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ENGLISH SUMMARY 

The PhD thesis investigates the advanced applications of luminescent periodic 

mesoporous organosilicas (LPMOs) in ion sensing and thermometry, exploring their  

unique structural, functional, and luminescent properties. The thesis is organized 

into several chapters, each focusing on different aspects of LPMOs: 

Chapter 1 introduces the concept and significance of luminescence, focusing 

on the principles governing the absorption and emission of radiation by matter. It 

highlights the diverse applications of luminescent materials across various fields 

such as physics, chemistry, biology, medicine, and engineering, underscoring the 

interdisciplinary nature of luminescence research. The chapter delves into the 

fundamental theories of luminescence, including quantum mechanics and 

photophysics, and discusses the design and synthesis of luminescent materials. It 

also explores the application of these materials in sensing and thermometry , 

emphasizing the innovative use of luminescent periodic mesoporous organosilica s 

(LPMOs) for enhanced performance in these areas. 

Chapter 2 introduces a material for sensitive and selective detection of mercury 

(Hg²⁺) ions in water. It addresses limitations of current methods by combining the 

advantages of two existing technologies: lanthanide periodic mesopor ous 

organosilicas (LnPMOs) and upconversion luminescent nanoparticles (UCNPs). 

LnPMOs offer good stability, biocompatibility, and potential for large-scale 

production, but have limited detection range. Conversely, UCNPs exhibit high 

sensitivity towards Hg²⁺ ions, yet suffer from a narrow detection range. The 

proposed material, a yolk-shell structure with a Tb³⁺ complex-grafted hollow PMO 

(shell) encapsulating UCNPs (yolk), aims to overcome these limitations by combini ng 

the broad detection range of LnPMOs with the high sensitivity of UCNPs for Hg²⁺ 

sensing. The paper details the motivation for this research, the advantages and 
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limitations of the chosen materials, the design and synthesis strategy for the yolk -

shell structure, and the planned characterization and performance evaluation of the 

material in both downshifting and upconversion modes. 

Chapter 3 details the innovative synthesis and multifunctional applications of 

acetylacetone-functionalized periodic mesoporous organosilicas (acac-PMOs), 

highlighting their role in sensing and catalysis. By embedding acetylacetone (acac) 

within the PMO framework, this research introduces a novel class of PMOs with 

enhanced sensitivity for copper ion detection and improved catalytic efficiency in 

Mannich reactions. The incorporation of lanthanide complexes enhances the 

properties of these materials, offering a promising avenue for selective ion sensing. 

This chapter underscores the significance of acac-PMOs in advancing material 

science, demonstrating their potential in environmental monitoring, catalysis, and 

beyond. 

Chapter 4 introduces ratiometric dual-emitting thermometers based on 

curcumin and curcumin-pyrazole functionalized periodic mesoporous organosilica s 

(PMOs), integrated with Rhodamine B (RhB) dye. These innovative materials, 

denoted as C-PMO and CP-PMO, exploit the stable, porous structure of PMOs and 

the luminescent properties of curcumin derivatives for enhanced temperatur e 

sensitivity and biocompatibility. Encapsulation of RhB within these framewor ks , 

further enveloped by a lipid bilayer, significantly amplifies their temperature -

dependent fluorescence response, achieving exceptional sensitivity within 

physiological ranges. This advancement shows precise, non-invasive temperatur e 

monitoring for biomedical applications, characterized by their dual-emitti ng 

capabilities, optimized for accurate and reliable sensing. 
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DUTCH SUMMARY 

Dit proefschrift onderzoekt de geavanceerde toepassingen van 

luminescerende periodieke mesoporiöse organosilicaten (LPMO's) in ionensensor e n 

en thermometers. Hierbij worden hun unieke structurele, functionele en 

luminescerende eigenschappen verkend. 

Het proefschrift is verdeeld in verschillende hoofdstukken, elk gericht op 

verschillende aspecten van LPMO's: 

Hoofdstuk 1: introduceert het concept en belang van luminescentie. De nadruk 

ligt op de principes die de absorptie en emissie van straling door materie bepalen. 

De diversiteit aan toepassingen van luminescerende materialen in verschillende 

vakgebieden, zoals natuurkunde, scheikunde, biologie, geneeskunde en techniek , 

wordt benadrukt, wat het interdisciplinaire karakter van luminescentieonderzoe k 

onderstreept. Het hoofdstuk behandelt de fundamentele theorieën van 

luminescentie, waaronder quantummechanica en fotofysica, en bespreekt het 

ontwerp en de synthese van luminescerende materialen. Daarnaast wordt de 

toepassing van deze materialen in sensortechnologie en thermometers behandel d, 

met nadruk op het innovatieve gebruik van luminescerende periodieke mesopori ö se 

organosilicaten (LPMO's) voor verbeterde prestaties op deze gebieden. 

Hoofdstuk 2: introduceert een materiaal voor gevoelige en selectieve detectie 

van kwik (Hg²⁺) -ionen in water. Het pakt de beperkingen van huidige methoden aan 

door de voordelen te combineren van twee bestaande technologieën: lanthani de -

periodieke mesoporiöse organosilicaten (LnPMO's) en upconversie-luminesce nte 

nanodeeltjes (UCNP's). LnPMO's bieden goede stabiliteit, biocompatibiliteit en 

potentie voor grootschalige productie, maar hebben een beperkt detectiebereik . 

UCNP's daarentegen vertonen een hoge gevoeligheid voor Hg²⁺-ionen, maar hebbe n 

een smal detectiebereik. Het voorgestelde materiaal, een dooier-schilstructuur met 
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een Tb³⁺-complex-geënt holle PMO (schil) die UCNP's (dooier) inkapselt, beoogt 

deze beperkingen te overwinnen door het brede detectiebereik van LnPMO's te 

combineren met de hoge gevoeligheid van UCNP's voor Hg²⁺-detectie. In dit 

hoofdstuk worden de motivatie voor dit onderzoek, de voordelen en beperking e n 

van de gekozen materialen, de ontwerp- en synthese-strategie voor de dooier -

schilstructuur en de geplande karakterisering en prestatie -evaluatie van het 

materiaal in zowel downshifting - als upconversie-modi gedetailleerd beschreven. 

Hoofdstuk 3: beschrijft de innovatieve synthese en multifunctionele 

toepassingen van acetylaceton-gefunctionaliseerde periodieke mesopori ö se 

organosilicaten (acac-PMO's), met de nadruk op hun rol in sensortechnologie en 

katalyse. Door acetylaceton (acac) in het PMO-framework te embedde n, 

introduceert dit onderzoek een nieuwe klasse PMO's met een verhoog de 

gevoeligheid voor koperionendetectie en een verbeterde katalytische efficiëntie in 

Mannich-reacties. De integratie van lanthanidecomplexen verbetert de 

eigenschappen van deze materialen, wat een veelbelovende weg biedt voor 

selectieve ionensensoren. Dit hoofdstuk onderstreept het belang van acac-PMO's in 

de vooruitgang van materiaalwetenschappen en toont hun potentieel in 

milieumonitoring, katalyse en andere toepassingen. 

Hoofdstuk 4: introduceert ratiometrische dubbel -emitterende thermome ter s 

gebaseerd op curcumine en curcumine-pyrazole gefunctionaliseerde periodieke 

mesoporiöse organosilicaten (PMO's), geïntegreerd met Rhodamine B (RhB) 

kleurstof. Deze innovatieve materialen, genaamd C-PMO en CP-PMO, benutten de 

stabiele, poreuze structuur van PMO's en de luminescerende eigenschappen van 

curcuminederivaten voor verbeterde temperatuurgevoeligheid en 

biocompatibiliteit. Inkapseling van RhB in deze frameworks, verder omhuld door 

een lipide-dubbellaag, versterkt hun temperatuurafhankelijke fluorescentiereactie.  
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LIST OF ABBREVIATIONS AND ACRONYMS 

A  

acac-Br 1,3-bis(4-bromophenyl)propane-1,3-dione 

acac-Si 
1,3-bis(4-((E)-2-

(triethoxysilyl)vinyl)phenyl)propane-1,3-dione 

APTES 3-aminopropyltriethoxysilane 

B  

BA-Si 
3,5-bis(3-(3-(triethoxysilyl)propyl)ureido)benzoic 

acid 

BTESE 1,2-bis(triethoxysilyl)ethane 

C  

CDCl3 deuterated chloroform 

CHNS elemental analysis 

COFs covalent Organic Frameworks 

CTAB cetyltrimethylammonium bromide 

Curcumin-

Pyrazole Analog 

4,4'-((1E,1'E)-(1H-pyrazole-3,5-diyl) bis(ethene-2 ,1 -

diyl)) bis(2-methoxyphenol) 

