid state 

Fig. 8. TG@Z7-NS photophysical properties. (a) Emission (filled and broken lines) and excitation (solid line) spectra of MC@Z7-NS (blue), F@Z7-NS (green) and 
RB@Z7-NS (red) with excitation spectra of TG@Z7-NS overlayed (observed at 400 nm). (b) Emission spectra of WLE TG@Z7-NS samples. (c) Concentrations of F, RB 
and M in TG@Z7-NS samples shown in (b). (d) Lifetime data of TG@Z7-NS sample 22. (e) Emission-excitation maps for TG@Z7NS samples 22 (top) and 25 (bottom). 
(f) TG@Z7-NS samples synthesised and emission chromaticity. Inset: TG@Z7-NS ideal WLE sample under ambient (right) and UV (left) light. Above: select TG@Z7- 
NS samples under ambient (top) and UV (bottom) light compared with MC@Z7-NS (far left vial) and F@Z7-NS (far right vial). (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.) 
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absorption spectra show TG@Z7-NS exhibits 4 bands assigned to Z7, 
MC, F and RB (Fig. S42). There is no evidence of MC photodimers. The 
absorption band intensity proportion between MC:F:RB is 10:2:1. While 
the concentration of MC was significantly greater than F and RB during 
synthesis (34058000:2650:1 respectively) (Fig. 8c), the final product 
intensity ratios are less disproportionate. From NMR digest, a MC:F:RB 
ratio in TG@Z7-NS was calculated to be 148:14:1 (with a bIm:guest ratio 
of 0.0037, 0.00034 and 0.000025 for MC, F and RB), indicating only a 
10 → increase in loading of MC from MC@Z7-NS (Fig. S43). Indeed, TGA 
was conducted with TG@Z7-NS and compared with a mix of Z7-NS and 
the powders of MC, F and RB used in synthesis quantities. While the 
powder mix showed an 8 % weight loss around 150 ↗C, where the dyes 
would have decomposed, TG@Z7-NS did not (Fig. S44). 

Fig. 8a overlays the emission and excitation spectra of MC@Z7-NS, 
F@Z7-NS and RB@Z7-NS, showing that the emission of MC overlaps 
with the absorption of F, and the same for F and RB. Given the spectral 
overlap, emission by MC may be absorbed by F and the same for F and 
RB, hence the need for a greater proportion of MC guest in the triple- 
guest system. While F ↓ RB@Z7-NS was previously reported to exhibit 
F”orster resonance energy transfer (FRET) between F and RB, the incor-
poration of MC appears to disrupt the process and instead increases the 
monomeric emission from the F molecules. This is further supported by 
the blue-shift of the F band as MC is added; while during FRET the F 
band is red-shifted, a monomeric F emission is relatively blue-shifted. 

Lifetime data indicates four lifetime components that do not vary 
significantly by altering the F:RB:MC synthesis ratios (Fig. 8d, S45-46 
and Table S3). These are assignable to MC, F and RB, with the second 
and third components increasing in contribution as observed wave-
length increases and approaches the emission of F and RB. Exposure of 
the sample to a Xenon lamp (150 W) at 350 nm emission revealed 
similar long-term exposure exponential decay rates of each fluorophore 
in the material and the retention of white-light emission after testing 
despite a 75 % reduction in emission intensity (Fig. S47). 

3. Conclusions 

This work demonstrates the realistic potential for metal-organic 
nanosheets as viable host frameworks for WLE diodes. Using room 
temperature, salt-template based bottom-up syntheses of guest@ZIF-7- 
NS samples, it was possible to entrap MC to form 3 nm thin blue- 
emitting nanosheets. The material prevented photo decay and dimer-
ization (which suppresses emission in molecular MC), while simulta-
neously enabling a more intense, higher quantum yield, bright blue 
emission band from dye-dye charge transfer interactions. This behaviour 
was “turned on” irreversibly by UV exposure, enabling MC@Z7-NS to 
act as a UV exposure sensor in the process. These results surpassed the 
luminescence and stability properties attainable when MC was encap-
sulated in the confined pores of the parent 3D ZIF-7 framework. Inkjet 
printing of the MC@Z7-NS samples also confirmed the benefits of 
employing nanosheets to obtain more homogenous, less aggregated, 
thin films of blue emitters over 3D framework hosts. 

Finally, by in situ entrapment of MC with F and RB it was possible to 
manufacture a single WLE nanosheet material, TG@Z7-NS, with near 
ideal emission chromaticity coordinates (0.33, 0.34), high quantum 
yield (65 %) that outperforms 3D guest@MOF single-phase WLE systems 
and other MON WLE systems, stability over extended harsh working 
conditions, and a range of tuneable colours from cold to warm white 
light depending on guest concentration ratios, all while maintaining a 
nanosheet morphology of 3.5 nm thinness with 2–4 μm lateral di-
mensions. Collectively, these findings establish an adaptable blueprint 
for furthering the design of host@guest metal-organic based OLED 
nanosheet systems towards manufacturing sustainable, rare-earth metal 
free materials for efficient and reliable white-light emission. 
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Supplied in Supplementary Information. 
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 Printing techniques for fabricating 

LMON-based devices 
 
 

4.1    Premise 

Fabrication of MOF surfaces and films is a well-recognised challenge in the field, 

and one that limits the use of MOFs in luminescent-based applications such as 

micro sensors for pressure and environmental conditions, along with lighting and 

tagging. Printing techniques, such as direct writing or inkjet printing, have offered 

the most customisability and precision in constructing LMOF surfaces, but still 

have limitations. These range from time and cost, the small scope of applicable 

MOFs due to needing small particle size, and limited ability to control homogeneity 

of the depositions. This chapter establishes LMONs as a means to overcome these 

limitations. The morphology and particle size results in improved precision and 

quality of prints, establishing a new technique for MOF material patterning and 

coating: aerosol-jet printing (AJP).  
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4.2    Patterned MOF Films   

Synthesised typically as powders, MOFs need to be shaped into desired forms 

through fabrication techniques to be usable in manufacturing for potential 

applications. MOF powder is often brittle and insoluble, making this conversion 

process difficult.[127] Frequently, post synthesis fabrication can compromise the 

porous structure of MOFs either through a loss of crystallinity (e.g., pelletising or 

etching) or blocking of pores (e.g., MOF-polymer matrix). Dye@MOF materials 

have the additional challenge of needing to avoid guest leaching and dilution due 

to solvent infiltration during material processing.[128] 

The integration of MOFs into devices such as sensors and optoelectronics is still 

often hindered by the lack of versatile and controllable deposition and surface 

patterning techniques.[38] Most WLE MOF systems rely on rough and uneven 

deposits of powder for proof-of concept UV-chip based OLED composites.[83,129-

133] Very few studies extend investigations into fabrication. Even less considered 

is fabrication at smaller scales to produce films and patterned surfaces at the micron 

scale rather than bulk coatings.[3] Thus, processing MOFs into specifically 

patterned micro- and nano-films that are structurally robust and exhibit operational 

flexibility is a highly desired area of exploration.[3,134]  

Liquid-phase epitaxy, chemical vapour deposition, or electrochemical deposition 

can effectively grow even surface depositions, but only if the chemistry of the MOF 

permits such growth.[135] Even then, precise patterning is not viable unless a 

mould or directing agent for masking is used.  Alternatively, techniques such as 
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lithography (UV, X-ray, electron beam or chemical etching) and lift-off patterning 

provide subtractive approaches.[136] These techniques risk damaging the 

framework at the interface and edges of the areas subtracted, and given the 

interconnected nature of MOF structures, this can have broader repercussions due 

to extended strain effects in the framework.[137]  

 

4.3    Printing MOF films   

A more recent method for WLE guest@MOF fabrication that offers wider 

applicability, along with improved control and precision, is patterning by 

printing.[138-139] Printing can also directly enhance functional properties. Our lab, 

for example, has demonstrated the effectiveness of 3D printing as a tool for light 

emission control: by combining yellow-emitting ZIF-8 with blue-emitting 

photopolymer resin, WLE was attained.[109] Adjusting the thickness of the printed 

pellets altered emission chromaticity. Of note, however, 3D printing for shaping 

entire objects and structures is beyond the scope of this chapter. MOF framework 

film printing is dominated by direct ink-writing,[139-141] and some fused 

deposition modelling (reshaping thermoplastic filaments) (Figure 4.1). A small 

selection of LMOF materials have been successfully inkjet printed for functions 

including anti-counterfeiting, watermarks, and sensors.[142]  
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Figure 4.1. Publications of printed MOF materials as of 2022 based on technique used. 

Reproduced with permission from Ref. [139]. Copyright Wiley, 2022.  

 

Inkjet printing, while not frequently used, offers notable benefits including digital 

control and scalability, along with being a non-contact and mask-free 

approach.[142] The process is additive so layers can be added sequentially, albeit 

often a timely process that requires recalibration between runs.[143] Inkjet printing 

has been used for applications such as security or climate indicators on packaging, 

sensor bio arrays, and OLED display pixels.[139] Considerations such as the ink 

viscosity, surface tension, and interaction between ink and target substrate are 

critical variables for successful printing.[144] The formulation of inks is a major 

limitation and a small range of viscosities and surface tensions are required to avoid 

highly defective and unpredictable prints. Success is often impeded by particle size 

of the crystalline powders and material instability, which can lead to agglomeration 

during printing in solvents. [136,145-146]   
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4.4    Aerosol Jet Printing  

AJP is a digitally controlled advanced modern deposition technique. Early uses of 

AJP, after the first commercial system in 2004, focussed on printing electronic 

components such as silver conductive patterns, graphene interconnects or 

perovskite-based photodetectors.[147] Now, applications have expanded to 

actuators and a gamut of sensors, from biosensors to mechanical sensors for strain, 

motion sensors, hazardous gas sensors, photosensors, and more.[148] These are 

useful for human activity monitoring and antibody detection, touch sensors for 

robotics, construction of prostheses and implants, and integrated microheaters.[148] 

AJP aligns with a drive to produce smaller, lighter, and higher performing 

electronic devices while remaining cost effective. By 2032, the market for 

integrated electronics on and within materials is forecasted to reach $3.5 billion. 

[148]  

AJP utilises a focussed aerosol stream to precisely print materials without contact, 

with high-spatial-resolution features up to ~ 10 nm. [147,149-150]  In brief, the 

technique involves atomisation of the ink, followed by a stream of inert gas to 

deposit the ink (see Figure 4.2). The ink travels through tubing (~ 10 s) before being 

accelerated through a nozzle typically of 20 mm length and 50-300 μm internal 

diameter. Our studies employed ultrasonic atomisation, producing print droplets of 

1-5 μm in diameter. A range of factors can be tuned in the system to optimise prints, 

including aerosol gas flow rate, sheath flow rate (printed line width), and 

atomisation strength. 
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Figure 4.2.  Diagram of key components within aerosol jet printing equipment. Right panel 

represented a zoomed version of the printing head. Reproduced with permission from Ref. 

[148]. Copyright Wiley, 2023. 

 

AJP offers improved resolution, flexibility, printing speed, precision, and 

complexity of patterns printable over traditional techniques such as inkjet printing 

(see Table 4.1).[149] The technique allows for increasing variability in viscosity 

(0.001-1 Pa s) compared to inkjet printing,[148]  reducing the need for careful ink 

formulation. The distance between the nozzle and substrate can extend up to ~ 10 

mm, allowing for printing on stepped or curved surfaces to produce complex 

geometrical designs. AJP also offers better control to print 3D structures without 

the need for moulds or support structures, with works creating various porous 

lattices and micropillar arrays.[151]  

Table 4.1. Properties of prints by various techniques.[148]  
Printing type Viscosity (Pa s) Line width (μm) Thickness per layer (μm) 

Inkjet 0.01-0.02 30-50 0.01-1.0 

Aerosol-jet  0.001-1.0 10-120 0.01-3.0 

Direct Writing  0.5-5.0 30-50 0.1-100 
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Substrates for printing have varied from traditional materials such as silicon, glass, 

and flexible polymers, to more advanced textiles and cellulose. Ink types are 

typically divided into metallics (silver, gold, platinum), common polymers (e.g., 

polyaniline and polydimethylsiloxane (PDMS)) and carbon graphene. Materials 

such as ionic liquids and perovskites are newly established inks currently being 

explored. 

While metals were initially used as inks, research is actively exploring new 

functional dyes so that manufactured surfaces can achieve more useful functions, 

such as sensing or lighting.[148,152]  Only a few works have reported AJP of 

luminescent materials. One work has printed UV luminescent quantum dots (5, 32, 

23 % PLQY for blue, green and red, respectively).[153-154] Another has used 

europium-doped yttrium oxide nanospheres for red luminescent patterning.[155] 

Paper III outlines further examples.  

MOFs are, theoretically, an ideal candidate for functional AJP dyes given the 

rational design and tuneability of MOF materials, coupled with diverse 

multifunctionality. LMOFs, in particular, provide luminescent functionalities that 

could be maintained and enhanced through AJP. However, no MOF materials have 

been directly printed with AJP. This is primarily due to system clogging that can 

result from using materials that exceed 2 Pa s or a diameter more than 300 nm, 

given the nozzle for printing typically has a diameter of 50-300 μm. Even where 

smaller particle sizes can be achieved, MOF particles are often charged and 

aggregate due to high surface area, resulting in particle clumps too large to print. 
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The porosity of MOFs also limits robustness when exposed to the process of 

atomisation and printing. Kravchenko et al. reported the only AJP of MOF related 

materials in 2022.[156] In that work, the metal and ligand precursor solutions were 

printed such that the crystallites of the MOF (UTSA-280) grew after printing on the 

Si substrates. A resolution of 100 μm was achieved. Coatings of different colours 

were achieved by increasing layering, which increased thickness and the scattering 

of light. The technique did result in limitations: stripes in the printing were observed 

due to defects caused by partial clogging of the atomiser, and limited control of 

topography was achieved due to crystalline growth post-synthesis.  

 

4.5    Printing with MONs 

4.5.1    Experimental Design  

This study established MONs as ideal MOF material alternatives for printing, due 

to their more compatible 2D morphology and physical properties compared with 

bulk MOF materials. Two techniques were used to explore this: inkjet printing and 

AJP.  

4.5.2    Inkjet Printing  

The first approach employed, included in Paper II (specifically, Figure 6), used a 

Jetlab II, MicroFab Technologies inkjet printer to print films of MC@Z7-NS. The 

printer used a drop-on-demand (DoD) technique with a piezoelectric actuator, 
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which on deformation of the actuator, induced by an electric field, resulted in the 

formation and release of ink droplets (Figure 4.3). That is, applying a specified 

electric potential to the piezoelectric transducer created a pressure wave due to a 

small change in volume, which propagated towards the nozzle and released the ink 

droplet. 

 

Figure 4.3. Drop-on-demand inkjet printing technique. Reproduced with permission from 

Ref. [157]. Copyright IOP Publishing, 2019. 

 

30 mg of the LMON was mixed with 5 mL of isopropyl alcohol (IPA) to form an 

ink. While MeOH and ethanol (EtOH) were also tested as possible ink carriers, they 

were found to be too volatile, leading to LMON particles not being sufficiently 

controlled before deposition on a polyethylene terephthalate (PET) surface. Tests 

were also carried out with 2× and 5× dilution of LMON in the ink, but this was 

found to produce inconsistent particle deposition, increased aggregation of LMONs, 

and uneven surface cover. After optimising instrument parameters, a 12-layer 

square print of 763.6 μm × 1039 μm with a thickness of 26.15 μm was produced 
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(Figure 4.4). SEM and surface roughness imaging confirmed consistency of surface 

covering. A degree of roughness resulted from the additive process, which would 

increase surface area and thereby increase emission.   
 

 

Figure 4.4. (a) SEM of 5 layers (left) and 12 layers (right) of MC@Z7-NS printed on PET. 

Bottom: photographs of the DoD prints under ambient (left) and 285-nm UV light (middle) 

with print under UV after 2 hours also shown for the 12-layer sample (right). (b) SEM of 

MC@ZIF-7 printed on PET, showing photographs of the print under ambient (bottom left) 

and 285-nm UV (bottom right) light.  

 

The print exhibited luminescence consistent with that reported for MC@Z7-NS, 

including the transition under UV to lighter blue emission (see Paper II, Figure 6). 

MC@ZIF-7 was also printed to offer a comparison. In contrast to the LMON 

printing, 3D MC@ZIF-7 produced non-uniform surfaces with large, aggregated 
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particles. The printing methodology was also compromised, with large MC@ZIF-

7 particles frequently blocking the printing nozzle, limiting controllable flow rate.  

As a proof of concept, printing LMONs with inkjet printing was promising, but the 

method had limitations. Printing pattern options were limited, and the process was 

often timely due to particles blocking the nozzle of the system. Dyes also required 

frequent readjustment, and parameters needed retuning for different LMON 

samples that were attempted. We therefore turned to a more advanced printing 

system with which a more standard protocol could be developed: AJP. 

 

4.5.3    Aerosol Jet Printing  

An Optomec AJ200 was used to print LMON-based inks (Figure 4.5). A UA Max 

ultrasonic atomiser was fitted to the printer to atomise the ink for deposition. Sheath 

flow rate and atomiser flow rate were adjusted to optimise the focus ratio (sheath 

flow rate: atomiser flow rate) of deposition. A start-up focus ratio of approximately 

1 was typically used to start material deposition. The focus ratio was increased from 

5 to 9 to achieve a more focused deposition for printing. The adjustment ensured a 

consistent particle flow could form first before then narrowing the focus to produce 

more precise deposition. The printing speed was 0.5 mm/s on glass and 0.2 mm/s 

on PET. The nozzle used was a 150 μm tip set at a working distance of 1 mm. 

Printing was completed at a rate of 0.2 mm/s to ensure precision and efficiency 

could be balanced.  
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Figure 4.5. Images of Optomec AJ200 showing printing with LMON ink. (a) Complete 

system including atomiser, nozzle, and printing stage. (b) Printing stage and printing nozzle 

components (inset – zoom of printing nozzle).  

 

Inks were developed using LMONs in toluene. As with DoD inkjet printing, using 

a less volatile and aprotic non-polar solvent reduced interactions with LMON 

particles that could cause aggregation, along with maintaining ink stability during 

the printing process. LMON concentration was sequentially tested from 10-40 

mg/mL. While lower concentrations produced narrower lines (20 μm), overspray 
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increased. In contrast, the wider lines (45 μm) produced at 40 mg/mL reduced 

overspray and resulted in more distinct luminescent prints. Beyond 40 mg/mL the 

ink density was too high to print. 40 mg/mL was therefore selected for the printing 

study. Prints were characterised using SEM and an optical profilometer (Alicona 

Infinite) in terms of print thickness, width, cross sectional shape, and surface 

roughness (Paper III, Figure 1, Figure 4.6). A linear increase in print height was 

observed with increased layering across all LMON inks, along with consistent 

heights across different LMONs. Line width was found to decrease with increasing 

layers, while overspray width increased (a typical profile of AJP).  

 

 

 
Figure 4.6. (a) Example characterisation of AJP prints with F@Z7-NS of varying layers 

using optical profilometry. Line width provided in Paper III, Figure 1. (b) Thickness of 

LMON prints relative to layers printed.  
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Four strategies were employed to demonstrate the versatility of printing to not only 

form luminescent films, but also control and enhance the luminescent properties of 

LMONs. Systematic studies of prints were microscopically analysed using 

fluorescence lambda scanning and z-stack confocal microscopy, a technique rarely 

employed to examine AJP or films of LMOF materials. These analyses allowed for 

data on homogeneity of emission and the collection of emission spectra (with a 

resolution of up to 3 nm) to identify spectral shifts. 