Curcumin-

Pyrazole-Si 

2,2'-(((1E,1'E) -(1H-pyrazole-3,5-diyl) bis(ethe ne -

2,1-diyl)) bis(2-methoxy-4,1-phenylene))bis(N-( 3-

(triethoxysilyl)propyl)acetamide) 

Curcumin-Si 

4-((1E,4Z,6E)-5-hydroxy-7-(3-methoxy-4-(((3-

(triethoxysilyl) propyl) carbamoyl) oxy) phenyl) - 3-

oxohepta-1,4,6-trien-1-yl)-2-methoxyphenyl (3-

(triethoxysilyl) propyl) carbamate 

D  
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DMEM Dulbecco’s Modified Eagle Medium 

DMF dimethylformamide 

DMSO dimethyl sulfoxide 

DMSO-d6 Dimethyl sulfoxide-d6 

DOPC 1,2-dioleoyl-sn-glycero-3-phosphocholine 

DRIFTs 
diffuse reflectance infrared Fourier transform 

spectroscopy 

DS downshifting 

E  

EDX energy dispersive X-ray 

ETS energy transfer from singlet 

ETT energy transfer from triplet 

F  

FBS Fetal Bovine Serum 

FRET Förster resonance energy transfer 

FT-IR Fourier Transform Infrared 

H  

Hacac acetylacetone 

Hdbm dibenzoylmethane 

Hhfa hexafluoroacetone 

HPMO hollow periodic mesoporous organosilica 

HRTEM high-resolution transmission electron microscopy 

Htfac 1,1,1-trifluoroacetylacetone 

Htta 2-thenoyltrifluoroacetone 

I  

ICP-MS inductively coupled plasma mass spectrometry 
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ICPTES (3-Isocyanatopropyl)triethoxysilane 

ISC intersystem crossing 

L  

LB lipid bilayer 

Ln lanthanide 

Ln3+ lanthanide ions 

Ln-CQDs lanthanide hybridized carbon quantum dots 

LnMOFs lanthanide metal-organic frameworks 

LOD limit of detection 

M  

MCT Mercury Cadmium Telluride 

MOFs metal organic frameworks 

MR multiphonon relaxation 

N  

NaH Sodium hydride 

NHDF  

NIR near-infrared 

NMR Nuclear Magnetic Resonance 

NPs nanoparticles 

P  

PEO polyethylene oxide 

PL photoluminescence 

PMO periodic mesoporous organosilica 

PMOs periodic mesoporous organosilicas 

PPO polypropylene 

PSD Pore Size Distribution THF Tetrahydrofuran 
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PXRD powder X-ray diffraction 

Q  

QC quantum cutting 

QDs quantum dots 

S  

S0,1 singlet 

SEM scanning electron microscopy 

SiO2 silica 

STEM scanning transmission electron microscopy 

T  

T1 triplet 

Tb(hfac)3·n(H2

O) 
Tb(III) tris-hexafluoroacetylacetone hydrates 

TEM transmission electron microscopy 

TEOS tetraethyl orthosilicate 

TGA thermogravimetry 

THF tetrahydrofuran 

TOF Turnover Frequency 

TON Turnover Number 

tta 2-Thenoyltrifluoroacetone 

U  

UC upconversion 

UCNP upconversion nanoparticle 

UV ultraviolet 

V  

V2O5 Vanadium(V) oxide 
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VO(acac)2 Vanadyl acetylacetonate 

X  

XPS X-ray Photoelectron Spectroscopy 

XRD X-ray Diffraction 

XRF X-ray Fluorescence 
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1.1 The Essence of Luminescence 

Light, a form of electromagnetic radiation, requires energy conversion for its 

creation. Two main mechanisms achieve this: incandescence and luminescence. This 

study explores luminescence, a process that generates light at low temperatur e s 

through electronic transitions. This is distinct from thermal emission, which 

produces light due to heat, as observed in the black-body radiation of incandesc e nt 

lamps. 

The term "luminescence" was first introduced by Eilhard Wiedemann, a 

German physicist and science historian, deriving from the Latin word "Lumen, " 

which means light.1 Luminescence, broadly defined, encompasses the study of the 

principles governing the absorption and emission of radiation by matter.2 This 

phenomenon is characterized as a cool emission, resulting from the transition of 

electrons within a substance from higher to lower energy states. Notably, this 

process of light emission occurs at normal or low temperatures, distinguishing it 

from processes that generate heat. Luminescence can be triggered by various 

mechanisms, including the absorption of photons, chemical or biochemic al 

reactions, the action of subatomic particles, exposure to radiation, or mechanical 

stress applied to a crystal.  

A unique aspect of luminescence is that the wavelength of the emitted light is 

specific to the luminescent material itself, rather than being dependent on the 

wavelength of the incident radiation.3, 4 This principle is encapsulated in the law of 

luminescence (downshifting), which states that the wavelength of emitted radiation 

(λemi) is always longer than that of the exciting radiation (λexc). Materials that exhibit 

luminescence are referred to as luminophores or phosphors.5 An illustration of the 

luminescence process is provided in Figure 1.1.  
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Luminescence is a multidisciplinary field, finding applications in various 

domains such as physics, chemistry, biological science, medical science, forensic 

science, geology, material science, and engineering. The current research landscape 

in this area is marked by a significant interplay among different branches of solid -

state science and various subfields of luminescence, involving both inorganic and 

organic materials. 

 

Figure 1.1 Schematic diagram of the luminescence process: (A) electron in lowest energy state, (B) 

excited state, and (C) light emission.6 

1.2 Luminescence Terminology: Clarifying Key Concepts 

This section aims to provide clear and concise definitions of essential terms 

related to the phenomenon of luminescence. 

1. Phosphor: 

A phosphor refers to a solid material, either naturally occurring or synthe tic, 

that exhibits luminescence, characterized by the emission of light upon exposure to 

various forms of energy, including radiation, ultraviolet (UV) light, or electron beams. 

These materials are also known as luminescent materials. Typically, phosphor s 

appear as microcrystalline powders or thin films designed to emit visible colors. In a 

broader sense, the term "phosphor" can be used interchangeably with "solid 

luminescent material" and has been in use since the early 17th century. 

2. Luminescence Center: 
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The crystal lattice of a phosphor often incorporates activator ions, introduci ng 

localized energy levels within the forbidden band gap. These localized levels, 

referred to as luminescence centers, play a crucial role in enabling efficient 

luminescence. They absorb excitation energy and subsequently convert it into 

visible radiation through an electron transition process. In essence, luminesce nc e 

centers act as the sites where absorbed energy is captured, leading to its subseque nt 

re-emission as light. 

⚫ Dopant: also known as a doping agent, refers to a trace amount of a foreign 

element intentionally introduced into a material. Doping is typically 

employed to modify the material's electrical or optical properties in a 

controlled manner. The concentration of the dopant is generally very low, 

often representing a small fraction of a percent. 

⚫ Activator: In the context of luminescent materials like phosphors and 

scintillators, an activator is a specific type of dopant used in minute 

quantities to enhance the luminescence process. Activators introduc e 

additional energy levels within the host material, facilitating efficient 

conversion of absorbed energy into light emission. 

3. Chromophore: 

A chromophore is a group of atoms within a molecule that interacts with light. 

This interaction can manifest in two ways: absorption of specific wavelengths of 

visible light or emission of light at different wavelengths. The absorbed waveleng ths 

correspond to the energy difference between the chromophore's ground state and 

its excited electronic states. This interaction with light is responsible for a molecule's 

color and can also lead to the emission of light, a phenomenon known as 

luminescence. 

4. Sensitizer: 
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Not all luminescent materials involve direct excitation of the activator. In 

certain cases, a different ion or molecule within the material can absorb the 

excitation energy and subsequently transfer it to the activator. This intermediar y 

species responsible for energy transfer is known as a sensitizer. 

5. Quenching: 

Quenching refers to the deactivation of an excited state through a non-

radiative pathway, meaning energy is lost without the emission of light. Two 

common types of quenching are: 

⚫ Concentration quenching: This phenomenon occurs when the 

concentration of activators in the host material exceeds a critical value. At 

high activator concentrations, the probability of energy transfer betwee n 

neighboring activators increases, leading to non-radiative energy loss 

before emission can occur (Figure 1.2). 

 

Figure 1.2 Concentration quenching.6 

⚫ Thermal quenching: At elevated temperatures, the increased thermal 

energy within the host lattice can contribute to non-radiative energy loss, 

diminishing the luminescence efficiency. This phenomenon is known as 
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thermal quenching. For optimal luminescence performance at elevated 

temperatures, materials with low phonon frequencies are often preferred.  

Lower phonon frequencies within the host lattice minimize the probabil ity 

of non-radiative energy transfer to lattice vibrations, thereby reducing 

thermal quenching. For example, some inorganic compounds like Yttrium 

Aluminum Garnet (YAG) exhibit relatively low phonon frequencies, making 

them suitable hosts for lanthanide ions in high-power applications like 

solid-state lighting.7 

6. Singlet State: 

In the context of molecular electronic states, a singlet state refers to a state 

where all electron spins are paired. In other words, the spin of the excited electron 

in the singlet state remains paired with the spin of the electron in the ground state.  

7. Triplet State: 

In the realm of quantum mechanics, a triplet state refers to a specific type of 

quantum state exhibited by a system, such as a molecule or atom. This state is 

characterized by a total spin quantum number (S) of 1. As a consequence, the spin 

component (Ms) can possess three allowed values: -1, 0, and +1. Figure 1.3 visually 

depicts the energy level diagram illustrating the spin configuration in both singlet 

and triplet states. 

 

Figure 1.3 Energy-level diagram showing singlet and triplet states.6 

8. Relaxation Processes: 
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Following excitation, molecules or excitons can undergo various relaxation 

processes to return to their ground state: 

⚫ Internal Conversion: This process describes the non-radiative transition of 

a molecule from a higher to a lower electronic state within the same spin 

multiplicity (e.g., singlet-to-singlet or triplet-to-triplet). During internal 

conversion, the excess energy is dissipated through various non-radiati ve 

pathways, such as vibrations within the molecule. The efficiency of internal 

conversion is often higher when the energy levels involved are close 

enough to allow for significant overlap between their associate d 

vibrational levels. 

⚫ Intersystem Crossing: In contrast to internal conversion, intersyste m 

crossing involves the transition between electronic states of different spin 

multiplicity. For example, this process could describe the conversion of a 

molecule from a singlet state to a triplet state (or vice versa). Intersyste m 

crossing is generally a slower process compared to internal conversion due 

to the selection rules governing these transitions. 

9. Stokes Shift: 

Named after Irish physicist George G. Stokes, the Stokes shift refers to the 

difference in wavelength or frequency between the absorption and emission 

maxima of the same electronic transition within a molecule or material (Figure 1.4). 

This difference arises because the equilibrium positions of atoms within a molecule 

or crystal lattice can differ between the ground and excited states. Larger Stokes 

shifts are often associated with lower thermal quenching at elevated temperatur es .  
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Figure 1.4 Absorption and emission spectra showing Stokes shift.6 

1.3 Lanthanide Luminescence 

Trivalent lanthanide (Ln³⁺) ions exhibit unique luminescent properties due to 

their electronic configurations and the energy level distribution within their partially 

filled 4f subshells. Unlike most transition metals, the 4f electrons in lanthanides are 

shielded from the surrounding chemical environment by filled 5s² and 5p⁶ orbitals. 

This shielding effect minimizes interactions with the surrounding ligands, leading to 

the characteristic sharp and narrow emission bands observed in lanthani de 

luminescence.8 The specific electron configuration adopted by a trivalent lanthani de 

element, either [Xe]4fⁿ6s² or [Xe]4fⁿ-¹5d¹6s², is governed by the relative energy levels 

of these configurations (Table 1.1). This is illustrated in Figure 1.5. An exception 

exists for cerium (Ce³⁺). Due to the unique energy level structure, its first excited 

state involves the 5d orbital, resulting in broader absorption and emission bands 

compared to other lanthanides.9 
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Table 1.1 Electron configurations of the lanthanides and their common ions. 8 

 Atom Ln3+ Ln4+ Ln2+ 

La [Xe] 5d16s2 [Xe]   

Ce [Xe] 4f15d16s2 [Xe] 4f1 [Xe]  

Pr [Xe] 4f36s2 [Xe] 4f2 [Xe] 4f1  

Nd [Xe] 4f46s2 [Xe] 4f3 [Xe] 4f2 [Xe] 4f 

Pm [Xe] 4f56s2 [Xe] 4f4   

Sm [Xe] 4f66s2 [Xe] 4f5  [Xe] 4f6 

Eu [Xe] 4f76s2 [Xe] 4f6  [Xe] 4f7 

Gd [Xe] 4f75d16s2 [Xe] 4f7   

Tb [Xe] 4f96s2 [Xe] 4f8 [Xe] 4f7  

Dy [Xe] 4f106s2 [Xe] 4f9 [Xe] 4f8 [Xe] 4f10 

Ho [Xe] 4f116s2 [Xe] 4f10   

Er [Xe] 4f126s2 [Xe] 4f11   

Tm [Xe] 4f136s2 [Xe] 4f12  [Xe] 4f13 

Yb [Xe] 4f146s2 [Xe] 4f13  [Xe] 4f14 

Lu [Xe] 4f145d16s2 [Xe] 4f14   

 

Figure 1.5 Energy level diagrams of trivalent Ln3+ ions (except Ce3+, La3+, and Lu3+). Corresponding typical 

upconversion emissive excited levels are highlighted with red bold lines, which will be further explained.9 

The Antenna Effect: Sensitized Emission 

Nature, through the process of evolution, has remarkably engineered light -

harvesting antenna systems in organisms. These systems efficaciously capture solar 

energy and subsequently transfer it as electronic excitation energy to reaction 

centers. This excitation ultimately drives the conversion of light energy into chemical 
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energy through redox reactions.10 In the realm of artificial systems, the term 

"antenna effect" was introduced to describe the phenomenon in sensitize d 

luminescence.11 This effect involves the enhancement of the luminescence from 

weakly absorbing lanthanide ions through the excitation of strongly absorbi ng 

ligands, which then transfer the energy to the lanthanide ions. 

 

Figure 1.6 Illustration of antenna effect. 

The antenna effect, prominent in lanthanide-organic chelate complexes, is 

exemplified in Figure 1.6. By incorporating an antenna, an alternative energy 

transfer pathway facilitates enhanced excitation of the lanthanide emitting levels, 

which subsequently emit light upon relaxation to the ground state.12-14  

For optimal sensitization in lanthanide complexes, an antenna chromophore 

should generally fulfill the following criteria: 

⚫ High molar extinction coefficient: Ensures efficient light absorption for high 

photoluminescence quantum yield; 

⚫ Energy level compatibility: The triplet state energy of the antenna should 

align closely with the lanthanide luminescent states, promoting effective 

energy transfer while minimizing back-transfer due to thermal activation; 

⚫ Spatial proximity: Close proximity between the antenna and lanthanide ion 

is essential for effective energy transfer; 
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⚫ High intersystem crossing (ISC) yield: Promotes efficient population of the 

triplet state; 

⚫ Coordination saturation: The antenna should fully occupy the inner 

coordination sphere of the lanthanide (coordination number of at least 8) 

to minimize quenching by water or other solvent molecules. 

The selection of antenna ligands for lanthanide ions critically depends on their  

emission wavelengths: 

⚫ Visible-emitting Ln³⁺ ions: These require UV-absorbing chromophores as 

antenna ligands; 

⚫ NIR (Near-infrared)-emitting Ln³⁺ ions: These necessitate antenna ligands 

with singlet and triplet state energies closely matching the accepting levels 

of the Ln³⁺ ions for efficient energy transfer. 

Commonly employed organic antenna ligands for Ln³⁺ coordination include: 

⚫ β-Diketones: These encompass ligands like acetylacetone (Hacac), 1,1,1 -

trifluoroacetylacetone (Htfac), hexafluoroacetone (Hhfa), 2-

thenoyltrifluoroacetone (Htta), and dibenzoylmethane (Hdbm); 

⚫ Dipicolinic acid and its derivatives: These offer further options for antenna 

design; 

⚫ Macrocyclic ligands: These provide additional avenues for tailoring 

luminescent properties. 

Ligand and Lanthanide Ion Excitation: Jablonski Diagram 

The process of ligand-enhanced lanthanide luminescence can be summarize d 

in three key steps:13 

⚫ Ligand Excitation: Light absorption promotes the ligand from its ground 

state (S₀) to a short-lived singlet excited state (S₁); 
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⚫ Intersystem Crossing (ISC): The S₁ state rapidly undergoes ISC, popula ti ng 

the ligand's longer-lived triplet state (T₁). This process is typically faster 

than radiative or non-radiative decay from S₁; 

⚫ Energy Transfer: The excited ligand transfers energy to the lanthanide ion, 

exciting its electrons to higher energy levels. While direct transfer from S₁ 

to the lanthanide can occur, it's less efficient than energy transfer from T₁ 

due to the short lifetime of S₁. 