Strategy 1 altered emission intensity and shade by printing homogenous LMON 

inks of different layers (Paper III, Figure 2, Figure 4.7). For three inks, F@Z7-NS, 

MC@Z7-NS, and RB@Z7-NS, prints of various layers were prepared to observe 

systematic adjustments in emission intensity. Emission spectra were normalised to 

the intensity of the 64-layered sample of each ink so inter-ink comparisons were 

possible. Noticeably, a point of self-quenching was observed at around 32 layers 

for F@ZIF-L and RB@ZIF-L, after which adding further layers no longer resulted 

in an increase in emission. In contrast, the weaker MC@Z7-NS blue emitter 

increased in intensity up to 64 layers. Importantly, printing quality and consistency 

was observed across all prints. Despite increasing overspray and varied cross-

sectional height profiles across the line prints, cross sectional luminescent emission 

profiles appeared more consistent in emission intensity, showing defined emission 

patterns with limited diffuse light observed at the edges (Figure 4.7).  



4. Printing techniques for fabricating LMON-based devices 

 

101 

 
Figure 4.7. Examples of AJP printed LMON square perimeters of 500 × 500 μm. (a) Prints 

under fluorescence microscopy (405 nm excitation laser). (b) Prints under ambient light 

microscope. (c) Prints photographed under ambient (left) and 254 nm UV (right). (d) 

Emission intensity variations of LMON prints with increasing printed layers. (e) White-

light emitting prints comprised of blue, green, and red emitting LMON layered prints under 

405 nm excitation (above) and ambient light (below). Bottom images are the prints 

photographed under ambient (left) and 254 nm UV light (right). (f) WLE LMON printed 

on a UV diode to emit WLE. (g-h) Emission intensity profiles (g) and height profiles (h) 

perpendicular to line prints of F@Z7-NS prints with varying printed layers.  
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Strategy 2 involved the printing of different LMONs as layers on top of each other, 

to adjust chromaticity. Combining MC@Z7-NS and RB@Z7-NS, for example, 

resulted in a yellow emission, while printing MC@Z7-NS followed by layers of the 

yellow emitter DG@Z7-NS resulted in a green emitting print (Paper III, Figure 3, 

Figure 4.7). A systematic study of printing RB@Z7-NS layers on 32 layers of 

F@Z7-NS, however, exposed the limitation of layer control being dependent on the 

relative emission strength of the inks printed. Given RB@Z7-NS is a stronger 

emitter than F@Z7-NS, 1 layer caused an immediate shift from green to yellow. By 

8 layers, emission chromaticity had shifted entirely to RB@Z7-NS only. For 

improved fine control of chromaticity, inks with more comparable emission 

intensity should be used.  

A powerful application of additive layer colour control, however, is the ability to 

attain white light emission with varying degrees of warmth (Paper III, Figure 7, 

Figure 4.7). While a triple-guest Z7-NS effectively produced WLE, it required 

extensive synthesis to attain a sample with ideal emission coordinates. Here, 

printing combinations of red, green, and blue emitting inks (RB@Z7-NS, F@Z7-

NS, and MC@Z7-NS respectively), achieved WLE directly and reliably. To reduce 

the emission intensity variation effect, layers were printed sequentially from the 

strongest to weakest emitter, so the most surface area exposed for a print was that 

of the weakest emitter. The layers were printed directly onto a UV-LED, producing 

a WLED. A handheld Ocean Insight FLAME-T-UV-VIS-ES miniature 

spectrometer was used to confirm the WLE broad band emission from the diode 
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(the diode was placed in a 3D printed cylindrical enclosure to prevent ambient light 

interfering with measured signal.) 

Strategy 3 involved multi-patterning printing at 100-200 μm scales using different 

LMON inks to produce multi-emitting prints. For analysis and studies, concentric 

square perimeter prints were employed with the smallest dimension at 120 × 120 

μm2, followed by 300 and 500 μm. Given the average human eye resolution is 200 

μm,[158] this meant patterns were mostly indistinguishable by eye, instead 

producing a single emission colour that combined the printed inks. For example, a 

120 μm square perimeter of MC@Z7-NS combined with a 300 μm square perimeter 

of DG@Z7-NS produced a green emitter by eye, but clear distinguishable emission 

under microscopy from both inks. This method also allowed for near WLE to be 

achieved, by printing red, green, and blue emitting concentric squares. Indeed, more 

optimisation of layering and printing size could have achieved WLE. The fine scale 

printing achieved with this strategy also creates the possibility for precise micro-

security tags that remain covert until illuminated with UV and observed under 

microscopy.  

In contrast, scaling up the technique produced visible, bright visual indicators. For 

example, 0.5 cm mixed-emission colour rectangles were printed (Figure 4.9), and 

a detailed intricate lab logo was printed at 2 cm × 2 cm with 4 emission colours 

(Figure 4.9). No colour bleeding was observed in the emission. Here, printing on 

an emissive PET substrate (0.35 mm thickness) also allowed for colour of the print 
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to be hidden when the substrate emission dominated by exciting the sample under 

a 365 nm UV light.  

 

 

Figure 4.8. Large-scale RB@Z7-NS borders (5 mm × 0.5 mm) filled with F@Z7-NS. (a) 

Microscope images of prints under ambient conditions. (b) Prints under UV. (c) SEM of a 

single print edge, highlighting the border and central regions. 

 

MOF 3D structures have been shown to improve application performance by 

increasing accessible surface area and creating more defined transportation routes. 

A final strategy, therefore, was to examine how pillars of LMON materials could 

be constructed. Pillars of 0.43 mm high, with a diameter of 60-80 μm were printed 
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by dynamically reducing the focus ratio so that less material was printed as the pillar 

extended in the z-axis. Z-stack microscopy revealed fluorescence emission was 

concentrated at the top of the pillar more than the sides, a potential example of the 

waveguide effect as seen in coumarin-based microfibres.[159]  

 

Figure 4.9. 2x2 cm multi-coloured print of the MMC lab logo using various LMON inks, 

observed under (a) ambient light, (b) 285 nm UV light, and (c) 365 nm UV light, where the 

PET emission supresses any observable colour variation. 

 

4.6    Implications and Applications 

Together, these findings established the significant potential of MONs to overcome 

the limitations of bulky 3D MOF materials to enable, for the first time, the use of 

MOF-based inks for aerosol-jet printing of micron-scale patterns. A portfolio of 

strategies was employed to show the wide range of fabricable patterns, ranging from 

single-dye printing to multi-dye additive printing and patterning, along with 3D 

pillar prints. The multi-dye patterning allowed for control of emission chromaticity 

at a finer level than control by initial synthesis conditions for the MONs, while 3D 

printing offered a degree of emission directional control. It was demonstrated that 
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the MON dyes could be printed to form intricate patterns for applications including 

covert security tags or printed on UV LEDs to create WLE OLEDs.  

While this work exemplifies the possible patterns and consequent devices 

achievable using luminescent functionalised MONs, there are wider-ranging 

implications of these findings. Specifically, this work offers a new micron-level 

technique for fabricating MOF-based materials, providing a pathway towards 

device manufacturing. By altering the functionality of MOF dyes, such as by 

introducing conductivity, piezoelectric response, sensing capabilities, or 

electroluminescence, it is feasible to construct myriad new functional MOF surface 

devices with AJP. These could be for circuitry or micro-sensors for temperature, 

pressure, or chemical environments (either for biological or mechanical 

applications). In time, these could be integrated into nano-surfaces, or the 

development of nano-capacitors, and more.   
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4.7    Paper III 

Fine-Scale Aerosol-Jet Printing of Luminescent Metal−Organic 

Framework Nanosheets 

 

 
Figure 4.10. Artistic illustration of MON AJP. 
 

Supporting information for this manuscript can be found here: 

https://pubs.acs.org/doi/suppl/10.1021/acsami.4c10713/suppl_file/am4c10713_si_

001.pdf 
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ABSTRACT: Fabrication of metal−organic framework (MOF) thin films is an
ongoing challenge to achieve eLective device integration. Inkjet printing has been
employed to print various luminescent metal−organic framework (MOF) films.
Luminescent metal−organic nanosheets (LMONs), nanometer-thin particles of
MOF materials with comparatively large micrometer lateral dimensions, provide an
ideal morphology that oLers enhancements over analogous MOFs in luminescent
properties such as intensity and photoluminescent quantum yield. The
morphology is also better suited to the formation of thin films. This work
harnesses the preferential features of LMONs to access the advanced technique of
aerosol-jet printing (AJP) to print luminescent films with precise geometries and
patterns across the micrometer and centimeter length scales. AJP of LMONs
exhibiting red (R), green (G), and blue (B) emission were studied systematically to reveal the increase of luminescence upon
additive layering printing until a threshold was reached limited by self-quenching. By combining diLerent LMON emitters, emission
chromaticity and intensity were shown to be tunable, including the combination of RGB emitters to fabricate white-light-emitting
films. A white-light LMON film was printed onto a UV light emitting diode (LED), producing a working white-light-emitting diode.
Printing with multiple distinct photoluminescent inks produced intricate multicolor patterns that dynamically responded to
excitation wavelength, acting either as micrometer-scale LED-type cells or larger visual tags. Collectively, the work oLers an
advancement for MOF thin films by printing MON materials using AJP, oLering a precise method for manufacturing a wide range of
critical functional devices, from luminescent sensors to optoelectronics, and more broadly even the opportunity for printed circuitry
with conductive MONs.
KEYWORDS: metal−organic framework nanosheets, aerosol-jet printing, luminescent thin films, white-light-emitting diodes,
micropatterning

N INTRODUCTION
Metal−organic framework (MOF) materials are evolving with
enhanced properties ideal for microscale sensors, electronics,
and organic light-emitting diodes (OLEDs).1−3 A lack of
fabrication techniques with control at the microscale and
smaller, however, is a significant drawback to integrating MOFs
into devices for these applications.4 White-light-emitting
(WLE) MOFs for organic LEDs (OLEDs), for example, are
typically fine powders with intrinsic nonthermoplastic proper-
ties, brittleness, and insolubility. A common type of
luminescent MOF design involves trapping luminescent guest
molecules in the cavities of the MOF framework (guest@
MOF).5 The frameworks typically enhance guest stability and
oLer tunability for the luminescent properties of the guest.
These particular WLE materials have the added di,culty of
avoiding guest leaching and dilution due to solvent infiltration
during material processing.6 Thus, processing MOF nano-
crystals into specific films that are structurally robust and
exhibit operational flexibility is a highly desired area of
exploration.4,7

Most WLE MOF diode-based devices utilize downward
conversion from electric power to a blue LED or UV chip,
which is absorbed by the MOF composite (yellow- or white-
emitting, respectively) to generate WLE.4 A few also integrate
WLE MOF materials into electroluminescent devices.8 Both
methods typically require thin films of MOF composites, and
their performance depends on film thickness and surface
roughness, which influences charge transport.8 Most successful
WLE MOF works produce a rough and uneven deposit of
powder for proof-of-concept MOF emission on UV chips.9−14

Gong et al. instead dip-coated a 5 mm blue LED blub with a
thin film of [Zn6(btc)4(tppe)2(DMA)2], a WLE LMOF
prepared via suspension in ethyl acetate followed by
sonication.15 Our lab has developed methods to circum-
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navigate these challenges by preparing a guest@MOF yellow
emitter three-dimensional (3D)-printed in a blue-emitting
polymer resin and electrospinning high photoluminescence
quantum yield (PLQY) MOF@fiber composites.16−18

A more recent method for WLE guest@MOF fabrication
that oLers improved control and precision is patterning by
printing. MOF framework printing is dominated by direct ink-
writing,19−21 with a small selection of luminescent MOF
materials successfully inkjet printed for functions including
anticounterfeiting, watermarks, and sensors.22 The process is
additive so layers can be added sequentially, useful for
applications such as security and climate or counterfeit tags
on packaging, sensor bioarrays, or OLED display pixels.
Considerations such as the ink viscosity, surface tension, and
interaction between ink and target substrate are critical
variables for successful printing.23 Success is often impeded
by the particle size of the crystalline powders and material
instability, which can lead to agglomeration, during printing in
solvent.24−26

Aerosol-jet-printing (AJP) is a fast-growing alternative
manufacturing system that oLers increased resolution,
flexibility, and printing speed at the micron to nanoscale.27
The noncontact technique involves the aerosolization of a
functional ink that is deposited onto a substrate with
resolutions up to 10 μm (typically between 30 and 50
μm).27−29 Controlled digitally, fine microscale patterns can be
achieved in 3D using additive manufacturing, with works
achieving lattices and micropillar arrays.30 While initially used
for printing circuitry, the advent of new functional inks has led
to printing more complex electronics, displays, and sensors for
health and environmental applications.31,32 Only a few works
have reported the printing of luminescent materials. These
include printed lanthanide-doped upconversion nanoparticles
inks luminescent under NIR excitation;33 electroluminescent
inorganic OLED lines of red, green, and blue with 30 μm width
for 140 ppi resolution screens;34 europium-doped yttrium
oxide nanospheres for red luminescent patterning;35 one work
on printing LED modules;36 and printing of UV luminescent
quantum dots (5, 32, and 23% QY for blue, green, and red,
respectively).37,38 Studies have yet to systematically examine
how luminescence as a property can be modified as a function
of printing parameters.
MOFs are ideal candidates for tunable functional inks, but

AJP is limited by particle size being 50 nm or less to allow for
ultrasonic atomization.39 Particle aggregation also impacts the
uniformity of particle size distribution, inhibiting eLective
atomization or further on printing itself. Only one report, to
our knowledge, uses AJP related to a MOF. The work by
Kravchenko et al. relies on reagent inks to overcome particle
printing limitations so that an ultraporous calcium squarate
framework forms in situ after printing.40 Metal−organic
nanosheets (MONs), MOF particles with a few nanometer-
thin thickness but micrometer-wide planar dimensions, oLer a
morphology more suited to micro fabrication. Recent works
also show how MONs such as ZIF-7-III (two-dimensional
(2D) sheets) can be functionalized with guest incorporation to
achieve luminescent MON (LMON) materials with particles
of 2−5 nm thickness.41 Emission colors ranged across the
visible spectrum and included optimal WLE.42 The zinc-based
ZIF-7-III 2D nanosheets oLer enhancements such as increased
intensity and quantum yield over analogous guest@ZIF-7 3D
materials due to increased surface area, optical transparency,
and improved interguest cooperative behaviors due to

interlayer packing configurations.41,42 The fabrication of
LMONs into thin films is a yet-to-be-explored opportunity.
This work utilizes organic dyes@ZIF-7-III LMON materials

(dyes@Z7-NS) to demonstrate the first direct aerosol-jet
printing of a MOF material to produce micrometer-scale
control of thin film luminescent patterning. The potential for
3D LMON pillaring for directing emission is also illustrated.
By systematically studying the emission properties of micro-
patterns with fluorescence microscopy, we sought to establish
property relationships that examined the eLect of printing
strategies on the emission properties of printed LMONs.

N METHODS
All of the reagents, solvents, and chromophore guests were
commercially acquired from Sigma-Aldrich, Fisher Scientific, and
Alfa Aesar, and used as received.

Material Synthesis (Dye@Z7-NS). Material synthesis (dye@Z7-
NS) as adapted from Sherman et al.41 Zn(NO3)2 (59.5 mg, 0.2
mmol) was dissolved in methanol (MeOH) (2 mL). The solution was
added to NaCl powder (20 g) under vigorous magnetic stirring.
Benzimidazole (bIm) (283.5 mg, 2.4 mmol) was dissolved in MeOH
(2 mL). The chromophore guests (7-methoxycoumarin (MC),
fluorescein (F), and/or rhodamine B (RB)) were solubilized with
MeOH (2 mL) via sonication and mixed with the bIm solution. After
20 min, the solution was added dropwise to Zn(NO3)2@NaCl
followed by vigorous stirring for 12 h. Deionized H2O (250 mL) was
added to the flask and heated to 50 °C while stirring. The mixture was
siphoned into 50 mL centrifuge tubes and centrifuged at 10,000 rpm
for 20 min, followed by further washing and centrifuging cycles (3 ×
45 mL of H2O and 5 × 40 mL of MeOH). The final product was
dried for 1 h at 90 °C (≈60−70% yield).

Ink. Ink suited for aerosol-jet printing was created by dispersing
guest@Z7-NS in toluene to a concentration of 40 mg/mL followed by
ultrasonication and vortexing. Optimal ultrasonication and vortexing
times were found to be 10 min and 30 s, respectively.

Aerosol-Jet Printing. Aerosol-jet printing was performed using
an Optomec AJ200 fitted with a UA Max ultrasonic atomizer to
atomize the ink and deposit it on various substrates, primarily
poly(ethylene terephthalate) (PET) film and glass slides. Sheath flow
rate (sccm)/atomizer flow rate (sccm) determines the focus ratio for
the deposition. The following AJ200 settings were generally used for
deposition; A start-up focus ratio of approximately 1 until material
deposition was achieved followed by a printing focus ratio of 5:9 to
achieve a more focused deposition. Printing speed was 0.5 mm/s on
glass and 0.2 mm/s on PET (0.35 mm thickness). A 150 μm tip
nozzle was used with a working distance of 1 mm. The ultrasonic
atomizer current was set between 0.5 and 0.6 A with the ultrasonic
atomizer cooling water temperature at 14 °C. The substrate area
(platen) was set to 70 °C. For pillar formation, a focus ratio of 0.375:1
was used to increase material deposition and reduce the risk of pillar
breakage due to high gas flow.

Fluorescence Microscopy. Fluorescence microscopy images
were collected using a Zeiss LSM780 with a 10× confocal lens.
Lambda scanning (at a resolution of either 9 or 3 nm) was used to
image fluorescence with laser lines of either 405 nm (diode source),
488 nm (argon multiline 25 mW), or 543 nm (HeNe 1 mW). Data
was analyzed using Zeiss ZEN 3.9.

Scanning Electron Microscopy (SEM). Scanning electron
microscopy was performed using a Hitachi SEM (TM3030 Plus
0865). Field-emission SEM (FE-SEM) was obtained at 10 keV under
high vacuum using a Tescan Lyra 3 (Tescan, Czech Republic) with
secondary and backscattered electron imaging (SEI and BSE,
respectively) under 10−15 keV.

White-Light Emission Spectra. White-light emission spectra
were collected using an Ocean Insight spectrometer. The output
signal was carried by optical fiber, with one exposed end of the fiber 3
cm above the emitting diode, to the Ocean Insight FLAME-T-UV−
vis-ES miniature spectrometer (200−850 nm). The spectrometer was
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connected to a computer running OceanView software for data
logging and analysis. The diode was placed in a 3D-printed enclosed
cylinder to prevent ambient light from interfering with measured
signal.
Surface Roughness and Micropillar Dimensions. Surface

roughness and micropillar dimensions were obtained using an
InfiniteFocus Alicona optical profilometer. Images of the AJP prints
were collected using a 20× objective lens at a vertical resolution of 50
nm and a lateral resolution of 3.5 μm. Data analysis, including height
profiling and surface roughness, was computed using the Alicona IF
Measure Suite. Surface roughness conformed with ISO 4287, using an
area of width 30 μm and length 200 μm (26 profiles).