Importantly, the energy levels of the ligand play a crucial role in this process. 

The ligand's singlet (S1) and triplet (T1) states must be positioned energetically close 

to facilitate efficient energy transfer to the emissive states of the lanthanide ion. The 

Jablonski diagram (Figure 1.7) provides a schematic representation of the energy 

levels and transitions associated with lanthanide luminescence. Energy states of 

both the ligand and lanthanide are arranged vertically according to energy, while 

horizontal groupings denote distinct spin multiplicities. This simplifies the diagram 

for overall energy transfer processes. The energy from the excited rare earth ion 

(Eu3+) needs an acceptor to be efficiently transferred via RET. This acceptor could be:  

Another ligand molecule: In this case, the RET would be followed by ligand 

emission at a longer wavelength (Stokes shift) compared to the initial excitation 

energy. 

A solvent molecule: Similar to ligand acceptor, the solvent molecule would 

accept the energy and emit luminescence at a lower energy. 

A quencher molecule: This molecule would absorb the emission energy from 

Eu3+, preventing luminescence altogether. 
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Figure 1.7 Illustration of lanthanide luminescence by the Jablonski diagram, 6, 15 where IC, internal 

conversion; ISC, intersystem crossing; ILCT, intraligand charge-transfer; LMCT, ligand-to-metal charge 

transfer; IET, intramolecular energy transfer; RET, rare earth transition. 

Lanthanide complexes exhibit exceptionally rapid absorption of photons, 

occurring on a timescale of approximately 10⁻¹⁵ seconds. This phenomenon can be 

attributed to the inherent tendency of electrons in unexcited molecules to occupy 

the energetically lowest available orbitals, known as the ground state. Notably, most 

lanthanide complexes are excited by light in the near-ultraviolet (near-UV) region, 

with wavelengths typically not exceeding 350 nm. This specific excitation 

wavelength range is crucial for initiating the luminescence process. Followi ng 

excitation by a photon, the initially populated singlet excited state of the ligand can 

undergo non-radiative decay via a process termed internal conversion. This process 

occurs within a picosecond (10⁻¹² s) and involves the relaxation of the excited 

electron to a higher vibrational level within the same electronic state, ultimately 

reaching the lowest excited electronic level. The subsequent sensitization process, 

which involves the transfer of excitation energy to the central lanthanide ion, can 

proceed through various pathways. These pathways encompass diverse ligand 

states, including singlet and triplet excited states as well as intraligand charge -

transfer (ILCT) states. Traditionally, the predominant understa nding suggests that 
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energy transfer commences with intersystem crossing from the ligand's singlet state 

to its triplet state.16-18 This is followed by intramolecular energy transfer from the 

lowest-lying ligand triplet state to the excited energy levels of the central lanthani de 

ion. While less common, direct energy transfer from the ligand's singlet state to the 

central ion can occur. However, the short lifetime of the singlet state renders this 

pathway inefficient.19 

 

Lanthanide Sensitization Mechanisms: Förster Resonance Energy Transfer (FRET) 

and Dexter Energy Transfer 

Ligand-to-metal energy transfer (LMET) in lanthanide complexes plays an 

important role in their luminescence properties. Two primary mechanisms govern 

LMET: Förster resonance energy transfer (FRET) and Dexter energy transfer (Figure 

1.8). 

Förster Resonance Energy Transfer (FRET):20 

FRET is a through-space mechanism dependent on Coulombic dipole-di pole 

interaction between the excited ligand (donor) and the Ln³⁺ ion (acceptor) . The 

transfer operates effectively over larger donor-acceptor distances (1-10 nm), 

exhibiting a characteristic 1/r⁶ dependence. Efficient FRET necessitates spectral 

overlap between the ligand's emission spectrum and the Ln³⁺ ion's absorpti on 

spectrum. 

Dexter Energy Transfer:21 

Dexter energy transfer relies on electron exchange between the ligand and the 

Ln³⁺ ion. Due to its dependence on electron exchange, Dexter transfer is limited to 

very close proximity (<1 nm), exhibiting an exponential distance dependence (e ⁻r). 

Similar to FRET, Dexter transfer also requires spectral overlap between the ligand's 

emission spectrum and the Ln³⁺ ion's absorption spectrum.  
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Figure 1.8 Schematics of the Förster and Dexter mechanisms.22 

Lanthanide Luminescence Processes: Downshifting, Quantum Cutting, and 

Upconversion 

Lanthanide ions (Ln³⁺) exhibit diverse luminescence processes, offering a 

spectrum of potential applications in various fields. This section delves into three 

prominent categories of these processes: downshifting, quantum cutting, and 

upconversion (Figure 1.9). 

Downshifting (DS),23 also known as photoluminescence (PL) or Stokes shift, 

refers to the standard luminescence process. It involves the absorption of a high -

energy photon followed by the emission of one lower-energy photon. This process 

inherently limits its quantum efficiency to 100% or less. 

Quantum Cutting (QC),24 is a fascinating process where the energy of a single 

absorbed photon is converted into two or more lower-energy photons. This process 

can achieve a quantum efficiency exceeding 100% (up to 200%). QC can occur within 

single lanthanide ions, particularly Pr³⁺ and Gd³⁺, or between different sets of Ln³⁺ 

ions through energy transfer. Notably, the most efficient energy transfer has been 
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observed between Gd³⁺ (in the host matrix) and other Ln³⁺ ions like Eu³⁺, Tb³⁺, and 

Er³⁺. 

Upconversion (UC),25 is a non-linear process where two or more photons (often 

in the infrared range) are converted into a single, higher-energy photon (typically 

visible or UV). Due to its non-linear nature, UC exhibits a considerably lower 

quantum efficiency, typically well below 50%. It means that UC typically requires a 

high pump power (Figure 1.9 right). Furthermore, minimizing non-radiative losses is 

crucial, which necessitates the use of low phonon frequency hosts. Lanthanide ions 

like Er³⁺, Ho³⁺, and Tm³⁺ are frequently employed as activators due to their favorable 

ladder-like energy level structures, enabling efficient visible emissions under low 

pump power densities.26 Yb³⁺ is commonly co-doped as an effective sensitizer due 

to its large absorption cross-section in the 900-1100 nm range, corresponding to the 

2F⁵/₂ → 2F⁷/₂ transition.27 Typical doping concentrations range from 18-25% for Yb³⁺ 

and 0.3-2% for Tm³⁺ and Er³⁺ to achieve optimal emission intensity.28 

 

Figure 1.9 Schematic illustrating three energy transfer modes of Ln3+. From left to right, these are 

downshifting (DS), quantum cutting (QC), and upconversion (UC). Upward and downward full arrows stand 

for photon excitation and emission processes, respectively. The dashed line represents a non-radiative 

relaxation process.9 
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1.4 Periodic Mesoporous Organosilicas (PMOs): Structure , 

Luminescence, and Functionalization 

Periodic mesoporous organosilicas (PMOs) represent a novel category of 

materials characterized by their regularly arranged mesopores, ranging from 1.5 to 

30 nm in diameter, and nanometric pore walls composed of organosilica. In this 

structure, each organic moiety is covalently bonded to multiple silicon atoms, 

ensuring a uniform distribution of these bridging organic groups both within and on 

the surface of the pore walls. The initial synthesis of PMOs was independentl y 

achieved by three groups in 1999, marking a significant milestone in the field.29-31  

Since then, PMOs with diverse organic bridging groups and varying pore sizes and 

geometries have been synthesized and characterized. The evolving research in 

PMOs now extends beyond synthesis and structural analysis to explore their  

functional applications across scientific and engineering disciplines, including 

biology and medicine. This transition underscores the interdisciplinary potential of 

PMOs and their role as a hallmark of nanotechnology.32 

1.4.1 Structural Characteristics of PMOs 

Mesoporous Design: In 1999, three distinct research teams independe ntl y 

achieved the synthesis of mesoporous organosilica hybrids using dipodal 

alkoxysilane precursors with the general formula ((R ′O)3Si–R–Si(OR ′ )3; where R 

represents an organic bridging group and R′ is either methyl or ethyl).29-31 These 

novel mesoporous hybrids, derived from bridged organosilane precursor s 

(R[Si(OR ′ )3]n; with n ≥  2), have been categorized as periodic mesopor ous 

organosilicas (PMOs). The synthesis of PMO hybrids was conceptualized by adapting 

the methodology used in surfactant-directed synthesis of ordered mesoporous silica, 
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this approach was notably inspired by successful research on organosilsesquioxa ne 

gels (Figure 1.10). 