N RESULTS AND DISCUSSION
Ink Development and Characterization. To create an

LMON-based ink, the LMON particles were dissolved in a
suitable solvent. Determining the solvent and optimal ink
parameters is a sensitive process,28 which required tuning of
solvent and particle wt % before then modifying instrument
parameters. While common solvents for AJP such as methanol,
ethanol, and isopropanol were tested in various quantities and
mixed ratios, toluene was found to be the ideal LMON ink
solvent. One reason for this is its aprotic nonpolar character,
limiting interaction with the Z7-NS dispersion, thereby
discouraging aggregation. Lower volatility compared to that
of methanol and isopropanol also meant that the ink remained
more stable during printing, maintaining a good dispersion of
LMON particles. To achieve proper deposition, the substrate
platform was heated to 70 °C to assist in evaporation. Toluene
viscosity at room temperature (0.68 cP at 20 °C) is below the
optimal AJP viscosity window of 1−5 cP,39 however cooling
the ink to 14 °C achieved a viscosity appropriate for
deposition. To determine the appropriate wt % of LMON in
toluene, a range of values were tested for each dye (10, 20, 30,
40, and 50 mg/mL) across multiple layering (1, 2, 4, 8, 16, 32).
Data showed beyond 40 mg/mL that the concentration of

LMON particles was too high to eLectively print. Below 40
mg/mL, the prints were undefined and inconsistent (see
Figure S1). A concentration of 40 mg/mL was therefore
selected for this study, with inks prepared in batches of 1.5 mL.
PET film of 0.35 mm thickness was used as the substrate over
glass slides, as the PET film was found to exhibit improved
particle adhesion. Due to its thinness, flatness, and trans-
parency, it is also ideal to place as a film over diodes or similar
optical devices. The film was treated with EtOH as per
previous studies to improve contact angle and increase particle
adhesion further.43
Extensive trials were undertaken to optimize the focus ratio

to produce prints with the highest resolution. Initial trials using
low focus ratios resulted in diLuse and uneven printing (Figure
S2). Ultimately a two-step focus ratio method was used to
minimize deposition variability (see the Methods section),
with precise parameters requiring minor adjustments given the
inherent variability of the Optomec AJ200. This involved
initiating the system with a low focus ratio (≈1) to initially
create a flow of LMON particles. Before printing, the focus
ratio was increased to 6−9, producing a consistent focused
print with the least overspray possible. Depositions at high
focus ratios that lasted over 1.5 h could be achieved without
interference. For prints over 2 h (at a rate of 0.2 mm/s),
incremental deposits of LMON formed on the walls of the ink
vial and in the transfer tubing. This required redispersing the
material in solvent from the walls and ensuring the set ink
concentration remained.
To investigate the topography and printing quality of the

optimized LMON prints, a series of printed square perimeters
with edge length of 500 μm and varying layers (1, 2, 4, 8, 16,
32, 64) were prepared for three key LMON inks: the green
emitter fluorescein@Z7-NS (F@Z7-NS), the blue emitter 7-
methoxycoumarin@Z7-NS (MC@Z7-NS), and the red
emitter rhodamine B@-7-NS (RB@Z7-NS). The prints were

Figure 1. Characterization of aerosol-jet-printed luminescent metal−organic nanosheets (LMON). (a) Relative maximum heights of diLerent
LMON inks printed, showing linear relationships between the number of layers printed and printed pattern height. (b) Height profiles
perpendicular to the printed line for F@Z7-NS prints of various layers. (c) Surface profiles of a single edge of F@Z7-NS square perimeter prints
(500 × 500 μm2) with various layers, presented as optical images (top) and height heat maps (bottom). (d) SEM of corresponding prints at various
layers, showing print corners (top) and edge (bottom). (e) F@Z7-NS print widths (defined as width at 50% height, and complete width at base of
height profile to include overspray), based on an average along one square edge of each print. (f) F@Z7-NS print surface roughness measured as Rz
(mean distance between highest and lowest points on surface), Ra (mean), and Rq (root-mean-square) at varying layering.
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characterized using optical surface profiling and scanning
electron microscopy (SEM). The height of the prints
(averaged along one square perimeter side of each print) was
found to increase linearly with layers, with a maximum
thickness of 32−34 μm (Figure 1a). This implies that each
layer was of a similar consistency and height for all inks (0.53
± 0.01 μm), suggestive of a reliable printing process; all
layered prints of each LMON ink were printed in one session
with no ink adjustment or intervention.
Investigating the height profiles of F@Z7-NS more closely,

as an example, revealed a sequential transition from more

rectangular surfaces with minimal overspray to a defined peak-
shaped surface but with increased overspray (Figure 1b). Data
show consistency along the line prints of each layer quantity
(Figure 1c,d). These visual features were quantified by
measuring printed line thickness at 50% of the maximum
height to represent the line, compared to overspray at the
lowest height profile width (Figure 1e). Data show that while
the print width decreases from 57 to 50 μm with increasing
layering, overspray significantly increases from eLectively 0 to
95 μm (total overspray adding both edges of the print).
Surface roughness of the samples revealed an increase in

Figure 2. Fluorescence microscopy of AJP luminescent guest@Z7-NS square perimeter prints of side length 500 μm. Any dust or contamination on
the substrate appears as bright purple marks. (a) Lambda scanning emission spectra from fluorescence microscopy for AJP MC@Z7-NS excited at
405 nm with increasing layering from 1 to 64 indicated by darkening of data points and lines. (b) Corresponding microscopy imaging of MC@Z7-
NS prints excited at 405 nm, with numbers indicating layers in each image and color computed by Zeiss software, representing the intensity and
chromaticity derived from the emission spectra. (c) Optical microscopy images of corresponding MC@Z7-NS prints. (d−f) Data as in (a)−(c) but
for AJP of F@Z7-NS excited at 488 nm. (g−i) Data as in (a)−(c) but for AJP of RB@Z7-NS excited at 543 nm. (j) 32-Layer printed samples
under ambient (left) and 254 nm UV light (right) for MC@Z7-NS, F@Z7-NS, and RB@Z7-NS (left to right). (k) Intensity of emission maximum
for each print, relative to the 64-layering intensity. (l−n) Normalized and Gaussian fit spectral curves indicating any peak shift from 1- to 64-layer
prints for MC@Z7-NS (left), F@Z7-NS (middle), and RB@Z7-NS (right).
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roughness up to prints of 16 layers, followed by a slower
decrease thereafter. This characterization suggests that depend-
ing on the resolution and shape of line desired, layering can be
used to produce a flatter more even surface, or a more defined
narrower surface, but with increased overspray. Of note, as
these prints are intended for luminescent studies, the extent of
overspray and print quality observed under ambient conditions
is less significant than how these prints appear under UV and
the eLect any overspray and print shape will have on the
observed luminescence. Indeed, increasing surface roughness
exposes more surface area, which theoretically can increase the
intensity of fluorescence emission. Notably, while not as
precise as traditional AJP inks such as silver,44 the consistency,
control, and quality of these LMON AJP prints are comparable
to more recently emerging sensitive organic/hybrid AJP inks in
the literature (e.g., bioorganic inks and europium oxide
phosphors).45,46 They show significant improvement over the
precision and repeatability obtained with inkjet printing
LMON and LMOF materials.42,43,47,48
Controlling Luminescence through LMON AJP. What

follows is a series of strategies that are systematically employed
to examine how certain patterning and additive printing
techniques can be used to tune the luminescence properties of
the LMON ink. The work is compared to the previously
established photophysical properties of the LMON materials in
the literature.41,42
Strategy 1: Layering Homogeneous LMONs. We first

examined the luminescent properties of the additive layering of
the same LMON material using the square perimeter prints of
side length 500 μm and the selection of 1, 2, 4, 8, 16, 32, and
64 layers. LMON inks included the green-emitting F@Z7-NS,
red-emitting RB@Z7-NS, and blue-emitting MC@Z7-NS
(Figure 2).
Fluorescence microscopy was employed to study the prints

(Figure 2a−h), with lambda scans producing emission spectra
for each print (Figure 2a,d,g), along with corresponding
imaging of each print under laser excitation (Figure 2b,e,h)
and ambient conditions (Figure 2c,f,i). Due to discrete laser
wavelengths available, 405 nm was the highest energy
excitation laser accessible to excite MC@Z7-NS while 488
nm was used for F@Z7-NS and 543 nm for RB@Z7-NS.
These excitation wavelengths align well with the excitation
ranges of each sample (Figure S3). The fluorescence imaging
of each print was colored using Zeiss Zen software, calculated
based on the emission profile of each print to simulate the
color and intensity. To confirm these simulations against
observed emission color, prints of 32 layers of each LMON
were placed under a UV lamp (4 W, 254 nm) and
photographed with zoom (Figure 2j).
Spectra (Figure 2a,d,g) confirm that all three LMONs emit

consistent with the previously reported emission spectra of the
LMON in powder form.41 Line scans across the microscopy
imaging confirm the homogeneity of the emission intensity
along the patterning (Figure S4), with only minor intensity
increases at the corners to be expected from the printing nozzle
changing direction resulting in increased print thickness (seen
also in Figure 2c). All prints (Figure 2b,e,h) show clear and
defined luminescent patterns, with improved definition
resulting from increased layering. While overspray was found
to increase noticeably with layering, along with a shift from
rectangular to peak-shaped topography, these adjustments
appear to have minimal impact on the definition of the
luminescence pattern observed in fluorescence imaging with

little edge ghosting or shadow eLects observed (see also
photographs in Figure 2j). This is likely due to the relative
minimal emission intensity contribution from overspray areas
due to lower comparable thickness. Analysis of emission
intensity perpendicular to F@Z7-NS line prints of varying
layers (Figure S5) reveals single broad emission profiles
(compared to profiles with multiple peaks and local maxima),
supporting the observed defined visual appearance in imaging.
These broad emission intensity profiles correspond to the
overall line width of the prints, including overspray.
The PET substrate is emissive, with excitation λmax = 340 nm

and a corresponding broadband emission band from 300 to
600 nm with λmax = 385 nm (Figure S6). In operating
conditions, a 285 nm UV energy source was employed to avoid
any noticeable contribution from the PET. The highest energy
laser accessible for microscopy, however, was 405 nm and was
used in this study to best represent operating conditions.
Hence, the chromaticity of emission observed for each sample
is blue-shifted by the emission contribution from the PET
substrate, the intensity of which is dependent on the laser
wavelength. For reference, images of each material with 32
layers under a 254 nm UV lamp (4 W, 5 cm from sample)
taken with a digital camera and zoomed show each material’s
“true” operational color (Figure 1g).
Emission intensity from fluorescence imaging was normal-

ized across diLerent LMONs to the maximum layered sample
of each LMON, achieved by adjusting the power of each
excitation laser. This allowed for comparison not only between
the layering of each LMON but also between diLerent
LMONs (Figure 2k). The maximum emission intensity for
MC@Z7-NS increased mostly linearly with layer increase,
apart from a sharp increase from 2 to 4 layers (Figure 2a). This
is attributable to MC@Z7-NS being the weakest emitter,
resulting in the patterns with the lowest material quantity
exhibiting low intensity below the threshold of sensitivity of
the detectors used. In contrast, the intensity of F@Z7-NS
(Figure 2d) and RB@Z7-NS (Figure 2g), being stronger
emitters, increases more linearly until 32 layers at which point
intensity decreases for 64 layers. Given the linear increase in
thickness with added layers (Figure 1a), this indicates there is a
thickness threshold after which self-absorption by the bulk
pattern dominates in competition with the intensity increase
resulting from adding more LMON.
As a resolution of 9 nm was used to collect spectra, Gaussian

peak fitting was employed to compare any peak maxima when
analyzing potential energy shifts (Figure 2l−n). Fits reveal
MC@Z7-NS emission bands narrow with increasing layering
(a product of low detection), while F@Z7-NS and RB@Z7-NS
present consistent peak shape and a red shift of 15 ± 9 and 9 ±
9 nm, respectively. Previous reports of these materials
identified increasing aggregation to be the cause of red shift
as guest loading increased.41 As thickness increases with
layering, there is increased particle content along the z axis,
which may interfere with emission. This may create favorable
conditions for increased interparticle guest interactions and
further self-absorption, leading to enhanced aggregation eLects
seen in emission.

Strategy 2: Layering Mixed LMONs for Chromaticity
Control. Second, we investigated the additive patterning of
diLerent LMONs to mix emission colors. Blue (32 layers,
MC@Z7-NS)- and red (2 layers, RB@Z7-NS)-emitting
LMONs were combined to produce a yellow emitter (Figure
3a). Emission spectra (Figure 3b, 3 nm resolution, λex = 405
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nm) reveal regions where printing did not overlap and either
blue emission (λmax = 475 nm) or orange-red emission
dominates (λmax = 590 nm). Spectra averaged across the entire
print exhibit a blue/red emission band of 1:3, highlighting the
intensity of RB@Z7-NS as an emitter compared with MC@
Z7-NS. In contrast, combining MC@Z7-NS with RB + F@Z7-
NS (yellow), 32 layers each, produced a bright-green-emitting
pattern (Figure 3c,d). The same was achieved when the
solution was scaled up to 64 layers each (Figures 3d and S7).
The emission bands of each material MC@Z7-NS:RB + F@
Z7-NS were measured in a 1:3.3 ratio to achieve emission
mixing (Figure 3d, 3 nm resolution, λex = 488 nm). Notably,
we also inverted the samples and undertook lambda scanning
of the samples (i.e., exciting the lower blue-emitting MC@Z7-
NS printed layers first), to confirm that the spectral data
collected matched the reported upright data and the sample
appeared consistent.
A systematic study was further completed by layering RB@

Z7-NS sequentially on 32 layers of green-emitting F@Z7-NS
(Figure 3e−g). Spectra (Figure 3f,g, 9 nm resolution) show
that from one layer, the RB@Z7-NS emission band dominates,
and by four layers, is eLectively the only contributor to the
overall material emission. Indeed, as the F@Z7-NS emission
band overlaps with the RB@Z7-NS excitation band (Figure
S8), it is likely that the emission from F@Z7-NS printed
MONs is, to some extent, being reabsorbed and emitted by
RB@Z7-NS. Fluorescence imaging of the patterns shows a
progressive shift from green to yellow, then to orange and dark
orange/red. Chromaticity stabilizes at around eight layers, with
the printing of further RB@Z7-NS layers only increasing
emission intensity. SEM imaging of 1-layer vs 2-layer RB@Z7-

NS on 32-layer F@Z7-NS (Figure S9) reveals the distinctive
LMONs, with a well-dispersed coating of RB@Z7-NS over the
base F@Z7-NS layers.

Strategy 3: Mixed LMON Multipatterning. Our third
strategy involved the patterning of diLerent materials at
micrometer and larger centimeter scales. Blue- and yellow-
emitting Z7-NS inks were printed as concentric square
perimeters at two diLerent scales. The smaller pattern (300
× 300 and 120 × 120 μm2) (Figure 4a) appeared green when
photographed under UV, with lambda scanning revealing the
dominant yellow dye contribution to emission (Figure 4b). In
contrast, when the squares were more distinct (500 × 500 and
120 × 120 μm2) (Figure 4c,d), a blue square with yellow dot
was visible when photographed and is diLerentiable by the eye
(the average human eye resolution is 200 μm).49 Emission
spectra (Figure 4d) confirm an equal balance of emission from
blue and yellow emitters across the entire print, with distinct
emission profiles of blue or yellow light at each respective
square print. A similar print was achieved by combining F@
Z7-NS (32 layers, 120 × 120 μm2) with RB@Z7-NS (1 or 2
layers 300 × 300 μm2) to produce orange-red bordered green
emission dot (Figure S10).
Toward developing LED systems, we explored the

combination of red-green-blue-emitting dyes in concentric
squares. A test with ordering from outer-inner squares of red-
green-blue confirmed the intensity of the red dye overpowered
any delineation in the separate prints (Figure S11). In contrast,
printing with blue-green-red order (64-layer MC@Z7-NS, 32-
layer F@Z7-NS, and 2-layer RB@Z7-NS) produced distinctive
concentric square patterning of the key color components
required for a white-light-emitting LED, when photographed

Figure 3. Square perimeter prints (500 × 500 μm2 each) with layering of diLerent MONs. (a) Microscopy of AJP of MC@Z7-NS (32 layers) +
RB@Z7-NS (2 layers) excited at 405 nm (above) and under ambient conditions (middle), with the sample viewed using a digital camera in the
same conditions (bottom); (b) emission spectra from pattern imaged in (a). (c) MC@Z7-NS with F + RB@Z7-NS print (in the same layout as
(a)), with corresponding emission spectra and normalized emission spectra (inset) (d). (e) F@Z7-NS 32-layer prints with a series of increasing
RB@Z7-NS layers (in the same layout as (a)). Numbers indicate the number of RB@Z7-NS layers. (f) Corresponding emission spectra and
normalized spectra (g) of (e), including the initial 32-layer F@Z7-NS spectra as a broken green line. Colors indicate the number of RB@Z7-NS
layers per the coloring of numbers in (e).
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Figure 4. (a−d) MC@Z7-NS with F + RB@Z7-NS LMONs printed in various patterns of concentric squares (layers and dimensions indicated on
the leftmost diagrams). Middle: optical microscopy images of prints under ambient conditions with uplighting (left) and downlighting (right).
Right: microscopy images of prints excited at 405 nm. Bottom left images in (a) and (c) are taken with a digital camera to mimic observation by the
eye under ambient (left) and UV light (right). (b, d) Emission spectra corresponding to highlighted squares in the rightmost image of (a) and (c),
respectively. (e) MC@Z7-NS + F@Z7-NS + RB@Z7-NS multi-LMON print. Left: print conditions (leftmost diagram) with digital camera images
below under UV (left) and ambient conditions (right) both zoomed and at eye level (lowest image). Middle: microscopy images of the print in (e)
under optical ambient lighting (middle), and 405 nm excitation (right). (f) Emission spectra of print excited under 405 nm laser, with numbers
corresponding to highlighted square sections of the print in (e). (g) Prints in (e) and (f) observed under 488 and 543 nm excitation showing
microscopy images (right) and corresponding emission spectra (left). The spectral resolution is 3 nm.

Figure 5. AJP print using yellow-emitting F + RB@Z7-NS LMON ink under ambient conditions (a), 254 nm UV light (b), and 365 nm light (c).
AJP printed the logo using multiple LMONs of diLerent emitters under ambient conditions (d), 254 nm UV light (e), and 365 nm light (f).
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and (Figure 4e). By eye, the print appeared a pale blue-white
color (Figure 4e). Reducing the layering by 50% (from 64:32:2
to 32:16:1 for blue/green/red) produced even more defined
pattern, apart from the single layer of red being too diLuse
(Figure S12). Emission spectra from microscopy with 408,
488, and 543 nm laser excitations (Figure 4f) showed the
distinctive emissions of each dye pattern. Their dynamic nature
is also demonstrated, such that certain components can be
turned on/oL depending on the selected excitation wavelength
range. These patterns are highly promising for enabling the
future fabrication of miniaturized LEDs (100−200 μm). There
is a potential to even print Micro LEDs (<100 μm),50 if
conditions and inks are optimized, given that a 40−50 μm line
width was achieved.
In contrast, we also applied the inks on a larger scale, first to

produce green filled red square emitting patterns (Figure S13).
The prints show a clear separation between the green-emitting
filler and red-emitting border. More usefully, we printed a logo
pattern at 2 cm × 2 cm scale using a single yellow dye and then
a multicolored dye (green, yellow, orange/red) (Figure 5).
The printing exhibits high definition of all pattern components,
including text lines and complex cog intersections, while the
multidye process does not cause any smudging. On the
contrary, the central cog is a precise overlap of yellow ink with
one layer of red ink, producing a lighter orange emission than
the remaining orange/red text. Usefully, if the logo is exposed
to UV light within the absorption range of the PET substrate,
the colors are muted to display a homogeneous white-light-
emitting logo (Figure 5c,f). Hence, it is possible to discretely

encode information (e.g., distinct dye coloring) only viewable
under a targeted subset of desired wavelengths.