The defining feature of PMOs is their well-defined mesopores, whose 

diameters can be precisely controlled within the range of 1.5–30 nm. This control is 

achieved through the strategic selection of template surfactants and additive s 

during the polycondensation process. While ionic surfactant templates have 

traditionally been favored for synthesizing conventional PMOs, the use of 

amphiphilic block copolymer templates, along with the incorporation of salts, has 

facilitated the successful creation of large-pore PMOs. These PMOs exhibit varying 

symmetries in their mesostructures, expanding the potential applications and 

functionalities of these materials.33 

 

Figure 1.10 Synthesis of periodic mesoporous organosilica (PMO) from organic-bridged alkoxysilane 

precursors.33 

A diverse range of surfactants can serve as templates for the synthesis of 

mesoporous materials. Table 1.2 summarizes the most commonly employe d 

surfactants, along with their chemical structures. These surfactants can be broadly 

categorized into two classes: ionic and nonionic. 

Table 1.2 List of frequently used surfactants in PMO synthesis.34 
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CTAC/CTAB Cetyltrimethylammonium chloride/bromide  

 

OTAC Octadecyltrimethylammonium chloride 

 

CnTMACl/Br Alkyltrimethylammonium chloride/bromide 

 

CPCl Cetylpyridinium chloride 

 

FC4 Fluorocarbon surfactant 

 

Brij-30 Polyoxyethylene (4) lauryl ether 

 

Brij-56 Polyoxyethylene (10) cetyl ether 

 

Brij-76 Polyoxyethylene (10) stearyl ether 

 

Triton-X100 Polyoxyethylene (10) octylphenyl ether 

 

P123 Pluronic P123 poly(ethylene glycol)–

poly(propylene glycol)–poly(ethylene glycol) 

 

F127 Pluronic F127 poly(ethylene glycol)–

poly(propylene glycol)–poly(ethylene glycol) 

 

B50-6600 Poly(ethylene oxide)–poly(butylene oxide)–

poly(ethylene oxide) 
 

PEO–PLGA–

PEO 

Poly(ethylene oxide)–poly(lactic acid-co-glycolic 

acid)–poly(ethylene oxide) 
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Cn-s-m Divalent and gemini surfactants 

 

Organosilica Framework : A key advantage of PMOs lies in their extensi ve 

library of potential organic moieties (R), allowing for precise structural control and 

functionalization.35, 36 Since their initial discovery, the range of organic bridging 

groups applicable to PMO synthesis has expanded significantly. Early research 

primarily focused on simple organic bridges like ethylene, ethenylene, phenyle ne , 

and thiophene.29-31, 37 However, recent advancements in the synthesis of 

organosilane precursors have opened doors to incorporating various organic groups 

into PMO frameworks, including hydrocarbons, heteroaromatics, and even metal 

complexes.35, 36 Furthermore, the hydrolysis and condensation of allylorganosila ne 

compounds (R[Si(CH2CH=CH2)m(OR’)3 -m]n; m= 2, 3) represents an alternative route 

for PMO synthesis.38 The superior stability of allylsilanes compared to alkoxysilane s 

under conventional organic synthesis conditions allows for the development of 

novel molecular building blocks with reactive groups, paving the way for the 

creation of even more intricate PMO structures.39 

1.4.2 Synthesis of PMO hybrids 

PMO synthesis from 100% organic-bridged precursors Surfactant-directed  

The initial exploration of periodic mesoporous organosilica (PMO) materials 

involved surfactant-directed polycondensation of single-component organosila ne 

precursors. This approach yielded PMOs with homogeneously distributed organic 

bridges, primarily consisting of small aliphatic and aromatic groups within the pore 

walls.29-31, 37, 40 Research efforts subsequently shifted towards introducing more 

functional bridge units like biphenyl, divinylbenzene, and acridone.41-44 Concurrentl y, 

researchers achieved precise control over the meso-scale symmetry of these 
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channels, ranging from lamellar and 2D hexagonal to 3D cage-like structures, by 

manipulating the synthesis conditions and utilizing different structure -directi ng 

agents.29, 35, 36, 45-48 The development of multi-component and multi-functional 

PMOs was achieved through co-condensation of two or more bridged organosila ne 

precursors, as comprehensively detailed in previous reviews.35, 36 Utilizing a mixture 

of functionalized bridged organosilanes offers advantages in tailoring the meso -

scale periodicity and framework properties. This includes controlling the density of 

functional moieties and adjusting the hydrophilic/hydrophobic balance. Later, 

researchers have successfully designed multi-functional PMOs incorporati ng 

heteroatom-containing organic bridges, leading to tailored surface and framewor k 

properties of the pore walls.49-51 

PMO synthesis by co-condensation 

Co-condensation of functionalized bridged organosilanes with scaffold silica 

sources like tetraethylorthosilicate (TEOS) or ethylene-bridged precursors has 

emerged as a powerful technique for synthesizing mesoporous materials with 

specific functionalities. Beyond co-condensation, post-synthesis grafting and direct 

co-condensation with monosilylated functional precursors offer additional avenue s 

for chemical modification of periodic mesoporous organosilica (PMO) frameworks.  

An advancement utilizes dynamic covalent chemistry to incorporate imine, 

amine, and aldehyde functionalities into PMOs. This approach involves in situ 

formation of imine-containing bridging groups during the self-assembly process, 

employing organosilane precursors with reactive amine or aldehyde moieties. 5 2  

These diverse synthetic strategies have yielded PMOs with a wide range of 

functionalities, paving the way for potential applications in various fields, as 

comprehensively reviewed elsewhere.35, 36 
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Researchers have achieved the co-existence of contrasting functionali tie s 

within the same material. Through the strategic design of monosilylated and bridged 

organosilane compounds, simultaneous incorporation of acidic frameworks with 

basic pore surfaces has been realized.53 This approach involves co-condensation of 

N-protected aminopropyltrimethoxysilane and trimethoxysilyl-terminated 4,5-

dithiooctane, followed by a series of post-synthesis modifications. Such materials, 

containing both acidic and basic functionalities, hold promise as novel catalysts for 

multistep reactions, as demonstrated by a report on the two-step conversion of 

benzaldehyde dimethyl acetal to 2-nitrovinyl benzene.54 

Moreover, covalently bonded organic anions and cations have been 

successfully incorporated into PMO frameworks using trisilylated guanidini um 

sulfonimide ionic liquids.55 The presence and accessibility of these ion-pairs on the 

pore surface were confirmed through solvatochromic experiments with Reichardt's 

dye. The potential of immobilizing ionic liquid analogues onto PMOs extends beyond 

catalysis, offering exciting possibilities for the development of novel and sustaina bl e 

processes. 

1.4.3 Luminescent PMOs 

Incorporating functional groups, such as chromophores, into the periodic 

mesoporous organosilica (PMO) framework presents a significant advantage . 

Chromophores are specific groups of atoms within a molecule that can absorb light, 

leading to either the emission of light (luminescence) or the manifestation of color 

through selective absorption and reflection. This incorporation allows for the spatial  

separation of these groups between the framework and the mesochannels. This 

arrangement facilitates energy transfer from donor groups in the framework to 

acceptor groups in the mesochannels, potentially enhancing desired optical 

properties such as luminescence. Such a configuration is particularly beneficial for 



43 
 

optical sensors, where target molecules or ions can diffuse more efficiently throug h 

PMOs compared to chromophore-attached mesoporous silicas. This efficiency is 

attributed to the reduced steric hindrance in the mesochannels of PMOs, leading to 

a quicker sensing response. Furthermore, the dense packing of chromophor e s 

within the PMO framework augments light absorption, thereby increasing 

luminescence intensity. Therefore, synthesizing PMOs with integrate d 

chromophores and understanding their optical properties are of considera bl e 

interest.56 

This section highlights recent advancements in two key approaches for the 

synthesis of luminescent PMO materials (Figure 1.11). The first approach involves 

co-condensation of chromophores equipped with alkoxysilyl groups alongside a 

significant amount of a framework precursor (chromophores in framework) . 

However, a key challenge lies in identifying chromophores with suitable alkoxysilyl  

groups that can efficiently integrate into the PMO framework without compromisi ng 

luminescence properties. Current research focuses on developing new 

chromophores with compatible functionalities.  

The second method relies on luminescent PMOs prepared by Lanthani de s 

Grafting or Incorporation (chromophores in mesopores). Additionally, it explores 

innovative material design strategies for achieving highly efficient visible-light 

luminescent PMOs. However, controlling the distribution and accessibility of these 

grafted species within the pores remains a challenge. Optimizing grafting technique s 

and understanding the interaction between lanthanides and the pore surface are 

ongoing areas of research. 