Strategy 4: Pillaring for 3D Directional Emission Control.
Our fourth strategy was to expand printing in 3-dimensions
using RB@Z7-NS. Initial static printing and increased layering
of small circles or rectangles revealed frequent collapse of
structures (Figure S14). By dynamically controlling the focus
ratio, however, it was possible to prevent collapse and increase
material addition to achieve cylindrical micropillars (Figure 6).
For pillar creation, a low focus ratio was used to maximize
material deposition while reducing the risk of pillar collapse
due to high gas flow. After an initial 1 min deposit both sheath
flow rate and atomizer flow rate were reduced to enable
increased pillar height. Pillars achieved varying heights,
depending on the parameters used, with a maximum height
of 430 μm (Figure 6a−h). For the tallest pillars, the following
settings were used; initial focus ratio 0.675 (sheath flow rate 27
sccm, atomizer flow rate 40 sccm), secondary focus ratio 0.5
(sheath flow rate 10 sccm, atomizer flow rate 20 sccm).
The pillars emitted in the orange-red region (Figure 6g) are

seen in the average emission spectra (Figure 6d) and cross-
section plane image (Figure 6b). A 3D-stack analysis of the
pillar revealed that fluorescence was concentrated at the top of
the structure (along with the aggregated base particles) (Figure
6b). This may be a waveguide eLect, generating intensity at the
edges of the structure as observed in luminescent coumarin
microfibers.51 Overspray is a common side-eLect of pillar
formation using AJP.30,52 While only a proof of concept was
demonstrated in this study, further optimization of parameters,

Figure 6. (a) Cross-sectional profile of the RB@Z7-NS printed micropillar. (b) Z-stack cross-sectional fluorescence microscopy image of the RB@
Z7-NS micropillar excited with a 543 nm laser, including a horizontal slice through the pillar (right). (c) FE-SEM of RB@Z7-NS pillar. (d)
Emission spectra from microscopy of RB@Z7-NS pillar. (e−g) RB@Z7-NS of various heights, under ambient (e, f) and UV (g) conditions. The
second pillar from the left in (f)−(g) corresponds to the tallest RB@Z7-NS pillar in (a)−(d). (h) FE-SEM of images in (f)−(g).

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.4c10713
ACS Appl. Mater. Interfaces XXXX, XXX, XXX−XXX

H

https://pubs.acs.org/doi/suppl/10.1021/acsami.4c10713/suppl_file/am4c10713_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c10713/suppl_file/am4c10713_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c10713/suppl_file/am4c10713_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.4c10713?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c10713?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c10713?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c10713?fig=fig6&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.4c10713?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


along with the use of supporting sacrificial templates (e.g.,
hydrophilic polymer molds), may increase the control of
structure growth.
Achieving White-Light Emission. Finally, two ap-

proaches were used to demonstrate white-light-emitting
(WLE) LED (WLED) applicability of printing. For one, we
coated a single thin layer of a white-light-emitting triple guest
MC + RB + F@Z7-NS (previously reported) onto a flat square
LED diode (3.5 mm × 3.5 mm, λem = 365 nm, 1 W at 3.4 V).
Excitation with 405, 488, and 543 nm lasers confirms the
presence of each guest emission band (MC at 460 nm, F at 515
nm, and RB at 580 nm) (Figure 7a,b). When operated at 3.4 V
the LED glows white, most visible under darker conditions
(Figure 7b). The emission spectra from the diode (Figure 7c)
show a broadband of emission between 400 and 800 nm.
The synthesis of the triple guest WLE Z7-NS to achieve

ideal white light is highly sensitive to guest concentration
during synthesis; therefore, we also sought to develop a more
robust WLE Z7-NS thin film methodology using additive
manufacturing principles with our blue, green, and red MON
emitter inks (MC, F, or RB@Z7-NS, respectively). Based on
emission intensities from earlier strategy studies, a ratio of

64:32:1, 64:16:1, and 32:16:1 for blue/green/red Z7-NS
emitter layers were selected. This produced prints of emission
with CIE coordinates of (0.30, 0.38), (0.31, 0.36), and (0.32,
0.39) respectively (Figure 7d−f). Photographs of the prints
under UV confirm their white appearance, and fluorescence
microscopy confirms this emission color from lambda
scanning, highlighting the change in the warmness of emission
across samples (Figure 7e). The second print, achieving the
closest to ideal white, exhibits three emission bands of near
equivalent intensity, while the warmer third print shows a
stronger RB emission contribution than MC (Figure 7d). As
expected, the lighter white emission of the first sample has a
stronger contribution by F.

N CONCLUSIONS
Coupling the advanced techniques of aerosol-jet printing with
nanosheets of metal−organic frameworks (MONs) as inks
enabled a new strategy for eLectively printing luminescent
films with precise geometries and patterns at the micron scale.
The morphology of the MONs overcame MOF printing
limitations, allowing for atomization, eLective continuous
printing, and well-formed patterns of the particle aggregates.

Figure 7. (a) Emission spectra of MC + F + RB@Z7-NS white-light-emitting ink on 365 nm emitting UV diode at various laser excitations (3 nm
resolution). (b) Corresponding diode print (3.5 mm × 3.5 mm) microscopy images (top) with a combined average image (left). Images are a
combination of four consecutive scans stitched together, causing the crosshair artifact. Bottom: Images of LMON-coated diode (3.4 V) oL (right)
and on (left). (c) Emission spectra of the diode when on. (d) Emission spectra of triple LMON layered WLE prints (3 nm resolution). (e) Images
taken with a digital camera (top) and via microscopy (bottom) of corresponding prints (500 μm × 500 μm). (f) Chromatography of the layered
prints.
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Being digitally controlled, AJP was able to generate highly
articulated images from logo patterns to intricate concentric
squares. Functionalizing MONs with luminescent guests
provided fluorescence emission-capable inks across a spectrum
of colors. By variation of the layering and combination of inks,
the emission chromaticity and intensity could be carefully
tuned to a desirable output, including white-light emission.
Meanwhile, printing with distinct inks enabled multiemission
color prints at both the micron and centimeter scale. These
prints are dynamically responsive to excitation wavelength,
oLering a platform for encoding environmentally sensitive
information. Tuning the AJP parameters carefully further
enabled the formation of 0.43 mm high-luminescence 3D
pillars that exhibited a degree of directional emission.
These findings are critical for the advancement of

luminescent MOF materials into devices from OLEDs to
security tags and indicators. The potential of the established
technique, however, goes far beyond. Altering the functionality
of the MONs used as ink, such as enabling electro-
luminescence, sensing capabilities, or upconversion, could
enable a wide gamut of luminescent-based devices for sensing
(pressure, environments, temperature, etc.), optoelectronics,
and energy storage. Beyond luminescence, conductive MONs
could create carefully printed circuitry that could be
immediately integrated into miniature devices. Collectively,
the tunability of MONs coupled with the customizability of
AJP oLers a new platform for the patterning of integrated
functional surfaces across scales from centimeters to microns.
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5 T 
 From nanosheets to ‘nano’ leaves: 

luminescent guests@ZIF-L 
 

5.1    Premise 

This chapter acts as a counterpoint to the previous thesis chapters. Thus far, reported 

studies in this thesis have aimed to minimise the thickness of MOF materials to 

access improved functional properties. This final study removed this major 

constraint by exploring luminescent guest engineering in a thicker (100-300 nm) 

2D MOF material, ZIF-L. Increased atomic density in the z direction increases the 

control achievable as a material engineer: 3D pore cavities can now be defined, 

crystallinity is more regular, and structure can be more precisely probed with 

diffraction and microscopy. This allowed for improved predictability of material 

structural properties, which can be leveraged through rational design to successfully 

tune a material. In essence, this offers a balance between 2D MON and 3D MOF 

properties more weighted towards MOF characteristics, but still with the benefits 

of 2D MOF materials. This work establishes guest@ZIF-L systems as viable 

alternatives to guest@MONs for creating enhanced luminescent functional 

materials. 
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5.2    2D Zeolitic Imidazolate Framework L  

First reported in 2013, ZIF-L is synthesised from zinc nitride hexahydrate and 2-

methylimidazole (Hmim) at room temperature using only deionised water (DI). The 

structure ((Zn(mim)2·(Hmim)1/2·(H2O)3/2 or C10H16N5O3/2Zn) is comprised of 2D 

layers, alternating between an A- and B- type, with Zn centres that are coordinated 

by four N atoms.[160] The framework contains two large pore cavities: one cushion 

shaped cavity of 9.4 × 7 × 5.3 Å3 (Figure 5.1) and a smaller cavity of 3.6 × 2.8 × 

2.3 Å3.[13]  

 
Figure 5.1. Structure of cushion pore cavity in ZIF-L based on reported crystal structure. 

Cyan = carbon, blue = nitrogen, pink polyhedral = Zn centres. Reproduced with permission 

from Ref. [161]. Copyright Royal Society of Chemistry, 2017. 

 

Using a higher linker to Zn ratio (8:1 vs 1:1) and DI for synthesis leads to the 

formation of ZIF-L over ZIF-8. Water can hydrolyse by protonation of the 

unsaturated N of Hmim, slowing the rate of deprotonation needed to create 

coordination N- sites on Hmim. The conditions also ensure the retention of free 

Hmim in the pores of ZIF-L, thereby reinforcing the 2D layered structure. 
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Figure 5.2. (a-b) Comparison of ZIF-8 and ZIF-L topologies. (c) Location of free and 

terminal ligands in ZIF-L. (d) Degrees of freedom for each Hmim type in ZIF-L. (e) 

Estimated pore cavities (purple) in ZIF-L. Adapted with permission from Ref. [162]. 

Copyright American Chemical Society, 2015.  

 

The ZIF-L structure is derivable from segments of ZIF-8, the 3D sodalite 

framework synthesised from the same metal and ligand building blocks.[13]  

Specifically, ZIF-8 can be viewed as the composition of two alternating 2D layers 

(A- and B-) stacked along the c-axis (Figure 5.2). While in ZIF-8 these layers are 

connected through Zn centres by Hmim ligands, in ZIF-L there are no inter-layer 

connecting ligands. Rather, there are Hmim terminal ligands (monodentate vs 

bidentate bridging) and “free” Hmim ligands that are hydrogen bonded to the free 

end of the terminal ligands and weakly bonded via Van der Waals interactions with 

fully connected Hmim ligands (Figure 5.2). The free and terminal ligands are highly 

influential in the structure of ZIF-L:  

(a) (b) 

(c) 

(d) 

(e) 
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- They are critical for preventing layers from linking to form ZIF-8 during 

synthesis and also provide strong interlayer bonding.[13]  

- They segment the channels of ZIF-L into porous cavities and provide 

separation of the two different sized spaces (Figure 5.2).[162] 

- They create additional degrees of freedom, increasing the flexibility of ZIF-

L. Indeed, while there is no continuous channel network in ZIF-L, there is 

evidence of reformable channel systems given significant CO2 adsorption 

and longer molecules such as CO2 have been found to cause significant 

reformable channel widening compared to N2 (6.48 Å vs 6.13 Å).[162]    

ZIF-L exhibits a number of beneficial properties arising from blending a 2D 

morphology with the building blocks of ZIF-8, including high density (1.4 g/cm3 

vs 0.94 g/cm3 for ZIF-8), regular porosity, interlayer space and flexibility, high 

thermal and chemical stability, negligible cytotoxicity, and high external surface 

area with exposed active sites.[13]  Initial reports of ZIF-L focussed on the high 

CO2 adsorption properties (0.94 mmol/g vs 0.78 mmol/g for ZIF-8) and enhanced 

CO2/CH4 selectivity (7.2 vs 2.8 for ZIF-8), due to more flexible inter-layer cavities 

compared to the cage-type sodalite ZIF-8 structure,[13,163-164] leading to uses as 

membranes to separate gas molecules.[160]  More recently, ZIF-L has been used as 

an effective filter to remove toxic waste from water, including metal ions (e.g. 

Cd(II)), phosphate, and molecules such as the pharmaceutical tetracycline 

hydrochloride.[161,165-169] One report has also employed a ZIF-L based material 

as a catalyst for polymerisation.[170]  
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5.2.1    Leaf-shaped morphology 

ZIF-L forms in a unique leaf-shaped morphology (Figure 5.3). In 2017, Motevalli 

et al. undertook ab initio studies on ZIF-L to rationalise the morphology by 

generating surface slab models and calculating surface energies.[160] The work 

found the (001) surface to be significantly lower in energy as cutting the surface 

only breaks intermolecular forces between layers. Coordination bonds are required 

to be broken for other surfaces, greatly increasing surface energies, hence 

explaining the predominance of the (001) crystal face. Specifically, the (100) and 

(110) facets have similar energies as each requires one single bond per Zn to be 

broken (Figure 5.3). The (010) surface requires two bonds to be broken, the second 

of which requires more energy than the first, greatly increasing the energy of a cut 

surface along the (010) plane (Figure 5.3). To minimise energy, and stabilise the 

structure, self-assembly favours (100) and (110) edges, while eliminating (010), 

leading to the pointy ends and curved edges of ZIF-L (Figure 5.3).[160]   

 

Figure 5.3. (a-b) Predicted crystal morphology of ZIF-L by Motevalli et al. using a DFT 

method. (c) FE-SEM of ZIF-L. (d) Range of crystal planes in xy-plane of ZIF-L. Adapted 

with permission from Ref. [160]. Copyright American Chemical Society, 2017.  
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5.2.2    ZIF-L for as a host framework and composite  

The cushion cavity in ZIF-L, coupled with interlayer and ligand flexibility, makes 

the framework a promising candidate for guest@host engineering. To date, there 

have been reports of phosphate doped ZIF-L and carbon dot@ZIF-L composites, 

both for luminescent applications. ZIF-L has inherent low-intensity fluorescence in 

the violet to deep-blue visible region, attributable to the π*–π transition of the 

Hmim ligand. The addition of phosphate was found to enhance this fluorescence 

sufficiently to enable Fe3+ detection.[171] The four reported carbon dot@ZIF-L 

composites were used to create fluorescent probes for detecting cyclines (e.g., 

doxycycline)[172] and metal ions,[173-174]  and as components of antimicrobial 

hydrogels to identify and adsorb Cu2+ ions.[175]  

The findings clearly demonstrate the effectiveness of ZIF-L composites as 

functional luminescent materials, namely sensors. Less clear is whether the reported 

materials can be defined as guest@host systems by encapsulating guests within the 

ZIF-L cavities, or if they are a mixed hybrid of two materials via surface 

interactions. Interestingly, the reports do show mixed evidence of some form of 

encapsulation, including the widening of ZIF-L leaf shaped particles, but state that 

“the mechanism underlying the change is not supported by literature and requires 

further investigation”.[172] Defining this is important, as effective guest 

encapsulation can produce more stable and resilient materials, with minimal guest 

leaching, along with regular host-guest interactions that can be more rationally 

tuned.  
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5.3    Guest@ZIF-L  

5.3.1    Experimental Design  

Paper IV presents a study that demonstrated common luminescent organic dyes can 

be effectively encapsulated in ZIF-L to produce functionally luminescent 

guest@ZIF-L materials. Only guests compatible with the pore size of ZIF-L were 

examined to minimise the potential of surface aggregation or composites of guest 

and ZIF-L (Figure 5.4). F was selected for a comprehensive study due to: 

1) the need to ‘turn on’ fluorescence by preventing aggregation caused 

quenching (ACQ),[176] 

2) a degree of flexibility in F molecules via rotation of the phenyl substituent, 

and  

3) well understood luminescent behaviour and comparison available to 

F@ZIF-8.[83]  

Perylene and 7-hydroxycoumarin (HC) were also successful in producing 

guest@ZIF-L materials. HC is an often-employed effective blue emitter for white 

light systems and acts as an example of a small molecule well within the limits of 

the ZIF-L pore.[177] Perylene, contrastingly, is an example of a planar aromatic 

compound with precise dimensions for the ZIF-L pore, with potential for stacking 

arrangements within a single pore.[178] The molecule is primarily used also as a 

blue emitter dopant for WLE systems but has been reported in the solid state to 

stack in dimer arrangements that produces green or yellow emission.[133,178-179]  
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Figure 5.4. Guests used in Paper IV for encapsulation in ZIF-L.  

 

 

The work comprised three parts:   

(1) Providing insight into the mechanisms behind guest incorporation in ZIF-L.  

(2) Using these insights to tune guest loading and arrangement for optimising 

luminescent properties.  

(3) Demonstrating the growth of self-oriented luminescent thin films. 

 

5.3.2    Structural mechanisms of ZIF-L guest engineering 

Guests were introduced into ZIF-L using an in situ encapsulation strategy by adding 

guest molecules into the reaction mixture.[109] PXRD and High-angle annular 

dark-field scanning transmission electron microscopy (HAADF-STEM) confirmed 

the product (Guest@ZIF-L) retained the ZIF-L crystal structure at the bulk and local 

scale (Paper IV, Figures 1-2), while ATR-FTIR, nano-FTIR and Raman 

spectroscopy confirmed the chemical bonding of ZIF-L was retained also at the 

bulk and local scale (Paper IV, Figures 1 and 4).  
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NMR analysis of the digested samples confirmed the presence of guests by 

comparing the ratio of characteristic peaks of the guest with Hmim (Figure 5.5). 

Data reveal a logarithmic relationship between F mass used in synthesis and the % 

loading into ZIF-L. Increasing the quantity of MeOH used during synthesis at a 

particular F mass increased the loading % linearly.  

 

 

Figure 5.5. (a) F (left) and Hmim (right) indicating proton signals analysed with 1H NMR. 

(b) Sample F@ZIF-L NMR spectra (full – right, zoomed – left) varied by guest loading, 

indicating peaks and associated molecular protons (blue for F and orange for Hmim).  

 

 

Further, these data confirm the absence of guest surface species or aggregates, 

consistent with the approach in previous studies of this thesis. Firstly, no additional 

vibrational bands were observed in far-field spectroscopy of bulk samples. To 

provide a counterfactual, the quantity of F was increased to the point (≥10 mg) that 
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surface aggregates did result (observable in SEM and confirmed to be F with 

nanoFTIR), and new bands were observable in bulk ATR-FTIR attributable to F 

(Paper IV, SI S7). Secondly, nanoFTIR single point, line scans, and 2D maps, did 

not reveal any signals from F (Paper IV, Figure 4). Additionally, this study 

employed a further technique: pseudo-heterodyne (PsHet) imaging by scattering-

type scanning near-field optical microscopy (s-SNOM) collected in collaboration 

by Lars Mester. This involved illuminating the sample with a monochromatic 

quantum cascade laser (QCL) that can be tuned to an absorption band of interest, 

thereby assessing the intensity of signal from the sample at specific wavelengths 

(Figure 5.6). To ensure consistency between data, a widefield fluorescence 

microscope was incorporated into the instrument so that particles measured with s-

SNOM could also be tested for fluorescence behaviour. For this work, the source 

was tuned to 1146 cm-1 (characteristic C-H bending of ZIF-L), 1580 cm-1 (strongest 

band from F), and 1072 cm-1 (reference band with minimal intensity from both ZIF-

L and F). Data showed strong consistent signal intensity at 1146 cm-1 across the 

particle, confirming the presence of ZIF-L, but only a very minimal consistent 

signal from F, indicating a degree of homogenous incorporation throughout the 

F@ZIF-L particle. Previous work demonstrated similar results after washing a 

RB@ZIF-8 sample with effective guest incorporation, compared to a stronger 

intensity indicating surface species before washing.[87] 
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Figure 5.6. Example of s-SNOM data on F@ZIF-L particle, indicating irradiation 

wavelength of QCL for PsHet imaging. Above: example image of widefield fluorescence 

module attached to s-SNOM instrument. Scale bar represents 1 μm. 