Beyond the structural differences, it's important to consider the relative merits 

and challenges of each approach for different applications. PMOs synthesized via 

co-condensation are often favored for applications where uniform distribution and 
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precise control over the luminescent centers are crucial. On the other hand, PMOs 

prepared by lanthanide grafting/incorporation offer exciting possibilities for 

applications requiring tunable emission properties or high luminescence intensity . 

This approach might be advantageous for upconversion materials or luminesce nt 

bioimaging probes. 

 

Figure 1.11 Types of luminescent periodic mesoporous silicas and organosilicas. (a) Chromophore-doped 

silica (chromophores in mesopores). (b) PMO prepared by co-condensation (chromophores in framework). 

(c) PMO synthesized from 100% chromophore precursors (chromophores in framework).56 

Luminescent PMOs synthesized from chromophore precursors 

A significant challenge in synthesizing luminescent periodic mesopor ous 

organosilica (PMO) materials lies in overcoming the phenomenon of solid-sta te 

quenching. This effect describes the decrease in luminescence intensity (quantum 

yield) observed in organic molecules upon transitioning from a liquid to a solid state. 

This quenching is attributed to strong intermolecular interactions in the excited 

state of the molecules when packed closely together in a solid matrix. Due to the 

potential impact of solid-state quenching, research focusing on synthesizing PMOs 

exclusively from chromophore-based precursors has been relatively limited. In 

contrast, the co-condensation method, which utilizes a combination of 
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chromophore and framework precursors, has been more extensively explored due 

to its ability to mitigate quenching effects. This section delves into strategies to 

address solid-state quenching and recent advancements in synthesizing highly 

luminescent PMOs solely from chromophore precursors.56 

Recent years have witnessed significant progress in the development of 

luminescent periodic mesoporous organosilica (PMO) materials, driven by 

advancements in both material design and synthesis techniques. This progress 

builds upon the initial groundwork laid by Inagaki et al. in 2002, who reported the 

synthesis of potentially fluorescent PMOs, including a benzene-silica PMO with 

hexagonal mesopores and a biphenylene-bridged PMO.40, 41 These early examples 

were characterized by well-defined mesostructures and high surface areas, 

demonstrating successful synthesis protocols and the promise of ordered structur e s . 

Subsequent research by Ozin et al. and others expanded the variety of 

chromophore groups in PMO pore walls, exploring materials like phenylene -bridg e d 

silsesquioxane and biphenyl PMOs.42, 43, 57, 58 These studies not only enhanced the 

understanding of PMO structures but also opened avenues for potential optical 

sensor applications. For instance, Bhaumik et al. reported a diimine-incorpora te d 

PMO, showcasing its utility as a tunable chemosensor and photoluminesc e nt 

material.59 

By 2007-2009, the research focus shifted towards PMOs built from aromatic 

groups for light-harvesting and optoelectronic applications. Leyva et al. and Ha et al. 

reported on electroluminescent PMOs, contributing to the development of OLEDs.60 ,  

61 Simultaneously, systematic studies by Fröba et al. extended the organic 

conjugated π-system of these materials, exploring new possibilities for colored 

mesoporous materials.62 
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The subsequent years saw further innovations, such as the integration of 

photoluminescent perylene-bridged silsesquioxane in PMOs by He et al.,63 and 

Inagaki et al.'s work on PMOs with various aromatic bridges, highlighting their  

fluorescence properties and potential in light-emitting applications.64-67 

Recent advancements also include PMOs grafted with metal ions and the 

exploration of PMOs as fluorescent chemosensors, as evidenced by the work of 

Inagaki et al. and others.68-72 These developments demonstrate the versatility of 

PMOs and their growing importance in nanomedicine and optoelectronics. The 

research trajectory underscores the potential of PMOs in diverse applications, from 

ion sensing to theranostics, driven by continuous innovation in material synthe si s 

and functionalization (Figure 1.12).73-76 

 

Figure 1.12 Representation of the design of luminescent PMOs synthesized from chromophore 

precursors.73 

Luminescent PMOs prepared by Lanthanides Grafting or Incorporation 

The development of lanthanides grafted or incorporated into PMOs has been 

marked by significant advancements and diverse synthesis strategies. In 2008, Yang 

et al. introduced a new PMO material covalently grafted with 1,10-phenantrolli ne , 

showcasing a well-ordered hexagonal structure and enhanced luminescence upon 
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europium grafting.77 This approach set a precedent for subsequent research 

focusing on enhancing luminescent properties through lanthanide grafting  (Figure 

1.13). 

 

Figure 1.13 Schematic diagram of incorporation of europium complex into the framework of PMO via a co-

condensation of 1,2-bis(triethoxysilyl)ethane (BTESE) and 5,6-bis(N-3-(triethoxysilyl)propyl-1, 10-

phenanthroline(phen-Si)) using covalent bond.77 

Further developments included Dang et al.'s synthesis of a PMO using benzoic 

acid-functionalized organosilane, post-functionalized with TbCl3, retaining its 
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mesostructure and exhibiting characteristic Tb3+ emission peaks.78 Similarly, Li et al. 

presented sulfide functionalized Eu/Tb PMO hybrids, maintaining their ordered 

mesoporous structure post-lanthanide grafting and showing visible emission.79 

A notable contribution by Yan et al. in 2010 involved covalently bonding 

luminescent lanthanide hybrids to a PMO using a calix[4]arene derivative, achieving 

efficient luminescence, especially in the Tb3+ grafted material.80 This trend 

continued with the synthesis of near-infrared emitting lanthanide PMOs by Zhang 

et al. in 2012, indicating the versatility of these materials for various luminesce nt 

applications.81 

The research further expanded into exploring the potential of these PMOs in 

ion sensing and solvent sensing, as demonstrated by Van Der Voort et al. and the 

group of Yu, showing selective luminescent sensing of ions like Cu2+ in aqueous 

solutions.82-87 In addition, a novel "ship-in-a-bottle" approach has been proposed for 

creating hollow periodic mesoporous organosilica s (PMOs) that encapsula te 

lanthanide nanoparticles within their structure. This innovative method represents 

a significant departure from traditional synthesis techniques, offering a unique way 

to integrate lanthanide nanoparticles directly into the hollow cavities of PMOs 

(Figure 1.14).88 

 

Figure 1.14 Schematic illustration of the “ship-in-a-bottle” approach for the synthesis of UC nanorattles 

based on lanthanide-doped fluorides.88 
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Kaczmarek et al. developed an ePMO material functionalized with dipyridyl -

pyridazine units and grafted with NIR-emitting lanthanide ions (Nd3+, Er3+, Yb3+).89  

This ePMO, created via a hetero Diels-Alder reaction, was compared with a similar 

vinyl-silica material. Despite the ease of preparing the vinyl-silica variant, the ePMO 

demonstrated superior stability. These materials, particularly the Yb3+ variant, 

showed promise as ratiometric thermometers in the 110–310 K range. In a later 

study, a PMO composed of N,N-bis(trimethoxysilylpropyl)-2,6-pyridi ne 

dicarboxoamide and TEOS was used to create Tb/Eu and Tb/Sm grafted materials, 

which exhibited strong visible luminescence and were tested as biological 

nanothermometers, showing effective temperature sensing in the 260–460 K 

range.90 These findings highlight the potential of nano-PMOs in applications like 

optical thermometers and biological nanothermometers, due to their nano-si ze , 

strong luminescence, and biocompatibility. 

This versatility in applications, coupled with the advancements in synthesi s 

techniques, underscores the significant progress in the field of lanthanides grafted 

or incorporated into PMOs. 

1.5 Luminescent PMOs in Sensing Applications 

1.5.1 PMOs as sensors 

Luminescent periodic mesoporous organosilica s (PMOs) have emerged as a 

groundbreaking class of materials in the field of sensing, owing to their unique 

combination of structural features and luminescent properties. This section delves 

into the application of luminescent PMOs in sensing, exploring how their specific 

characteristics contribute to advancements in this area. 

Luminescence-Based Sensing Mechanism : The fundamental principle behind 

using luminescent PMOs in sensing revolves around the changes in their  

luminescent properties upon interaction with target analytes. These changes can be 
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in the form of altered luminescent intensity, wavelength shift, or decay time, 

providing a measurable response to the presence of specific substances.91, 92 

Selectivity and Sensitivity: The luminescent properties of PMOs can be finely 

tuned to respond to specific stimuli, such as changes in pH, temperature, or the 

presence of certain ions or molecules. This sensitivity, coupled with the ability to 

tailor the material's specificity through surface functionalization, makes luminesce nt 

PMOs highly effective for precise detection in complex environments (Figure 1.15).9 3  

 

Figure 1.15 Examples of recently developed chemosensors that have all three aspects of an ideal 

chemosensor: selectivity, sensitivity, and applicability.93 

Tailoring Luminescent Properties: The design and synthesis of luminesce nt 

PMOs for sensing applications involve tailoring their luminescent properties to 

respond specifically to target analytes. This is achieved through the strategic 

selection and incorporation of luminescent centers and functional groups during the 
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synthesis or post-synthesis modification processes. The choice of luminesce nt 

centers incorporated into PMOs is crucial for thermometric applications. Materials 

such as rare-earth ions or specific organic fluorophores, known for their  

temperature-sensitive luminescent properties, are often selected.90 

Tailoring PMO Properties: The introduction of functional groups that can 

specifically bind or react with target analytes is a critical aspect of designing PMOs 

for sensing applications. These groups can significantly enhance the selectivity and 

sensitivity of the PMOs towards particular molecules or ions. The design of PMOs 

for thermometry involves tailoring their properties, such as pore size and framewor k 

composition, to optimize thermal responsiveness. This customization is key to 

achieving high accuracy and sensitivity in temperature measurement. 

1.5.2 Metal ion sensors 

Luminescent detection of metal ions has garnered significant attention due to 

its advantages, such as rapid detection, high sensitivity, selectivity, affordability, and 

operational simplicity. This technique utilizes changes in luminescence intensity to 

identify specific ions, offering high selectivity through carefully designed sensors . 

PMO materials hold immense promise for metal ion detection due to the tunabil ity 

of their functional organic groups. These groups, often containing electron-ric h 

donor atoms like nitrogen (N), oxygen (O), phosphorus (P), and sulfur (S), play a 

crucial role in achieving selective ion detection. The underlying mechanisms involve 

metal-ligand coordination, where the metal ions weakly bind to heteroatoms within 

the PMO framework, and intramolecular energy transfer from the organic groups to 

the metal ions. These mechanisms provide a versatile platform for developing highly 

selective and sensitive luminescent PMO sensors for various metal ion detecti on 

applications. 

Early Examples:  
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Pioneering work by Inagaki et al. demonstrated the feasibility of PMOs for 

metal ion detection. Their covalent attachment of a fluorescent bipyridine receptor 

onto a biphenyl-bridged PMO exhibited selective quenching upon exposure to Cu2+ 

ions, paving the way for further exploration.94 

Ozin et al. successfully incorporated photoluminescent silica nanoparticles into 

a PMO framework, opening avenues for multifunctional optoelectronic and 

biomedical applications.95 

Yang et al. reported a 1,10-phenanthroline functionalized PMO exhibiting 

selective fluorescence quenching in response to Cu2+ ions, highlighting the potenti al 

of PMOs for sensitive detection.96 

Expanding the Scope: 

Ha et al. utilized a PMO containing ethidium bromide moieties for selective 

detection of Hg2+ and Fe3+ ions in water and living cells.97 

Haw et al. synthesized a nano-sized bis-benzimidazole PMO material exhibiting 

ratiometric fluorescence response for Cu2+ ion detection.75 

Inagaki et al. reported a PMO with pyridine and benzene moieties, 

demonstrating selective adsorption of Cu2+ ions based on the pyridine content.76 

Yu et al. developed a luminescent hybrid material by linking Eu(III) complexe s 

to a L-COOH-functionalized PMO, demonstrating the potential for lanthanide-ba se d 

sensors with Cu2+ ion selectivity.87 

Kaczmarek et al. reported nano-sized PMOs grafted with Eu3+, Tb3+, or their  

mixture, further functionalized with co-ligands like 1,10-phenanthroline. These 

materials exhibited selective "turn on" fluorescence for Pb2+, Cr3+, and Hg2+ ions.85 

Lanthanide-based PMO nanomaterials obtained by post-grafting with Eu(III) 

complexes onto amine-functionalized PMOs hold promise for Hg2+ ion detection.86 

1.5.3 Temperature sensors 
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Non-invasive temperature measurement holds immense potential in the 

medical field, offering remote monitoring capabilities. Luminescent lanthani de -

based periodic mesoporous organosilica (PMO) materials are particularly promising 

for this application due to their temperature-dependent luminescence properti es . 

These changes manifest in various forms, including integrated emission intensity , 

lifetime, spectral shift, and bandwidth of specific transitions. 

Ratiometric Temperature Sensing: 

Among various techniques, this section focuses on ratiometric temperature 

sensing, which analyzes the relative intensity change between two closely spaced 

energy transitions. Using the ratio of the intensity two emission bands as a 

parameter has the distinct advantage of being independent of both the excitation 

light intensity and the detector sensitivity. These emissions can originate from either 

a single or distinct emitting centers within the lanthanide PMO. Additionally, these 

materials can be excited through various mechanisms, including the antenna effect, 

direct excitation, and upconversion, making them versatile for diverse excitation 

and emission sources. 

Lanthanide PMOs offer several advantages: 

Broad operational temperature range: They can be employed across cryogenic 

(up to 100 K), medium (100-300 K), physiological (298-323 K), and high temperatur e 

ranges (≥450 K). 

Tunable sensitivity: The sensitivity can be adjusted by incorporating different 

lanthanide ions and varying their ratios within the PMO framework. 

Biocompatibility: Studies suggest minimal to no toxicity towards human cells, 

making them suitable for potential biomedical applications. 

Stability in aqueous environments: They form stable colloidal suspensions in 

water, maintaining their thermometric properties. 
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Examples: 

Kaczmarek et al. synthesized PMO nanoparticles doped with different ratios of 

Tb3+/Eu3+ and Tb3+/Sm3+ ions, exhibiting temperature-dependent luminescence in 

the range of 260-460 K with varying sensitivities.90 

They further developed Dy-Dy and Tb-Sm based PMOs, demonstra ti ng 

operation in different temperature ranges with good sensitivity (Figure 1.16).98 

 

Figure 1.16 Schematic Illustration of Lanthanide-Grafted Bipyridine periodic mesoporous organosilicas 

(BPy-PMOs) for Physiological Range and Wide Temperature Range Luminescence Thermometry. 98 

These studies highlight the potential of lanthanide PMOs as promising 

candidates for non-invasive temperature sensing in biomedical applications. 

1.6 Aims of This Thesis 

The primary goal of this thesis is to explore and advance the understanding of 

luminescent periodic mesoporous organosilicas (LPMOs) and their applications in 

the fields of sensing and thermometry. The specific aims are: 

1. To investigate the luminescent properties of PMOs: This involves a 

comprehensive study of the luminescent characteristics of PMOs, focusing on their  

synthesis, functionalization, and the mechanisms underlying their luminescence. 
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2. To develop advanced PMO-based sensors: A key objective is to utilize the 

unique properties of LPMOs to create highly sensitive and selective sensors. This 

includes exploring various functionalization strategies to enhance the sensitivity and 

selectivity of PMOs for specific analytes. 

3. To explore PMOs in thermometric applications: Although a secondary focus, 

this thesis aims to investigate the potential of LPMOs in temperature measurem e nt 

and monitoring, assessing their efficacy and advantages over traditional 

thermometric materials. 

4. To conduct comparative studies: This involves comparing the performance 

of LPMOs with other luminescent materials, such as MOFs, COFs, inorganic 

phosphors, and quantum dots, particularly in sensing applications. 

5. To address current challenges and identify future directions: Identifying and 

tackling the existing challenges in the field of luminescent PMOs, such as stabil ity 

and sensitivity, and forecasting future research directions, are also critical aims of 

this thesis. 