 

Additional indicators suggested positively that a degree of incorporation of F into 

the ZIF-L host had occurred. NanoFTIR spectra for F@ZIF-L exhibited a reduction 

in the intensity of the band at 780 cm-1 compared to 997 cm-1 and 1148 cm-1 as guest 

loading increased (Paper IV, Figure 4). This corresponded to a reduction in out-of-

plane ring bending mode relative to the in-plane ring bending, a behaviour that 

could result from a guest within porous space that sterically hinders Hmim 

movement. Secondly, N2 adsorption at 77.3 K reduced in maximum volume from 

26.34 cm3/g for ZIF-L to 12.24 cm3/g for F@ZIF-L, with a 30 % reduction in 

Brunauer–Emmett–Teller (BET) surface area and 65 % reduction in microporous 

volume (Paper IV, Figure 1). These data suggest the presence of guests within 

porous cavities of ZIF-L. Finally, TGA showed that a percentage mass loss 
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attributable to the free Hmim in ZIF-L reduced exponentially from 15 % to 12.5 % 

with increasing guest loading (Paper IV, Figure 1).[13] This implies less 

uncoordinated Hmim. As these reside in the porous cavities of ZIF-L, being less 

present in F@ZIF-L as more F is loaded further suggests the incorporation of F into 

the porous cavities of F@ZIF-L. While attempted, beam sensitivity (previously 

reported for ZIF-L)[180] precluded further crystallographic positioning of guests 

using electron diffraction or high resolution TEM (HR-TEM).   

 

5.3.2.1 Changing morphologies 

The most prominent evidence of guest incorporation was a morphological transition 

as guest incorporation changed. Paper IV outlines a systematic study with F@ZIF-

L used to isolate the changes attributable to guest incorporation as distinct from 

solvent conditions for synthesis (Paper IV, Figures 2-3). PXRD, FE-SEM, and 

AFM data revealed that as guest loading increased, particle morphology morphed 

on a continuum from the ZIF-L pointed leaf, to a wider leaf, rounded rectangle, then 

precisely rectangular (Figure 5.7).  From the theory in §5.2.1 a rationalisation and 

hypothesis was formed. The shift towards a rectangle eliminates the (110) surface 

edge, while increasing the presence of (010), which for ZIF-L alone is energetically 

unfavourable. The (110) plane intersects the cushion pore cavity of ZIF-L, 

suggesting that if a guest was incorporated into this position the bonds required to 

be broken would now be unfavoured, hence the edge is eliminated in preference to 

(010).  
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Figure 5.7. Above: sketch of F@ZIF-L morphological changes with guest loading, 

temperature, and increased MeOH during synthesis. Below: AFM images of F@ZIF-L 

synthesised with varying conditions. Scale bars indicate 1 μm. See Paper IV, Figure 2, for 

comprehensive analysis. 

 

Density Functional Theory (DFT) calculations (undertaken by collaboration with 

Lorenzo Dona and Bartolomeo Civalleri) were employed to confirm the veracity of 

these hypotheses. Slab models were built with a thickness between 9-12 Å for the 

(100), (010), and (110) faces. Adsorption of F and perylene was modelled on each 

surface (Figure 5.8 and see Paper IV Figure 3). F was studied in its dianionic form, 

using Zn2+ as a counterion, based on basic pH conditions that preference the dianion 

during synthesis, along with NMR signals that align with the F dianion. Modelling 

revealed that both guests exhibit the lowest binding energy, hence their preference 

to absorb on the (110) surface. This surface also resulted in the strongest dipole 

moment, i.e., instability. Hence, once the guest absorbs to the surface during self-
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assembly, reconstruction to eliminate the dipole can occur to achieve stability, 

thereby reducing the (110) surface edge. Two further observations are notable. The 

(110) surface had two possible binding sites, with the more accessible site closer to 

the centre of the cavity modelled to have the lowest binding energy. Secondly, the 

binding energy of perylene at the (110) exposed site was 27 % lower than F, 

suggesting perylene is a preferred guest.  

 

 

Figure 5.8. Modelling F adsorption on F@ZIF-L (100) (above) and (010) (below) 

surfaces using DFT (Zn = purple, N = blue, C = yellow, O = red, O = white). 
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Significantly, the observed morphology continuum was only fully accessed when 

synthesising F@ZIF-L at higher temperatures (35-45 vs 30 °C).  This is likely due 

to a combination of factors including increased dissolution of F, more volatile 

MeOH that is less likely to compete with F for pore space in ZIF-L, and the 

increased energy available for guest-host binding. 

 

5.3.3    Luminescent properties  

F@ZIF-L exhibited strong luminescence expected of F when not quenched by 

aggregation (Figure 5.9). A detailed analysis with the effect of guest loading is 

provided in Paper IV and aligns with the behaviour of F in Z7-NS and ZIF-8 (Paper 

IV, Figure 5). That is, strong green emission is observed at low guest loadings, due 

to dominant monomer and J-aggregate species. Increasing guest loading (from 0.2 

mg for F@ZIF-L) led to H-aggregation beginning to dominate, suppressing 

emission and red shifting chromaticity to orange/yellow. When synthesised at 

higher temperatures, i.e., more effective guest loading in the pores of ZIF-L, an 

increase in monomeric species was observed, contributing to an increase in 

fluorescence lifetimes (indicative of better confinement). This corresponded to an 

increase in emission intensity at the same guest loading. Remarkably, PLQY of 

99.95 % was achieved by F@ZIF-L and reasonable photostability was reported 

(35.5-39.3 % loss over 24-hours when exposed to concentrated irradiation under a 

150 W UV lamp). Moreover, 13 months of suspending F@ZIF-L in MeOH did not 
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cause any guest leaching (only a trace quantity of 0.014 ppm was observed in 

MeOH) and the F@ZIF-L particles remained strongly luminescent.  

A comparison to F@ZIF-8 offered a useful assessment of the effectiveness of 2D 

encapsulation. Based on published data from our lab,[83] using consistent 

equipment and techniques, F@ZIF-8 with a comparable guest loading (0.03 %) 

achieved 98 % PLQY, while emission intensity was 20 % of that achieved with 

ZIF-L. Additionally, emission and excitation were more blue shifted in F@ZIF-8 

(515-535 nm vs 535-555 nm for F@ZIF-L and 499 vs 510 nm for F@ZIF-L). 

Lifetimes of each component contributing to emission were also longer than 

F@ZIF-L (6.5 vs 5.5 ns, 3.9 vs 3 ns and 0.4 vs 1.1 ns). These data indicate a more 

stable system is achieved by F@ZIF-L but with less confined F. This results in a 

more efficient and effective luminescent system.  

 
Figure 5.9. Excitation-emission maps for (a) HC@ZIF-L, (b) F@ZIF-L and (c) 

perylene@ZIF-L (inset: samples under ambient (above) and 365 nm UV (below)). (d) 

sketch outlining guest arrangements for perylene@ZIF-L to produce WLE. 
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Perylene@ZIF-L was found to emit blue at low guest loadings (0.03 % mol) but an 

ideal WLE (CIE = 0.33, 0.34) at higher loadings (0.1 %) (Figure 5.9 and see Paper 

IV Figure 7). This is the first report of perylene alone emitting white light, with 

perylene@ZIF-8 either showing blue, green, or yellow emission depending on the 

pressure applied to the system and another report requiring mixed RB@ZIF-8 and 

perylene@ZIF-8 to achieve WLE. [133,181] The cause of this emission is due to a 

balance of monomeric emission from perylene in the blue region, and ⍺-phase 

dimers emitting in the yellow-orange region. Dimers in ⍺-phase stack parallel due 

to strong π-π interactions in the delocalised electron cloud of perylene and are 

reported to emit as E-excimers. These dimer species form after excitation and 

stabilise the lowest excited state, thereby reducing the emission energy and red-

shifting emission chromaticity. The requirement for higher guest loading suggests 

that perylene is preferentially arranged as single species in ZIF-L cavities, but 

higher loading may force stacked species within single cavities to produce ⍺-phase 

dimers.  

HC@ZIF-L emitted the blue as expected from HC (Figure 5.9 and Paper IV, Figure 

7). No further analysis was conducted on this sample, as it was a proof of the 

generalisability of the guest@ZIF-L technique. A broader study of coumarins in 

ZIF-L may be a useful extension of the coumarin@ZIF7-NS study, to assess the 

protection afforded by ZIF-L from photodimerization. 
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5.3.4    Fabricating thin films  

Oriented films are critical for high performance thin-film optoelectronics and 

sensors. ZIF-L can be grown directly along the b-axis to create oriented 

heteroepitaxial growth for thin film coatings, attributed to the Van der Drift growth 

model where to obtain sufficient growth space the crystals preferentially grow 

upwards, preferring orientation along the longest axis.[166,182-186] For this study, 

we briefly demonstrated that this process could be applied to guest@ZIF-L systems 

by forming an oriented fluorescent film of F@ZIF-L on a Zn substrate with strong 

and fairly homogenous emission (Paper IV, Figure 8). Notably, growth has been 

studied for ZIF-L over 120 minutes on a polyacrylonitrile membrane and shown to 

incrementally thicken, with larger particle layers forming over oriented films.[185] 

Similar behaviours were observed for ZIF-L and F@ZIF-L on Zn film, although 

further investigation is needed to systematically determine the optimal reaction 

length to maximise film orientation, along with the effect film orientation has on 

improving optical properties. Of note, one work has intentionally exploited the 

growth variation by growing smaller ZIF-L particles as branches on larger ZIF-L 

particle ‘trunks’ that form oriented films. It would be interesting to determine if two 

different luminescent materials could be grown in a similar manner to fabricate a 

multi-emitter system.[185]   
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5.4    Implications and Further Studies  

ZIF-L has been demonstrated as a versatile and robust host system for luminescent 

organic guest molecules. Controlling guest quantity and reaction temperature 

offered tuneability of guest loading and arrangement. This was tracked visually by 

observing distinct morphological changes. By optimising guest loading and 

arrangement, the luminescent properties of guests were finely tuned. This produced 

high PLQY and intense emission, in the case of F@ZIF-L, and WLE in the case of 

perylene@ZIF-L. Significantly, these materials exhibited desirable photo and 

chemical stability to be applied in lighting and optoelectronic devices, while also 

having the convenience of being fabricated in oriented thin films direct from 

synthesis.  

The work is only an initial illustration of the broad potential of this strategy, and 

selecting further luminescent guests could lead to developing fast acting sensors, or 

pressure indicators that take advantage of the oriented 2D nature of ZIF-L. 

Employing a diverse range of guests could unlock myriad new properties for ZIF-

L including conductivity or more general chromatic applications such as 

electrochromic systems. As a proof of concept for this direction, we successfully 

encapsulated naphthalene tetracarboxylic acid@ZIF-L (NTC@ZIF-L) and 

pyromellitic diimide@ZIF-L (PD@ZIF-L) in ZIF-L (Figure 5.10). Both NTC and 

PD are known to be electrochromic and used as ligands in redox active MOF 

materials, creating the possibility of charge transfer systems in ZIF-L for catalysis 

or energy storage and capacitance.[187-188] Of note, both systems also exhibited a 
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uniform windmill morphology, rather than single particles. Given NTC and PD 

molecules have well oriented sets of carbonyl functional groups at each end, it is 

possible these act as directing groups to increase hydrogen-bonding and other 

intermolecular interactions. These could promote particle splicing, as seen with 

other molecules that contain directing groups added to ZIF-L synthesis.[175,189]  

To further probe this phenomenon, a suite of guest molecules are proposed that 

could examine the effect of terminal functional groups on directing ZIF-L 

morphology, which could further be used to tune the electron transport behaviour 

of the material (Figure 5.10). The increasing scale, with the third tier of molecules 

incorporating the perylene core, could also present opportunities for ligand 

substitution to form a modified ZIF-L structure directly with additional 

functionality.  

Two other tangential directions are of interest from this study. Guan et al. in 2017 

reported a process of mixing ZIF-L with the organic dye 1,4-diethoxybenzene in 

ethanol to produce a dye@ZIF-8 by structural transformation. The ZIF-L to ZIF-8 

transformation is well studied and involves solvent molecules interacting with inter-

layer Hmim followed by a sliding of layers to align sodalite cages.[190] It has been 

shown to occur at the kilogram scale.[191] It could be interesting to examine 

whether guest@ZIF-L materials would transform under solvent and heat to ZIF-8, 

potentially acting as a ‘switch’ to turn on or off properties distinct to the 2D and 3D 

phases of the host. Finally, ZIF-L nanosheets have been reported in one study, albeit 

by ball-milling exfoliation assisted by viscous polyethyleneimine liquid to develop 

monolayer 0.6 nm sheets of around 1 μm lateral dimensions.[192] To link the work 
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undertaken on MONs in this thesis, an exploration of ZIF-L MONs could offer an 

even more ideal combination of 2D and 3D material properties to target more 

superior functional materials.  

 

 

Figure 5.10. Suite of candidate molecules for future guest@ZIF-L studies, with FE-SEM 

of PD@ZIF-L and NTDC@ZIF-L illustrating windmill morphology. 
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5.5    Paper IV  

Elucidating guest-host mechanisms in ZIF-L for tuneable highly 

luminescent functional materials 

 

 
Figure 5.11. Illustration of F@ZIF-L, based on artificial coloured composite fluorescence 

microscopy images.  

 

 

 
Supporting information for this manuscript can be found here.  
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Abstract 

3D metal-organic frameworks (MOFs) are well known effective hosts for luminescent 

guests that improve tuneability, photostability and material fabricability. 2D 

guest@MOF systems, while less explored, offer competitive advantages over 3D 

guest@MOF systems due to their optical transparency, inter-layer spacing, and often 

thinness. This work examines luminescent organic dyes@ZIF-L to establish the 

underlying mechanisms of guest incorporation in ZIF-L and demonstrate the 

advantages of the 2D ZIF-L architecture for the material’s functional luminescence. 

Analysing a case study system, fluorescein@ZIF-L (F@ZIF-L), using nanoscale FTIR, 

diffraction, and topology mapping, confirmed that F resided in the ZIF-L framework 

cavities. Supported by surface energy simulations, the extent of guest incorporation 

was confirmed to be indicated by a morphological continuum, from the characteristic 

leaf shaped ZIF-L to rectangular F@ZIF-L. By modifying synthesis temperature and 

solvent ratios, the luminescent properties of F@ZIF-L could be rationally tuned in 

terms of guest loading and arrangement (i.e. the ratio of monomers to aggregates). 

When optimised, F@ZIF-L exhibited tuneable emission chromaticity, 99.7 % 

photoluminescent quantum yield, minimal guest leaching in solution over 12 months, 

and high photostability. Perylene@ZIF-L exhibited unique white light emitting 

properties, with CIE coordinates (0.33, 0.34) arising from a combination of yellow ⍺-

phase excimer and blue monomeric perylene emission. Finally, oriented luminescent 

thin films of guest@ZIF-L materials were grown on Zn film, demonstrating an in situ 

fabrication technique. Together, the work highlights the potential for guest@ZIF-L 

systems in developing tuneable and resilient luminescent components of next 

generation optoelectronics, sensors, and lighting systems. 
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Introduction 

Functional luminescent materials that can be carefully tuned are critical for new 

generation nanoscale sensors and indicators, lighting systems, and optoelectronics.1 

White light emission (WLE), for example, requires precise attainment of Commission 

Internationale de l'éclairage (CIE) coordinates (0.33, 0.33).2,3 While many organic 

dyes, such as fluorescein (F), perylene, and coumarins, can exhibit strong functional 

fluorescence for these purposes, as free molecules these properties are challenging 

to control. F, for example, is non-emissive in the solid state due to aggregation caused 

quenching (ACQ).4,5  

Metal-organic frameworks (MOFs) have been employed as effective 3D structures to 

host organic luminescent dyes, providing a system of control through host-guest 

interactions.6 Due to the high porosity and customisability afforded by MOF materials, 

myriad dye@MOF systems have been developed that are tailored to optimise the 

properties of the luminescent dye, leading to stronger emission and improved 

photoluminescent quantum yield (PLQY).7 Zeolitic imidazolate frameworks (ZIFs) in 

particular offer large cages to encapsulate organic dyes, while also exhibiting high 

thermal and chemical stability, attributable in part to their zeolite-type structure.8 

3D frameworks do have limitations, however, including limited optical transparency, 

challenging fabricability, dye leaching, self-quenching through reabsorption, and 

delayed sensing due to limited target molecular diffusion through the MOF 

superstructure.9,10 2D guest@MOF materials have been proven to overcome some of 

these issues by offering additional properties including increased external surface 

area, number of active sites, interlayer spacing for diffusion and molecular transport, 

orientability, and in some cases, thinness.11 One particularly promising candidate is 
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ZIF-L (Zn(mim)2·(Hmim)1/2·(H2O)3/2 or C10H16N5O3/2Zn, Hmim = 2-methylimidazole), 

which is formed by the alteration of 2 layers that are part of the ZIF-8 sodalite 

topology.12  In each asymmetric unit, there are two crystallographically unique Zn(II) 

ions, each coordinated by four N atoms, four Hmim ligands and one free Hmim 

molecule.13  The free Hmim, and additional terminal ligands interact in interlayer 

spacing via hydrogen bonds and van der Waals interactions, critical to preventing 

layers from linking to form ZIF-8 during synthesis but also creating strong interlayer 

bonding.12  The framework contains two large pore cavities: one cushion type cavity 

of 9.4 x 7 x 5.3 Å and a smaller cavity of 3.6 x 2.8 x 2.3 Å.12 Notably, the terminal and 

free Hmim ligands create flexibility of the framework, with longer molecules such as 

CO2 causing significant channel widening compared to N2 (6.48 Å vs 6.13 Å).14    

ZIF-L combines the stability and large cavities of typical of ZIF materials with the 2D 

morphology, creating a denser framework than ZIF-8 (1.4 g/cm3 vs 0.94 g/cm3)15 that 

is reported to have high thermal and chemical stability, negligible cytotoxicity and high 

surface area with exposed active sites.12 The material was initially explored for its high 

CO2 adsorption capacity (higher than ZIF-8 at room temperature).11,12,16 It has also 

been proven to be effective as a filter for wastewater treatment,17,18,19,20,21,22 catalyst 

for polymerisation,23 and as a membrane to separate gas molecules,13 with the 

interlayer space facilitating mass diffusion. Usefully, ZIF-L can be grown along the b-

axis to create oriented heteroepitaxial growth for thin film coatings, attributed to the 

Van der Drift growth model where to obtain sufficient growth space the crystals 

preferentially grow upwards. Preferring orientation along the longest axis.18,24,25,26,27 

Oriented films are critical for high performance thin-film optoelectronics and sensors. 
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Despite ZIF-L being an appealing structure for guest@host engineering, due to the 

large cavities, interlayer channels, and framework flexibility, very few reports of 

guest@ZIF-L solid-state systems exist, and luminescent ZIF-L materials are limited. 

While ZIF-L exhibits emission under 365 nm in the violet-deep blue region due to the 

π–π* transition of the Hmim ligand, it is typically not intense or sensitive enough to 

provide useful functionality alone.28,29 Phosphate has been doped in ZIF-L to enhance 

the framework’s natural fluorescence to enable Fe3+ detection.30 There are also four 

reports of carbon dot@ZIF-L composites to create fluorescent probes for detecting 

cyclines,31  metal ions,29,32  or be used as components of antimicrobial hydrogels to 

identify and adsorb Cu2+ ions.33 While these developments show the effectiveness of 

ZIF-L composites for luminescent sensors, works have not attempted to understand 

the extent of guest encapsulation into ZIF-L or the underlying mechanisms of guest 

incorporation. Indeed, a number of works identify ZIF-L particles widening on guest 

encapsulation, but note further investigation is required to interpret these 

observations.31  

Herein, we report a collection of highly luminescent dye@ZIF-L materials. F was 

selected as the candidate guest given its character as a strong green emitter and the 

need to be ‘turned on’ in the solid state by preventing ACQ with host interactions. The 

dimensions of F’s molecular aromatic core (8.5 x 6.9 x 5.0 Å) are theoretically 

compatible with the flexible ZIF-L pore, and F itself has a degree of flexibility via 

rotation of the phenyl substituent. Other guests included perylene, which showed 

unique WLE upon encapsulation. The luminescence of F@ZIF-L and perylene@ZIF-

L was found to be highly tuneable based on guest loading and synthesis conditions 

that varied the arrangement of guests in the host framework. Employing ab initio 

density functional theory (DFT) simulations and nanoscale analysis techniques, the 
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mechanisms behind guest encapsulation in ZIF-L were elucidated, revealing that the 

degree of guest incorporation into ZIF-L pores is indicated by a morphological 

progression from the pointed leaf shaped particles to wider ovals, then rectangles. 

Finally, due to the orientable growth of ZIF-L, luminescent thin films were grown on Zn 

foil to produce functional fluorescent lighting surfaces.  

 

Synthesis  

In situ guest encapsulation was used to synthesis F@ZIF-L. The typical ZIF-L 

synthesis,12,34 was modified by dissolving guest molecules into the reagent mixture 

before stirring (see Methods in Supporting Information). Typically, ZIF-L synthesis is 

H2O based, as water can hydrolyze and postpone growth into a third dimension to 

form ZIF-8.35 After the N amine of the Hmim ligand forms hydrogen bonds with water, 

it induces the formation of further H bonded Hmim ligands, linking sodalite layers to 

form ZIF-L. However, the solubility of F in water is very low: at the 80 mL scale used 

for synthesis, only 0.10 mg of F fully dissolved. F is more soluble in organic solvents 

such as MeOH and EtOH. Solvent, however, causes the amine H to dissociate and 

coordinate with Zn2+ ions, to then form 4-coordinated Zn2+ via the dehydrogenated 

Hmim and assemble ZIF-8.11 We therefore tested the addition of very dilute quantities 

of common organic solvents to the H2O (80 mL). Powder X-ray diffraction (PXRD) 

confirmed that toluene, isopropyl alcohol, acetone, acetonitrile and tetrahydrofuran all 

formed ZIF-8 at any concentration tested, while dimethylformamide and EtOH formed 

ZIF-L but only up to 2 mL and 5 mL respectively, after which ZIF-8 formed (Figure S1). 

Finer testing was undertaken with MeOH (F solubility of ≈ 10 mg/mL), confirming up 

to 10 mL can be added and still form pure phase ZIF-L, while pure phase ZIF-8 forms 

from 20 mL of MeOH (Figure S2). 
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A range of F@ZIF-L samples were synthesised: 5 using H2O only (up to 0.5 mg F 

content during synthesis), 16 using a constant MeOH content of 4 mL but varying F 

content during synthesis (from 0.01 mg to 80 mg), 3 sets of samples (0.1, 0.3, 0.5 mg) 

each with varying MeOH content (1, 2, 4, 8 mL), and various samples with 0.3 mg F 

synthesis content with varied temperature (from the standard 30 °C to 35, 40, 45, and 

50 °C).  The guest synthesis content was based on the range of guest quantities 

reported for ZIF-L carbon dot composites (from 1.5 mg to 25 mg).29,31,33 All samples, 

after drying, formed an average of 500 mg F@ZIF-L (85 % yield based on Zn content), 

which aligns with expected yields from previous reports.11  

 

F@ZIF-L Bulk Structure and Composition  

PXRD patterns of F@ZIF-L up to and including 10 mg of F during synthesis exhibit 

sharp peaks and align with the experimental and simulated patterns of ZIF-L, 

confirming the retention of the ZIF-L crystalline framework (Figures 1a, S3). From 20 

mg of F, a mixed ZIF-L/ZIF-8 phase results, with only ZIF-8 forming at 80 mg of F 

(Figure S4). Vibrational spectroscopy of F@ZIF-L with up to 5 mg of F further 

confirmed the retention of the ZIF-L framework, with attenuated total reflectance-

Fourier transform infrared (ATR-FTIR) and Raman spectra aligning with the vibrational 

bands of ZIF-L without any additional bands present (Figures 1b, S5-S6).  

From ≥ 10mg of F, a series of additional vibrational bands were observable (Figure 

S7). These increased in intensity with increased guest loading and align well with the 

FTIR spectra of solid state F, and reported simulation FTIR spectra of the dianion of 

F.36 For example, at 918 cm-1 a peak forms attributable to the out-of-plane bending of 
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the CH group on the benzenecarboxylate unit of F. This indicates the presence of 

aggregated F species either on the surface of F particles, or as a mixture with F 

particles. Field emission scanning electron (FE-SEM) micrographs of 10 mg, 20 mg 

and 40 mg F@ZIF-L confirm the latter, with large growths of F forming between ZIF-L 

particles (Figure S8). Nearfield infrared nanospectroscopy (nanoFTIR) was used to 

probe one of these clumps, revealing the nanoFTIR spectra aligned well with the 

nanoFTIR spectra of a F as a solid powder (Figure S9-S10). Meanwhile, the FE-SEM 

of the 80 mg F sample exhibits a unique morphology comparable to ZIF-8 (Figure 

S11). For these reasons, we excluded all samples of F@ZIF-L synthesised from 10 mg 

or more F from further studies, preferencing instead materials that exhibit behaviours 

typical of well incorporated guest@host systems.  

 
Figure 1. a) PXRD patterns of F@ZIF-L (0.3 mg, F) and ZIF-L, compared to simulated data.12 b) ATR-

FTIR of F@ZIF-L (0.3 mg, F) and ZIF-L. c) Loading of F in ZIF-L compared to synthesis quantities of F 

determined by NMR digest. d) Loading of F in ZIF-L from 0.3 mg synthesis quantity when MeOH 

synthesis content varied. e) N2 sorption isotherms (77.3 K) of F@ZIF-L (0.3 mg, F) compared to ZIF-L. 

f) TGA of F@ZIF-L (0.3 mg, F) (inset) with TGA determined free ligand mass loss (orange bar) from 

F@ZIF-L samples various F content during synthesis.    
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The loading of F in F@ZIF-L was determined using NMR digest and the signal ratio 

from the 2-methylimidazolate ligand (singlet at 7.3 ppm corresponding to the two 

methine protons of the imidazole ring) and F (doublet at 8.3 ppm corresponding to a 

single proton in the ortho position relative to the carboxy group) (Figure S12). A 

logarithmic relationship between guest content during synthesis and loading % mol 

was determined, with a maximum loading of 0.16 % mol (Figure 1c). A F@ZIF-8 

material also reported a logarithmic guest loading.36 Introducing dilute MeOH content 

(up to 8 mL)  into the synthesis further increased guest loading linearly compared to 

H2O only synthesis (Figure 1d). When synthesised at 35 °C, loading remained similar 

in quantity to that observed at 30 °C, also exhibiting a strong correlation with increased 

MeOH during synthesis (Figure 1d). 

N2 adsorption and desorption at 77 K was investigated to examine porosity. Isotherms 

revealed a reduction in maximum volume of N2 adsorbed from 26.34 cm3/g for ZIF-L 

to 12.24 cm3/g for F@ZIF-L (0.3 mg, F) (Figure 1e). Similar reduction in adsorption 

capacity of N2 is well reported for guest@ZIF systems, including phosphate@ZIF-L, 

and is indicative of effective guest incorporation into the host framework.30 

Furthermore, BET surface was measured to be 15.44 m2/g for ZIF-L, aligned with 

reported values,21 while a 30% reduction to 10.81 m2/g was observed for F@ZIF-L 

(Table S1). The materials exhibited some microporosity, as expected for ZIF-L, with a 

sharp increase in adsorption at low pressure (P/P0 < 0.1).29 A 65 % reduction of 

microporous volume was observed for F@ZIF-L. These differences in surface area 

and micropores are comparable to those reported for the phosphate and carbon 

dot@ZIF-L composite materials (Table S1). 29,30,31,32  
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Thermogravimetric analysis (TGA) appears consistent with ZIF-L reported data:12 an 

initial loss at 100 °C from solvent (H2O), then at 250 - 300 °C a second mass loss due 

to removal of the weakly linked Hmim molecules between the layers of ZIF-L, followed 

by framework decomposition at 550 °C to form ZnO (Figure 1f, S15). F is reported to 

exhibit thermal instability from 330 °C, after the second thermal loss step for ZIF-L.36  

While typical reported loss due to trapped solvent is around 4.3 %,15 F@ZIF-L 

materials only exhibit a 2% weight loss. Moreover, the loss due to weakly bound Hmim 

molecules reduces exponentially from an expected 15% loss for ZIF-L as guest loading 

increases to 12.72 % (Figure 1f).29,36 Close observation of ATR-FTIR spectra revealed 

that the broad band around 3250 cm-1, assignable to the free Hmim, 37 gradually 

decreased with increased guest loading (Figures S5, S7). These data indicate that 

with increased F used during ZIF-L synthesis, there is (1) less solvent within the 

F@ZIF-L framework and (2) a progressive reduction of free Hmim (that protrude into 

open framework space), both indicia that instead F guest molecules are being 

incorporated into the porous space of the ZIF-L framework. In the absence of Hmim, 

F could act as a similar directing unit to control framework growth, forming similar 

intermolecular bonds, including H-bonds, that supress growth between sodalite layers 

to form ZIF-8. 

 

Morphology 

Atomic force microscopy (AFM) and FE-SEM data were correlated to observe 

morphological changes for F@ZIF-L (Figure 2a-q). ZIF-L appears in the well-known 

‘leaf’ morphology with dimensions of 7.33 x 2.76 μm (Figure 2a-b). Synthesis of 

F@ZIF-L with low guest loadings (H2O only) produced the expected ZIF-L morphology 
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but with smaller particle sizes (Figure S14, 2o). Increasing MeOH content during 

synthesis incrementally widened the particle at all guest loading concentrations, so 

that an oval then curved rectangular particle shape formed, along with decreasing the 

overall particle size (Figure 2c-h, 2o). Similar particle widening was reported for carbon 

dot@ZIF-L materials.31,33  Synthesising ZIF-L with the same increased MeOH content, 

but no guest content, resulted in the same particle widening, clarifying the change is 

primarily a result of the MeOH content (Figure S15). Surfaces of all particles are 

consistent with the arc topology of ZIF-L (Figure 2p), with no indication of guest surface 

aggregation.  

Adjusting synthesis temperature, however, resulted in unique changes attributable to 

guest content. Between 35-45 °C, smaller rectangular particles were synthesised 

when both F (0.1 mg to 0.5 mg) and MeOH (6 mL) were used in synthesis (Figure 2m-

o, S16). As guest loading increased, the rectangle became longer but narrower (Figure 

S17-18). From ≥ 50 °C and/or F content > 0.5 mg, an elongated hexagon formed 

(Figure S16-17). From 35 °C, when MeOH was included during synthesis without F, 

only the elongated hexagonal particle was observed (Figure S17), while increasing 

temperature with F but without MeOH resulted in the typical leaf shaped morphology 

(Figure S19). At 35 °C when F content remained constant (0.3 mg), but MeOH content 

was adjusted from 0-8 mL, the particle morphed from a leaf shape to pill, then towards 

a rectangle by 6 mL (Figure S19). These data highlight that while MeOH is required to 

attain the ideal rectangular morphology, it is not sufficient alone, rather a combination 

of MeOH and F is necessary. The rectangular particles also exhibited uniformly flat 

surfaces, in contrast to the gradually curved topology of ZIF-L and leaf-shaped F@ZIF-

L (Figure 2p, S20 for AFM mechanical phase), indicating more complete crystal growth 

and a structure with more effective guest encapsulation. 
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Figure 2. AFM and FE-SEM images, both of a single particle (above) and wider field of view (below), 

of ZIF-L (a-b), and F@ZIF-L (c-m). o) lateral dimension of F@ZIF-L samples (green) and ZIF-L (black) 

compared, highlighting clusters of data from reactions at 35 °C (red), 30 °C (orange) and 30 °C with 

added MeOH (blue, triangles). p) height profiles of F@ZIF-L and ZIF-L from select AFM images. q) 

lateral dimensions and thickness of F@ZIF-L during 120-minute synthesis (inset: images of particle 

growth during synthesis at each 20-minute interval). s) HAADF-STEM images of @ZIF-L (0.3 mg, F). t-
u) BF-STEM images of F@ZIF-L particle edges, showing uniform domains of crystallinity. Right, above: 

sample zoomed in section of domain. Right, below: Fourier transform showing d-spacing and 

corresponding (hkl) lattice plane of ZIF-L.   
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Morphology of the rectangular F@ZIF-L tracked during the 120-minute synthesis (35 

°C, 0.3 mg F, 6 mL MeOH) (Figure 2q). Data reveals initial growth along the b-axis, 

consistent with previously reported ZIF-L growth data.27,37 The particle formed in the 

first 60 minutes, after which an approximately linear increase in all dimensions resulted 

progressively.  

Of note, all particle morphologies appear to exist in a windmill-type particle form, 

involving the amalgamation of 2-3 particles (Figure 2r). FE-SEM revealed the central 

intersection of the two particles was often perpendicular, and that ‘slits’ formed in some 

single F@ZIF-L particles that appear to be suitable growth sites for the perpendicular 

windmill particles (Figure S21). These windmill morphologies were observed to be a 

minimal percentage of F@ZIF-L samples, at most 1 in every 100 particles, observed.  

 

Local structure and energetics influencing morphology 

To rationalise morphology based on structural energetics, we first needed to establish 

that individual F@ZIF-L particles exhibited crystallinity. High-angle annular dark-field 

imaging scanning transmission electron microscopy (HAADF-STEM) was employed 

to probe the local structure of F@ZIF-L particles (Figure 2s). Studies report ZIF-L is 

highly sensitive to electron dose, and exhibits a loss of crystallinity at >25 e/Å2, 

followed by linker decomposition at >100 e/Å2.15,38 Maintaining a low beam strength 

(10-20 e/A2) HAADF micrographs were collected of ZIF-L (Figure 2t) and F@ZIF-L 

(Figure S22). HAADF images of F@ZIF-L confirm the more rectangular morphology. 

Bright field (BF) STEM micrographs of F@ZIF-L particle edges displayed uniform 

crystallinity across the entire particle view (Figure 2t-u). Fourier transform was used to 
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measure d spacing equal to 0.5 nm in one image, and 0.8 nm in another (Figure 2t-u, 

S23). These correspond to the (420) and (112) crystal lattice planes using the (hkl) 

Miller indices, the two most intense reflections observed in PXRD diffraction patterns. 

These data confirm the local crystalline structure of F@ZIF-L, and that this is well 

represented by the bulk.  

Previous studies have rationalised the unique leaf morphology of ZIF-L based on 

surface energies (Figure 3a).13 In brief, energies are influenced by the dangling bonds, 

arising from terminal and free Hmim ligands in the structure. The surface energies of 

(100) and (110) are similar, each requiring one single bond per Zn to be broken, while 

the energy doubled for (010) due to both a single and double coordination bond 

required to be broken per Zn centre. The more energetically favourable assembly, 

therefore, minimises the presence of (010), leading to the pointed ZIF-L ends. The 

ZIF-L curve was previously determined to be comprised of (100) edges along the b-

axis and (110) comprising most of the particle curvature, towards the pointed end, 

connected by small surfaces of the (320), (310), and (210) facets.13   

The most extreme F@ZIF-L morphology change, a rectangular particle, contrastingly 

exhibits only the (100) and (010) edges along the b- and a-axis respectively, with (001) 

on the top and bottom surfaces along the c-axis (Figure 3a). The rounded rectangular 

and oval shaped F@ZIF-L particles show the incremental increase in (010) along the 

a-axis, reducing the presence of the (110) curvature contribution linking (010) to (100). 

This suggests the inclusion of guest molecules has varied surface energetics 

extensively, along with evidence that guests are well incorporated into the crystalline 

framework itself, rather than mere surface adhesion. Indeed, Figure 3b shows that the 

(110) surface intersects diagonally through the ZIF-L pore, breaking the pore, so the 
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sequential removal of (110) surfaces observed in F@ZIF-L particles indicates an 

energetic preference to maintain enclosed full pore structures upon guest 

incorporation, instead favouring the typically higher energy (010) surface.  

 

 

Figure 3. a) Sketch of the primary F@ZIF-L morphologies, indicating exposed surfaces with (hkl) lattice 

planes (orange plane show for (110) and blue plane shown for (100) where particles have no straight 

edge). b) Left: sketch of fluorescein. Centre: (001) cross section of ZIF-L indicating pore cavity in green, 

showing staggered pores in/out of the c-axis along the a-axis. Orange lines indicate (110) planes. Right: 

component of ZIF-L unit cell, representing pore cavity in green and the (110) plane in orange. c) PXRD 

patterns of F@ZIF-L with varying morphologies. d) Binding energy and dipole moments (blue) of F 

(dianion) on various surfaces of ZIF-L, calculated from periodic density functional theory (PBEsol0-3c) 

using slab models of 9-12 Å in thickness.  
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PXRD of F@ZIF-L samples synthesised at 35 °C with varying morphology reflects 

these changes at a bulk scale (Figure 3c). Specifically, the (020) reflection increases 

in intensity, while the (200) peak is reduced, indicating increased growth of the {010} 

family of planes in the rectangular morphologies. Generally, after normalisation to the 

most intense reflection (420), all reflections also appeared more intense and sharper 

in samples with rectangular particles, indicating increased crystallinity. These changes 

were also observed in the diffraction patterns of the 30 °C F@ZIF-L (0.3 mg, F) series 

when 8 mL of MeOH was used (creating the widest more rectangular particle) (Figure 

S24), while synthesis with only H2O that exhibited no variation from the leaf 

morphology did not exhibit any changes in diffraction (Figure S24).  

To test this hypothesis, employing ab initio DFT we modelled the adsorption of 

fluorescein on three difference surfaces of ZIF-L, (110), (010), and (110) using slab 

models of 9-12 Å thickness. Based on reported pH effects on fluorescein and a 

measured pH of 8.5-9 during F@ZIF-L synthesis,36 along with observed NMR peaks 

from F@ZIF-L digest, it was assumed that fluorescein is incorporated into F@ZIF-L in 

its dianion form, so Zn2+ was used as a counterion (feasible to arise from minor defects 

in the framework). Importantly, two binding sites were possible for F on the (110) 

surface: a ‘buried’ site within the pore and an exposed site at the centre of the pore if 

fully enclosed (i.e. along the surface diagonal) (Figure S25). As expected, the binding 

energy of F was most favourable on the (110) surface (-152.4 kJ/mol), being in contrast 

significantly higher for (010) and (100) (-88.8 kJ/mol and -51.8 kJ/mol respectively) 

(Figure 3d). These data suggest that F has a strong energetic preference to bind to 

the pore opening site of ZIF-L at the (110) surface over other exposed surfaces during 

ZIF-L self-assembly. The dipole moment resulting for adsorption at the (110) surface, 

however, is significantly higher than for (010) and (100) (Figure 3d). This creates 
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instability, which would engage reconstruction or further self-assembly during F@ZIF-

L growth to remove exposure of the surface. Hence, a particle morphology results that 

contains minimal (110) in favour instead of (010), contrasted to guest free ZIF-L.  

This leads to a critical finding: exposed ZIF-L pores during synthesis are energetically 

favourable sites of guest adsorption, and a more rectangular ZIF-L crystal after 

synthesis indicates more complete incorporation of guest particles into the framework 

pores. This allows for further deduction as to why temperature and solvent varied the 

morphology of F@ZIF-L. Temperature is known to be an influential factor in MOF 

morphology.35,39 MeOH molecules can be trapped in the ZIF-L framework, and likely 

result in the particle broadening seen for MeOH/H2O synthesised ZIF-L. F is therefore 

in competition with MeOH for encapsulation. At a higher temperature, MeOH is more 

volatile, and confinement is less energetically favourable. Additionally, F solubility 

increases with temperature and heat increases the amount of energy available to the 

reaction system.40 Collectively, these factors likely favour the energetics of adsorbing 

F onto surfaces constructing pore space, leading to more effective incorporation and 

the observed rectangular morphology.  

 

Near Field Vibrational Spectroscopy 

NanoFTIR has been established as an effective technique to detect guest vibrational 

bands if guest molecules are located on the surface of MOF materials.41 NanoFTIR 

spectra of F@ZIF-L were therefore measured for various guest loadings then 

compared to the nanoFTIR spectra of ZIF-L and fluorescein (Figure 4a-f). Observing 

the F@ZIF-L (0.3 mg, F) spectra (Figure 4a), all vibrational bands can be seen to align 

well with those of ZIF-L including the out-of-plane Hmim ring bending at 750 cm-1, the 
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in-plane bending mode of C-H at 1146 cm-1, and the entire imidazole ring stretching 

bands from 1300-1500 cm-1.23,29,30 No additional peaks were observable that could be 

attributed to the expected vibrations from F, indicating effective encapsulation of F in 

ZIF-L. The spectra is also consistent with bulk material ATR-FTIR spectra. 

 
Figure 4. a) NanoFTIR of F@ZIF-L (0.3 mg, F), compared with ZIF-L ATR-FTIR. b) nanoFTIR of F@ZIF-

L samples with varying guest loading (indicating in mg). c) Optical amplitude images of F@ZIF-L 
particles measured by nanoFTIR, confirming consistent intensity of signal across particles. d) ratio of 

vibrational bands in-plane:out-of-plane relative to guest loading, derived from spectra in b. e) 9-point 

line scans of three F@ZIF-L particles (blue lines in c indicate position of scans), with colour indicating 

intensity of signal across each spectra. f) 10x10 nanoFTIR spectral map of F@ZIF-L rectangular particle 

(0.3 mg, F) showing intensity of 780 cm-1 peak from each spectra. g) AFM (top, scale bar indicating 1 

μm) and SNOM of three F@ZIF-L (0.5 mg, F) rectangular particles across three different wavelengths, 

colour indicating 2nd optical phase signal. 
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Comparing spectra across all guest loadings up to 5 mg (10 mg and above were 

excluded due to the presence of mixed F aggregate particles and ZIF-L), also reveal 

no observable bands arising from F (Figure 4b). While the spectra exhibited consistent 

bands, the 997 and 1141 cm-1 bands exhibited a significant increase in intensity 

compared to the 750 cm-1 band as guest loading increased (Figure 4d), indicating the 

reduction in signal from out-of-plane ring bending relative to in-plane. This is evidence 

of guest presence in pores and framework cavities, given guests would sterically 

hinder the extent of out-of-plane bending modes throughout the framework.  

Across all morphologies, uniform optical amplitude signal was observed (Figure 2c). 

For the three distinct morphologies (leaf, rounded rectangle, rectangle) line scans 

comprised of 9 spectra were collected across the [010] axis of the particles (Figure 2e, 

S26). All characteristic peaks, particularly 750 cm-1, of the ZIF-L framework remained 

consistent along the axis. To further probe the ends of the rectangular and rounded 

rectangular particles, 2D maps of 10 x 10 scans were also measured to show 

uniformity of the 750 cm-1 signal across the entire region (Figure 2f, S27).  

Finally, scattering-type scanning near-field optical microscopy (s-SNOM) was used to 

assess the intensity of signal observable at specific wavelengths (Figure 2g). By using 

a monochromatic irradiation source compared with the broadband laser employed for 

nano-FTIR, illumination wavelength of the sample with SNOM can be tuned to an 

absorption band of interest.41 A widefield fluorescence microscope was attached to the 

s-SNOM instrument also so that particles examined could first be confirmed as 

exhibiting the expected fluorescence of F@ZIF-L (see photophysical properties 

below). Imaging by tuning the irradiation source to 1146 cm-1, the characteristic C-H 

bending vibration of ZIF-L, showed homogeneity of strong absorption and reflectance 
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across the entire F@ZIF-L particle observed (0.5 mg, 35 °C, 6 mL MeOH). Minimal 

contrast was obtained when the particle was illuminated at 1580 cm-1, where the 

strongest F band occurs (the closest ZIF-L band being C=N at 1566 cm-1). At most, a 

comparatively very weak but homogenous signal was observable across the entire 

particle (0.13-0.2 rad). Absorbance at the edge of the crystals is disregarded as 

shadowing and noise, typical edge effects seen in SNOM imaging, and a phenomenon 

also observed at a reference wavelength of 1072 cm-1. This supports homogenous 

incorporation of F into the ZIF-L framework, and no apparent regions of concentrated 

guest aggregation.  

 

Luminescent Behaviour of F@ZIF-L 

The photophysical properties of 15 F@ZIF-L samples with varying guest loading but 

consistent MeOH reaction quantity (6 mL) were first examined (Figure 5a-h). All 

samples exhibited strong solid-state fluorescence with emission properties typical of 

F: a single emission band from 500-650 nm with a corresponding 450-550 nm 

excitation band (Figure 5a-e).4,42,43 Importantly, this excitation and emission range 

does not overlap with emission from ZIF-L itself, avoiding issues of band mixing 

(Figure S28). The emission behaviour of F@ZIF-L is distinct from simply mixing ZIF-L 

with F in the ratios from the F@ZIF-L synthesis, which produced negligible emission 

due to aggregation-caused quenching (ACQ) (Figure S29).5 It required a mass ratio 

of 1:1 of ZIF-L:F to observe low intensity F emission. This confirms that in F@ZIF-L 

the F molecules have been incorporated into the framework to an extent that 

overcomes ACQ to exhibit intense fluorescence.   
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MeOH was found to be an important variable in syntheses to ensure proper dissolution 

of F to then enable framework encapsulation. Indeed, synthesis using only H2O 

yielded five samples with comparably low emission intensity (Figure S30). Emission 

increased from 0.01 to 0.1mg F synthesis content, after which intensity stabilised 

despite further increasing F content, indicating maximum solubility was reached in H2O 

(Figure S30). Emission intensity at 0.01 mg was twice as strong when MeOH was used 

compared with H2O only.  

Examining the 15 F@ZIF-L samples (6 mL MeOH) when excited at 470 nm, emission 

λmax red shifted with 0.01 to 20 mg F content from 534 to 555 nm (Figure 5a-b, S31), 

resulting in emission chromaticity adjusting from pale green to bright green, then 

yellow (Figure 5g-h, S32). Emission intensity increased 336% from the lowest loading 

(0.01 mg) to 0.2 mg (Figure 5a). Further guest loading caused a decrease in intensity, 

until comparatively negligible emission was observed (Figure 5b) for ≥10mg. 

Photoluminescent quantum yield (PLQY) followed emission trends, initially increasing 

from 0.01 to 0.08 mg F content to reach a maximum 99.95% from 84.76% (Figure 5f). 

PLQY then decreased exponentially with guest loading to less than 2% for ≥10mg. 

Excitation spectra observed at 600 nm for up to 5 mg F content, showed a primary 

excitation band at 510 nm, which followed the intensity variations seen emission 

spectra (Figure 5d, S33). Notably, these values are red shifted compared to reported 

F@ZIF-8 emission with λmax=515-535 nm and excitation with λmax=499 nm,36 

suggesting 2D ZIF-L more favourably stabilises F emission pathways compared to the 

analogous 3D ZIF-8. From ≥10mg a distinct excitation spectral profile was observed, 

with a sharp excitation band at 533 nm and less intense shoulder bands from 450-525 

nm (Figure 5e). These distinct changes, along with minimal emission, at higher guest 

content arise from the oversaturation of guest relative to host and aggregated F 
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particles forming, as observed in SEM and ATR-FTIR. In contrast, the ideal guest 

loading for the best photophysical properties appears to occur between 0.1-0.2 mg of 

F during synthesis (0.02-0.04 % mol loading). 

F is known to aggregate,44 including in ZIF-8,36 so such behaviour was more precisely 

probed by examining fluorescence lifetime using time-correlated single-photon 

counting (TCSPC). Data was collected for each sample at emission λmax (540 nm) 

along with 520 and 560 nm (Figure 5i-j, S34). Data indicated multiexponential decay 

behaviour, modelled with three-time components: τ1 ≈ 0.4-0.8 ns, τ2 ≈ 1.1-3.4 ns, and 

τ3 = 3.1 – 6.0 ns (Table S2). It is well agreed in literature that τ3 is attributable to the F 

monomer, τ2 to the J-aggregated F (head-to-tail), and τ1 to the H-aggregated F (head-

to-head) (Figure 5i).36,45 At lower guest loadings (0.01-0.2 mg), monomer and J-

aggregate components dominate (Figure 2i), leading to strong emission and a red shift 

attributable to the longer wavelength emission from J-aggregates (Figure 5a-b).46 This 

corresponds to the broadening of excitation bands at longer wavelengths (Figure 5d), 

which is also indicative of J-aggregate formation.45 These data indicate effective 

encapsulation of F in ZIF-L, creating a combination of isolated species likely residing 

in ZIF-L pores, along with interactions between species in adjacent pores (end to end) 

or due to a staggered overlap. As guest loading increases from the 0.2 mg sample, 

monomer content decreases while h-aggregates increase, which quench emission as 

seen in spectra (Figure 5b). A higher energy shoulder is also seen forming in excitation 

spectra, a further indicator of H-aggregate formation (Figure 5d-e).45 This suggests 0.2 

mg is near the host interior saturation limit for F, after which excess guest more easily 

aggregates as head-to-head stacked particles, potentially on particle surfaces or 

defective regions of the ZIF-L crystalline framework. H-aggregation is so significant for 

≥10mg (32% contribution) that emission is effectively quenched.  
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Figure 5. a-b) Emission spectra of F@ZIF-L (30 °C, 4 mL MeOH) excited at 470 nm with guest loadings 
from 0.01 (pink), to 0.2 mg (blue), then to 20 mg (green). Arrows indicate spectral progression with 
increasing guest loading. c) emission map of F@ZIF-L (0.3 mg, F). d-e) excitation spectra observe at 
600 nm of F@ZIF-L samples as in (a-b). Arrows indicate spectral progressions with increasing guest 
loading. f) photoluminescent quantum yield of F@ZIF-L samples. g-h) F@ZIF-L samples shown under 
ambient (g) and 365 nm UV light (h). i) lifetime decay parameters observed at 520, 540 and 560 nm 
(left to right for each sample) with a sketch of corresponding F arrangements below (yellow = 
monomers, green = J-aggregates, blue = H-aggregates). j) component lifetime values for all F@ZIF-L 
samples, with observed wavelength indicated by data point colour (red = 520 nm, green = 540 nm, blue 
= 560 nm). k) emission spectra of F@ZIF-L (0.3 mg) synthesised at 30 °C (yellow) and 35 °C (red) with 
increasing MeOH content (0, 1, 2, 4, 8 mL). Arrow indicates increase in intensity resulting from 
increasing MeOH content. l) lifetime decay parameters observed at 540 nm for F@ZIF-L (0.3 mg) with 
varying temperature and MeOH content during synthesis. m) corresponding lifetime parameter values. 
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Lifetime values also provide insight into guest incorporation. F@ZIF-L exhibits a longer 

monomeric lifetime decay component (5-6 ns for lower guest loadings) compared to 

the typical F lifetime of 4.08 ns (Figure 5j). This is caused by the confinement effect, 

often seen for dye@MOF materials, where non-radiative processes are supressed 

due to encapsulation, resulting in increased lifetime and quantum yield.6 The lifetime 

of the monomer and J-aggregate components decrease as guest loading increases. 

This behaviour has been reported in dye@MOF systems previously and was attributed 

to increased probability of interactions between F species across adjacent pores and 

through framework channels or structural defects.45,47  

 

Optimising F@ZIF-L Luminescence by tuning reaction conditions 

The effect of guest loading and emission behaviour observed above remained 

consistent at different MeOH content (1, 2, 4, and 8 mL) (Figure S35). Increasing 

MeOH content at a constant guest loading, interestingly, increased emission intensity 

(and corresponding excitation spectra intensity) (Figure S35). At 0.1 mg, from 1 mL to 

8 mL of MeOH, a 2.3x increase resulted, while for 0.3 and 0.5 mg a 1.5x intensity 

increase occurred. Emission profiles remained consistent when the data was 

normalised, indicating no additional emission bands resulting from MeOH content 

(Figure S35). TSPC lifetime data showed that at 0.1 mg (S36, Table S3), increasing 

methanol resulted in a reduction in monomers and increase in J-aggregates, while H-

aggregates remained consistent. As NMR indicated guest loading increased with 

MeOH content, this may simply be the result of increased F, imitating the data 

observed at higher F synthesis content examined earlier. Introducing more bulky 

MeOH solvent molecules may also disrupt the self-assembly of the framework, 
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introduce more defects and open pore sites, increasing the overlap of adjacent guests 

to interact as J-aggregates. The same effect is observable, but with a lesser reduction 

in monomers at 0.3 mg. For 0.5 mg, the composition remains consistent across MeOH 

loading. This supports the premise that loading is already oversaturated at this guest 

concentration, so any benefits MeOH provides to guest incorporation are less relevant. 

Hence, while guest loading is a dominant force influencing emission guest properties, 

at lower guest content the variability of MeOH can have significant effects also.   

Noting the morphology variance achieved with temperature adjustment, the resultant 

fluorescent variations were also examined at a set guest loading of 0.3 mg. With 

increasing MeOH content, the samples synthesised at 35 °C exhibited more intense 

emission and stronger excitation spectra relative to the same MeOH used at 30 °C 

(Figure 5k, Figure S37). Given guest loadings were similar at each temperature as 

MeOH content varies, this improved emission efficiency must instead be attributable 

to the pathways of emission and guest arrangement. Indeed, lifetime data indicates 

clear opposing trends (Figure 5l, Table S4): while at 30 °C monomer content 

decreases and J-aggregates increase with increasing MeOH content, at 35 °C 

monomer content increases but J-aggregates decrease with MeOH content. H-

aggregates remain consistent; expected given they arise from surface-species guest 

loading oversaturation. The lifetime of monomer and J-aggregate components are 

observed to increase by nearly 1 ns at 35 °C, compared to 30 °C (Figure 5m). This 

suggests improved confinement, increasing emission intensity due to increased 

suppression of non-radiative decay pathways. This could arise from the improved 

framework structural completeness, providing more complete pore space for the 

confinement of guests, hence increased monomeric species.  
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Fluorescence Microscopy 

Single F@ZIF-L particles were examined under fluorescence confocal microscopy. 

Using lambda scanning (3 nm resolution), all particles excited with a 488 nm laser 

showed consistent emission spectra to bulk F@ZIF-L, confirming the luminescent 

behaviour observed in bulk resulted from F@ZIF-L crystals (Figure 6a). The increasing 

band broadness across the sample spectra also aligns with the increasing proportion 

of aggregates present in each sample based on bulk analysis.  Particles are reported 

both with colouring simulated from lambda scanning to reflect emission seen by eye, 

along with artificial colouring from averaging z-stack scanning (14 slices across 7 μm) 

(Figure 6b). While the simulated emission colour appears homogenous across the 

particles, the z-stack scan revealed more nuanced behaviour: both as single particles 

and windmill-type particles exhibited stronger emission at particle ends ((010) surfaces 

with curves of predominantly (110)), with weaker emission (30% of ends) throughout 

the particle (Figure 6c).  

A similar emission distribution across MOF crystals has been attributed to incomplete 

diffusion of guests during post-synthesis modification.48 Here, however, we employed 

in situ encapsulation of F as the framework self assembles. SNOM and nanoFTIR data 

also clearly demonstrate a consistent and strong signal from the ZIF-L framework 

across the entire particle, eliminating the possibility of fragmented edges that may 

expose more guest material. One justification for the variability in emission intensity 

across particles is guest arrangement: at the crystal edges, it is more feasible for the 

more J-aggregates to form where framework features are incomplete or contain 

defects, intensifying emission. Through the particle, monomeric guest positioning is 

more expected. We do not discount the possibility of edge effects and light scattering 
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also, given the 100-150 nm thinness of particles, leading to the appearance of intense 

emission at the particle edges. Similar effects were observed in luminescent microrods 

of lanthanide MOFs, where active optical waveguides resulted in brighter emission 

spots at the tip of each particle by propagating emission waves through the particle.49  

 

Figure 6. a) Emission spectra from individual F@ZIF-L particles excited at 488 nm, the colour of each 

spectra matching the sample description in (b). b) Fluorescence microscopy of F@ZIF-L particles with 

artificial colouring to represent signal intensity (above, middle), and predicted emission colour based on 

emission profile (bottom). c) Emission intensity variation across a single 0.3 mg F@ZIF-L (4 mL MeOH) 
particle, with normalised spectra inset. Colours of spectra match the positions on the particle.  

 

Stability 

Photostability was examined using three guest loadings, 0.04, 0.30, and 1 mg (Figure 

S38). Data shows similar decomposition, (35.5 - 39.3%) over 24-hour exposure to 

exposed to 150 W concentrated UV irradiation from a Xenon lamp at the absorption 

maximum of each F@ZIF-L sample. Compared with a typical 4 W LED cell, these 

results reflect a simulation of long-term working-time use. Importantly, the decay did 

not exhibit significant exponential loss in the initial minutes of exposure, a typical 

feature of surface attached dye species on MOF materials, and chromaticity did not 

alter after exposure (Figure S38). 

a c b 
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F@ZIF-L was dispersed in MeOH and after 13 months remained luminescent (Figure 

S39). The MeOH did not exhibit fluorescence, and only negligible trace quantities of F 

were detected in the MeOH (0.071 % of the intensity of F@ZIF-L, calculated to be 

0.014 ppm), indicating robust entrapment of F in the ZIF-L framework (Figure S39).  

 

Other luminescent guest@ZIF-L systems  

With an understanding of optimal guest loading and synthesis strategies, the wide 

applicability of the guest@ZIF-L design to create luminescent functional materials was 

demonstrated by attempting to incorporate 4 different organic dyes molecules into ZIF-

L that theoretically have suitable dimensions for the largest ZIF-L pore. Of these, 

perylene@ZIF-L and 7-hydroxycoumarin@ZIF-L (HC@ZIF-L) were successfully 

synthesised. Pyrene and coronene were not successfully incorporated, primarily due 

to incompatible solvents for dissolution. PXRD confirmed the retention of the ZIF-L 

crystalline framework (Figure S40), while FTIR spectra indicated no vibrational bands 

from guest molecules (Figure S41). FE-SEM showed all particles exhibited widening, 

as for F@ZIF-L (Figure 7a-e), and a shift from pointed ends to rounded rectangular 

corners, indicia for effective incorporation of guest@ZIF-L.  

Perylene and HC are luminescent, emitting green/yellow and blue respectively in the 

solid state.50 When encapsulated in ZIF-L, HC@ZIF-L retained the emission behaviour 

of HC but with an enhancement in emission intensity, partially resulting from the 

additional contribution of ZIF-L Hmim emission overlapping in the same region (Figure 

7c, S42). Remarkably, perylene@ZIF-L emits a near ideal white light with CIE 

coordinates (0.33, 0.34) when synthesised in H2O/DMF (2 mL) solvent mix and with 

higher guest loadings (0.1 % mol measured by NMR digest) (Figure 7f-j, S43)). In 
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contrast, lower loadings (0.03 %) using the same solvent mix resulted in a light blue 

emission and using H2O (very low solubility of perylene) a darker blue emitter resulted 

with 0.009 % guest loading. Notably the H2O synthesised perylene@ZIF-L retained 

the leaf ZIF-L morphology, indicating minimal guest loading compared with DMF 

syntheses (Figure S43).  

  

Figure 7. a-b) FE-SEM of HC@ZIF-L showing rounded rectangular particles. c) emission map of 

HC@ZIF-L. d-e) FE-SEM of perylene@ZIF-L showing rounded rectangular particles. f) emission 

spectra of perylene@ZIF-L (excited at 380 nm) highlighting the monomer (blue) and excimer (yellow) 

regions. g) sketch illustrating WLE perylene@ZIF-L particles, formed from arrangements of single 

perylene monomers emitting in the blue region and ⍺-phase dimers emitting in the yellow-orange region. 

h) excitation spectra of perylene@ZIF-L samples, according to colour key of (f), observed at 500 nm. i) 

emission map of perylene@ZIF-L (DMF, with concentrated guest), j) emission chromaticity of 

perylene@ZIF-L, showing near ideal WLE coordinates, with corresponding photographs (above) of the 

samples under ambient and a 365-nm UV light (below).  
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While white light emitting (WLE) perylene has not been reported, other 

perylene@MOF systems such as ZIF-8 provide theoretical explanations for the 

observed WLE phenomenon in ZIF-L.47,51,52 The emission spectra of the 

perylene@ZIF-L samples (excited across 350-475 nm) contain two components: 

sharp peaks around 450-500 nm, followed by a broad intense band from 600-700 nm 

(Figure 7i). The first band is assignable to emission of single monomeric perylene 

molecules, and is rare to observe in the solid state due to needing to isolate molecules. 

The second arises due to STE emission, with α-phase perylene units (dimeric stacked 

molecules) emitting as an E-state excimer (Figure 7g).50,53 This state was observed 

when entrapping perylene in MIL-68 due to confinement inducing the dimeric structure. 

Uniquely, perylene@ZIF-L is formed of both dimeric α-phase units and monomers, a 

similar arrangement seen for F. This combination creates broad-band emission 

distributed appropriately to form WLE. For lower guest loaded perylene@ZIF-L 

samples, the α-phase contribution reduces until non-existent, indicating the preference 

for perylene to remain as monomers (Figure 7f). Excitation spectra observed at 700 

nm support this, with the lowest guest loading perylene@ZIF-L exhibiting discrete 

sharp bands corresponding to monomer emission, in contrast to a broad structureless 

band observed at higher guest loading, indicative of α-phase dimeric emission. 

This aligns with a crystallographic and steric understanding: dimensions of perylene 

align closely with the pore size of ZIF-L (9.3 x 6.7 vs 9.4 v 7 Å) and with 5.3 Å of height 

per pore. It is therefore possible for dimeric perylene to form, especially considering 

the flexibility of ZIF-L, and the pore space would encourage the precise stacked 

placement required for the α-phase. However, less strain and a more energetically 
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favourable, and stable, material would be produced by isolating a single perylene 

species in each pore. Interestingly, perylene adsorption was modelled on the (100), 

(010), and (110) surfaces of ZIF-L using the same method as for F (Figure S45). The 

data showed consistent trends, indicating an even stronger preference than F for 

binding at (110) over (010) or (100), along with a 27 % lower binding energy at (110) 

over F@ZIF-L. Given the calculated energy of perylene molecules to aggregate is -

129.7 kJ/mol, the adsorption at (110) in ZIF-L is a highly favourable energetic process, 

either as a monomer or dimeric unit.   

 

Heteroepitaxial Growth of F@ZIF-L films 

 

Figure 8. a) Images of ZIF-L coated Zn foil. b) FE-SEM of ZIF-L film at various levels of magnification. 

c) FE-SEM at the edge of the ZIF-L film. d) FE-SEM of ZIF-L film highlighting orientation and thickness. 

e) F@ZIF-L layer on Zn foil under ambient and UV (365 nm) light. (f-h) FE-SEM of F@ZIF-L film showing 

uniformity of orientation and thickness near a film edge.  
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We finally briefly demonstrate a secondary benefit to the ZIF-L morphology: creating 

oriented films. Immersing Zn film in the reagent mixture for ZIF-L produced well 

oriented thin-films of ZIF-L around 5 μm thick,25 comparable to the b-axis length of a 

single ZIF-L particle (Figure 8a-d). By including F in the synthesis, an oriented thin-

film of F@ZIF-L was formed of 6-8 μm thickness (Figure 8e-h). The incorporation of F 

into the ZIF-L framework, rather than merely coating a ZIF-L film was confirmed by 

FE-SEM images, which showed the rounder F@ZIF-L particles forming the film itself 

and no regions of F particle aggregation (Figure 8f-h). The film exhibited strong 

fluorescence of F@ZIF-L character, further confirming guest-host interactions (Figure 

8e). 

 

Conclusions 

This study has established fundamental principles directing the formation of solid-state 

guest@ZIF-L materials. Employing fluorescein as a case study molecule, systematic 

studies revealed a morphological continuum that was indicative of guest incorporation: 

as guest loading increased, particles adjusted from the characteristic leaf shape of 

ZIF-L to rounded rectangles then rectangular particles. From crystallographic data and 

DFT theory it was concluded that these variations arise due to limiting the presence of 

the (110) plane, which intersects the pore cavities of ZIF-L and is the preferential 

binding site of guests in ZIF-L out of the possible exposed surfaces, preferring instead 

to expose (010). This meant greater retention of pore space in the particle, and higher 

crystallinity. Indeed, nanoFTIR confirmed the lack of surface guest species on ZIF-L 

particles, along with supporting structural and chemical data.   
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Encapsulating F in ZIF-L prevent ACQ, turning on the molecule to form highly 

luminescent F@ZIF-L particles. Particles with a rectangular morphology were found to 

be more luminescent and proportionally composed of F arranged as monomers, 

indicative of effective guest incorporation. HC@ZIF-L exhibited blue emission, while 

encapsulating perylene@ZIF-L produced either blue emitting materials or an ideal 

white-light emitter with CIE (0.33, 0.34) depending on the guest loading. This result 

derived (as for F) from guest arrangement, being a combination of blue emitting 

monomer perylene units and yellow emitting dimer ⍺-phase excimers. The materials 

showed high photostability and guest retention over long-term testing, attributable to 

the dense 2D layers of ZIF-L that are tightly interconnected by hydrogen bonding. A 

final advantage of the 2D morphology was unlocked by growing uniformly oriented 

luminescent thin films of F@ZIF-L directly on a Zn foil substrate.  

Together, the findings demonstrate the advantageous functionality accessible by 

incorporating luminescent guests into ZIF-L to produce stable and highly effective 

lighting materials. The now elucidated nanosheet growth mechanisms may be 

employable for many more organic guests, however, and myriad opportunities exist to 

encapsulate organic molecules with sensing, electroluminescent, electrochromic 

potential, or more, to create and customise a new generation of chromatic-based 

functional 2D ZIF-L materials.  
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 Conclusions and outlook 

 
6.1    Concluding Remarks 

This thesis coalesces two disparate fields of precedent, luminescent guest@MOF 

materials and guest intercalation in thin (up to 200 nm) 2D layered materials, from 

metal oxides to clays and MXenes. The result was the development of a blueprint 

for a new field of luminescent guest@2D-MOF materials, demonstrated in 

particular with ZIFs. These materials exhibited enhanced photophysical properties, 

in terms of functionality and tuneability, beyond those achievable in analogous 

guest@3D-ZIF systems. These improved properties derived from the combination 

of a 2D structure with metal-organic framework constitution. When synthesised as 

nanosheets (2-5 nm), to form LMONs, these materials exhibited further optical 

property enhancement, and critically, the ability to more precisely and effectively 

fabricate luminescent thin films by printing. This brings closer the possibility of 

incorporating ZIF materials into key applications including next-generation OLED 

lighting, selective and sensitive sensing, covert security tagging, and UV exposure 

indicators.     
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6.2    Chapter 3 

This chapter comprised Paper I and Paper II. In Paper I, Advanced Functional 

Materials, 33, 2214307 (2023): 

• A facile low-energy bottom-up salt-template strategy was established for 

synthesising guest@MON materials using ZIF-7-III. The synthesised few-

layer nanosheets exhibited heights of 2-5 nm and widths of 3x6 μm.  

• Using structural, chemical, and photophysical analysis at both the bulk and 

nanoscale (e.g., nanoFTIR), it was concluded that the guests are likely to reside 

within the inter-layer spacing of the nanosheet particles.  

• The fluorescence of RB and F was turned on by entrapment in Z7-NS. The 

resultant materials (F@Z7-NS and RB@Z7-NS) exhibited high photostability 

and emission that was tuneable in terms of colour and intensity by guest 

concentration.   

• A mixed-guest system was also synthesised, resulting in a dual-guest yellow, 

fluorescent material (F+RB@Z7-NS = DG@Z7-NS). Due to the close 

proximity of F and RB in the interlayer Z7-NS spacing, RB and F in DG@Z7-

NS exhibited Förster Resonance Energy Transfer (FRET).  

• A 20-sample systematic analysis of the dual guest system allowed a formula to 

be derived that quantifiably predicted the precise chromaticity of emission by 

the dual-guest NS dependent on the synthesis ratio of fluorophore guests. This 

enabled quantifiable tuneability of luminescence chromaticity. By varying 
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guest concentration, emission chromaticity can be quantitatively tuned to attain 

precisely desired wavelengths. This also allowed a definition of a unique 

“spectral fingerprint” subset of the visible spectrum unique to DG@Z7-NS; a 

critical finding for advanced luminescent tagging and sensing.  

In Paper II, Materials Today Chemistry, 38, 102089 (2024): 

• A blue Z7-NS phosphor was developed by introduction of the guest MC. This 

system exhibited two key properties:  

(1) Prevention of photodimerization. Typically, MC undergoes 

photodimerization when exposed to UV-A light. The resultant dimer is 

non-emissive and readily decomposes due to chemical instability. The 

entrapment of MC in Z7-NS created physical constraints that prevented 

the geometries needed to form the photodimer. Z7-NS also absorbs in the 

region of UV-A, so could act as a UV shield.   

(2) Advantageous photo behaviour. Upon UV-exposure (365 nm for 2 hours) 

the material exhibited higher quantum yield and brighter blue (red-

shifted) emission (Figure 2e). Photophysical studies suggested this may 

be derived from intra- or inter-molecular interactions between the methyl 

electron donor and carboxyl electron acceptor in the MC guest 

molecules.  

• A white-light emitting Z7-NS sample series was synthesised by 

simultaneously entrapping F, RB and MC in Z7-NS, forming the triple 

guest@Z7-NS materials (TG@Z7-NS). Varying guest concentrations 
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allowed emission chromaticity to be controlled, to tune emission from cold to 

warm white light, and achieve near ideal (0.33, 0.34) CIE coordinates.   

 

6.3    Chapter 4 

This chapter comprised findings from Paper II and Paper III. In Paper II, 

• Films of MC@Z7-NS were deposited on glass and PET film using an inkjet 

printer. The films were demonstrated to be more homogenous and evenly 

printed compared to MC@ZIF-7 (3D analogue). The technique was limited in 

customisation, however, particularly due to ink particles frequently blocking 

the printing nozzle as they were too large.  

In Paper III, ACS Applied Materials & Interfaces (2024): 

• Aerosol jet printing was used for the first time with a MOF-based ink to create 

fine-scale complex thin-film patterning on surfaces. This was achieved by 

using MONs, overcoming the particle size limitations of MOFs. The inks were 

observed to be stable and reliable in printing, with a linear relationship 

observed between the number of layers printing and film thickness. Surface 

roughness and line width was adjustable dependent on the extent of layers 

added.  

• As the MONs were luminescent (LMONs), prints were shown to be highly 

luminescent, with patterning achieved at micron and cm scales without any 

shadowing effects (e.g. from drift or extensive overspray) or defects.  
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• The luminescent properties of the LMONs were found to be altered as a 

function of printing properties. Specifically, (1) the amount of layering altered 

emission intensity to a point of self-quenching after which emission decreased, 

and (2) combining different colour emitting LMONs led to emission colour 

being tuneable.  

• By printing WLE LMONs onto a UV diode, it was possible to fabricate a 

functioning WLE diode, critical for lighting applications.  

• Initial proof of concept prints of 0.44 mm 3D luminescent pillars were 

reported that exhibited a degree of directional emission, with more complex 

3D structures accessible with ink and printing parameter tuning.  

 

6.4    Chapter 5 

This chapter comprised Paper IV, to be published, which included:  

• The first encapsulation of fluorophores in the cushion-shaped cavities of ZIF-

L to create luminescent guest@ZIF-L materials. These included perylene, 7-

hydroxycoumarin, and fluorescein.  

• Correlating crystal morphology with guest encapsulation, showing a 

continuum from the characteristic leaf shape of ZIF-L to a rectangular crystal 

shape that forms dependent on the degree of effective encapsulation of F in the 

cavities of ZIF-L.  
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• For F@ZIF-L, achieving 99 % PLQY. Emission intensity was also increased 

by tuning guest arrangement to optimise the ratio of monomer and J-aggregate 

emission.   

• The first report of WLE from solid-state perylene by optimising guest 

arrangement in perylene@ZIF-L with an ideal balance of blue monomeric 

emission along with yellow excimer emission.   

• Heteroepitaxy of fluorescent thin films by growing F@ZIF-L on Zn film, 

demonstrating an effective in situ method of luminescent thin film fabrication.  

 

6.5    Outlook 

Collectively, this thesis established guest@MON design along with demonstrating 

that LMONs are promising materials for nanophotonic applications due to the 

combination of MOF tuneable structures and programmability with an atomically 

thin morphology of large planar dimension.  

In each chapter, direct further studies were noted where relevant.  A number of 

broader divergent investigative directions could also be taken.  

The first is expanding the strategy to other MONs beyond Z7-NS. This may include 

other ZIFs, such as the cobalt analogue of ZIF-7, ZIF-9, or ZIF-67 (shown to form 

nanosheets).[61] Beyond 2D materials, nanosheets of 3D MOFs could provide 

interesting comparisons. Preliminary studies indicated that ZIF-8 nanosheets could 
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be successfully synthesised using the salt templating strategy established for Z7-

NS in this work. A systematic study of interest could be examining the effect of 

thickness on material properties. If thickness could be controlled by optimising 

nanosheet synthesis strategies, certain properties of LMON materials such as 

sensing sensitivity, or PLQY could be compared to layer thickness, as an 

intermediary to the 2D/3D bulk comparisons undertaken in this thesis.  

A second direction is selecting luminescent guests that go beyond static lighting 

properties to achieve dynamic function. This would typically be for applications of 

sensing, and in the case of the MON morphology, sensitivity and speed of sensing 

should increase along with favourable conditions for more effective directionally 

dependent measures, such as pressure. Guests based on tetraphenylethylene have 

already shown sensing behaviours for pressure, albeit typically irreversible, in MOF 

materials.[193] The use of MONs may improve reversibility, as compared to 3D 

frameworks, the layers may offer a degree of compressibility without framework 

degradation. Electrochromic guests may also be well suited to the MON structure, 

with electron transport theoretically constrained to inter-layer routes in MON 

structures, which may offer enhanced conductive substrates. Certain electrochromic 

guests such as viologen-based molecules could be studied in MONs,[194-196] or 

MON-conductive polymer composites could be synthesised using polymers such 

as polyaniline or polypyrolle or methylviologen.[197]  Taking advantage of the 

nanoscale control in MONs, quantum dots could also be intriguing candidates as 

guests to create LMON materials. This would enable the use of quantum effects in 

controlling light properties within a tuneable framework. A range of quantum 
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dot@MOF materials have been reported,[198] and the additional benefits of 

LMONs now established indicate the enhanced properties that could be obtained 

with quantum dot LMONs.  

This thesis concludes, perhaps unorthodoxly, with a demonstration of the realistic 

prospects in the ideas above by presenting preliminary results obtained for a sensing 

device by entrapping coronene in Z7-NS (Figure 6.1). In preparation for future 

publication, this work demonstrated that the entrapment of coronene within the 

layers of Z7-NS resulted in selective sensing to the extent that the material only 

luminesced green when in H2O and blue in all other common organic solvents that 

were tested (Figure 6.1). The source of this fluorescent behaviour can be attributed 

to aggregation enhanced excimer emission (AEEE).[199] Coronene emits blue as a 

single molecule. Polar solvents such as MeOH and H2O form intermolecular 

interactions with coronene molecules to form dimer pairs. These dimers absorb 

energy individually but emit energy as one more stable dimer (AEEE). By 

entrapping coronene within the narrow inter-layer spaces of Z7-NS, only the 

smallest molecule H2O is able to be adsorbed by coronene@Z7-NS, thereby 

limiting the AEEE effect to the presence of water only. This was confirmed in 

vapour sorption studies, indicating at least a 50x preference for the adsorption of 

H2O over MeOH or ethyl acetate. Further aspects of this study involve sensitivity 

of detection analysis, along with comparison to a 3D analogue, ZIF-8-NS (as 

coronene is too large to be encapsulated in ZIF-7). Additional work involved 

attempting to form mixed-matrix polymer films to generate a strip (Figure 6.1) that 

can be used to test for water contaminated with organic solvent impurities. With 
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over 25 % of drinking water globally being contaminated, and up to 829,000 deaths 

per year due to unclean water, a reusable cost-effective local source water purity 

indicator could be significant for remote and developing communities who don’t 

have access to large scale industrial water quality monitoring.[200-201] This 

preliminary work, ultimately, is just one example of enhanced functional 

luminescent materials that can be achieved using guest@MON systems. 

 

Figure 6.1. (a) Emission spectra of coronene@Z7-NS in various organic solvents (blue) 

and water (green). Above: corresponding vials of coronene@Z7-NS in solvents and water 

(centre). (b) vapour sorption at 25 °C of water (blue), ethyl acetate (red) and methanol 

(green) by coronene@Z7-NS (collected by Judit Parrando Pérez and Joaquin Silvestre-

Albero). (c) sketches of coronene emitting as a dimer (left) and monomer (right). (d) design 

of a potential mixed-matrix membrane water sensor (1), comprising coronene@Z7-NS (3-

4) loaded into a polymer (2) such as polydimethylsiloxane (PDMS). (e) Concept of a 

functioning water sensor, showing PDMS film on glass substrate prototype in the centre.
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