This thesis aims to contribute to the field of material science, particularly in the 

study and application of luminescent PMOs, and to open new pathways for research 

and applications in environmental monitoring, healthcare, and technology. 
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Abstract 
Recent research in lanthanide materials has strongly contributed to the 

development of high-performance chemical sensors. However, the current reporte d 

high-responsive chemical sensors still have a limited detection range, restraining 

their further application. We developed lanthanide-based periodic mesopor ous 

organosilica (LnPMO) hollow spheres with interior lanthanide-doped fluorides for 

luminescence turn-off sensing of Hg2+ with a low detection limit and wide detecti on 

range. This yolk-shell structure was built of Tb3+ grafted diureido-benzoicacid PMO 

(shell) and lanthanide-doped fluoride NaYF4:Yb,Er (yolk), exhibiting both 

downshifting (DS) and upconversion (UC) luminescence. Visible photoluminesce nc e 

properties of the developed hybrid material were studied using UV and near -

infrared (NIR) excitation. In DS mode, benzoic acid-functionalized PMO acts as an 

organic co-sensitizer for Tb3+ β-diketonate complexes, which can significantl y 

enhance the ion sensing and detection range. In UC mode, Hg2+-responsi ve 

Rhodamine B thiolactone (RBT) was used as an antenna species for the lanthani de -

doped fluorides to sense Hg2+ with high sensitivity 
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2.1 Introduction 

Mercury is a highly hazardous element and an active pollutant in water and air 

as dissolved salts or volatile organomercury compounds.1 It cumulates in the body, 

eventually affecting the immune system, kidneys, cardiovascular, gastrointestinal , 

and brain systems permanently.2 Even at low concentrations, it poses a major risk 

to human health. A few sophisticated methods, such as field sample preparation -

atomic absorption spectroscopy (FSP-AAS), ion mobility spectrometry (IMS), 

inductively coupled plasma mass spectrometry (ICP-MS), and electrochemic al 

analysis are available for the detection and quantification of Hg 2+ ions. However, all 

these methods are either time-consuming, expensive, or show poor repeatability. 3 -

6 So, in the realm of environmental research and protection, it is crucial to use novel 

techniques for creating facile, effective, and affordable materials for the selective 

detection and removal of Hg2+. Our group has published previously on Diffusive 

Gradient Thin films (DGT) and periodic mesoporous organosilica s to enrich low 

concentrated aqueous systems and adsorb Mercury compounds respectively.7, 8 

Fluorescence-based methods, especially lanthanide-based ion sensors, possess 

distinctive features like high sensitivity, easiness in operation, and cost -

effectiveness.9 In addition, lanthanides have gained a lot of attention for a range of 

applications due to their exceptional photophysical features, such as narrow and 

easily recognized emission lines, large Stokes shift, and long luminescence lifetime.1 0  

Due to the parity-forbidden nature of the f–f transitions, the absorption coefficients 

for these lanthanide ions are generally low.11 The complexation of Ln3+ with 

sensitizing ligands, such as β-diketonates,12 aromatic carboxylates,13 or heterocycli c 

ligands,14 is frequently used to efficiently transmit absorbed energy to lanthani de 

ions ("antenna effect") to tackle this issue.15 The energy transfer from the antenna 

to the lanthanide ion is altered as a result of the antenna's coordination with the 
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target metal ion, which also affects the probe's luminescence. It can be utilized to 

monitor the change of ion concentration by quantifying the change of the probe 

luminescence. Additionally, employing time-resolved luminescence measureme nts 

to detect metal ions in complex biological and environmental specimens, short-live d 

auto-fluorescence can fade out when it is comparing to long-emitting lanthani de 

complexes.16 A variety of Ln-based ion sensors have been developed to efficiently 

detect Hg2+ from water with high sensitivity, such as lanthanide coordinati on 

polymers,17 lanthanide hybridized carbon quantum dots (Ln-CQDs),18 and 

lanthanide metal-organic frameworks (LnMOFs).19-23 While numerous reports for 

Hg2+ sensing have been reported, there are still many unsolved problems, such as 

poor stability (thermostability, chemical stability), narrow detection ranges, high 

poisonousness, and difficulties in large-scale production. 

 

Scheme 2.1 Schematic illustration of LnHPMO@UCNP dual mode ion sensor towards Hg 2+ (LRET, 

luminescence resonance energy transfer).  

Fluorescent probes have two important characteristics: detection range and 

sensitivity. The detection range of the probe dictates its applicability range, while 

the sensitivity provides the (lower) limit of detection.  

Periodic mesoporous organosilicas (PMOs) have become an attractive 

alternative sensor system due to their stable physicochemical properties, low 

toxicity, high biocompatibility and easy handling for large scale production.24, 25 
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Several lanthanide PMO materials (LnPMOs) have already been investigate d, 

showing excellent luminescence properties in the visible and near-infrare d 

regions.26-30 Lanthanide complexes were immobilized into the silica framework or 

onto the surface of the pore walls using a one-pot synthesis involving Ln3+ complexe s 

and organosilane molecules in the presence of a structure -directing agent. 

Alternatively to this in situ synthesis, post-synthesis impregnation can be utilized to 

coordinate lanthanide ions to the functional organic moiety of hybrid mesopor ous 

materials, resulting in stable lanthanide-modified luminescent materials that 

preserve the host material’s ordered mesostructure and shape.31 Surprisingly, the 

optical characteristics of LnPMOs have only been documented sporadically as 

chemical sensors over the past decades. It was not until the late 2010s that the field 

of chemical sensing emerged, coalescing around a small number of articles that 

sparked the research.32-36 These works, especially concerning Hg2+ sensing, 

constitute the only current knowledge, and as such, the field has received scant 

attention in the research literature. This is likely because the lanthanide hybrid 

materials with large detection range suffer from poor luminescent properties and 

low sensitivity towards cations. Consequently, the deliberate design and 

construction of LnPMOs as chemical sensors towards Hg2+ remains a considera bl e 

challenge. 

In this work, we developed lanthanide periodic mesoporous organosilica  

(LnPMO) based yolk-shell structure for luminescence turn-off sensing of Hg2+. This 

structure consists of Tb3+ complex grafted diureido-benzoicacid hollow PMO (HPMO , 

shell) and lanthanide-doped fluorides NaYF4: Yb, Er (UCNP, yolk), exhibiting both 

downshifting (DS) and upconversion (UC) luminescence. Since the benzoic acid 

triplet state slightly outstrips the β-diketone ligand, making it a good match for the 

Tb3+ ion, we utilized the diureido-benzoicacid-functionalized PMO for chelation of 
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the Tb3+ complex.37 To circumvent the narrow detection range of high sensitivity ion 

sensors, this study was set out to combine the large detection range of LnPMOs with 

the high sensitivity of Rhodamine B thiolactone dye coupled upconversion 

luminescence nanoparticles (UCNP+RBT) (Scheme 2.1). On top of downshifti ng 

chemical sensors, upconversion luminescence (UCL) has emerged as a promising 

method for sensing (ion sensing, temperature sensing, solvent sensing)38-41 and 

bioimaging.42 UCL of rare-earth nanophosphors is a multi-photon absorption or 

energy transfer process that converts low-energy light into higher-energy visible 

light.43 As one of the most prominent upconversion luminescence nanoparticl e s 

(UCNPs), lanthanide-doped β-NaYF4 nanoparticles possess low autofluorescence , 

strong chemical and optical stability. They have been widely used as the most 

efficient (highest quantum yield) systems for green UCL.44 The Hg2+-responsi ve 

Rhodamine B thiolactone (RBT) dye possesses an absorption band at around 450 -

600 nm, which can perfectly absorb the green emission from UCNPs causing 

luminescence quenching .45, 46 There is no photobleaching or autofluoresce nc e 

interference when using UCNPs as a luminescent sensor for Hg2+ detection. Even for 

samples measured in actual water or in biological systems, it can still provide highly 

selective and sensitive data.47 Lanthanide-doped fluorides are conceivable to be 

produced through heat treatment from the alkali metal and lanthani de 

trifluoroacetates. These fluorides have a good UCL but an uncontrolled morphol og y 

with micron-size particles.48 These materials with irregular morphology and size are 

not useful for chemical sensing. Rather than bulk materials larger than 1 µm, 

nanometer-sized particles are required to provide a quick mass transfer, excellent 

adherence to surfaces, and good suspension in solution.49 Based on such 

consideration, we employed the hard-core templating technique for the 

conformation of size-controlled, hollow-structured LnPMOs (LnHPMO), then 
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fabricate downshifting/upconverting luminescent submicron structure by 

incorporating lanthanide-doped fluorides into pre-synthesized LnHPMO.50 

 

Scheme 2.2 Schematic illustration of the preparation of the LnHPMO@UCNPs yolk-shell structure. 

The paper is organized as follows (Scheme 2.2). In section 2.3.1, we present the 

characterizations of whole yolk-shell structure (LnHPMO@UCNP). In section 2.3.2, 

we show the chemical sensing performance (DS mode) of HPMOs grafted Tb3+ 

complex with the ancillary ligand (hexafluoroacetylacetone) before the introducti on 

of UCNPs. In section 2.3.3, we prove the sensing ability of UCNPs coupled with RBT 

towards Hg2+ (UC mode) when integrated inside the LnHPMOs. In section 2.3.4, we 

show that the DS mode still functions after the introduction of UCNPs. We 

demonstrate that this LnPMO based yolk-shell structure is amenable to a range of 

chemical sensing applications. In both downshifting and upconversion modes, linear 
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relationships between the relative fluorescence intensity ratio of the sensor and ion 

concentrations were explored and compared in wide detection range. 

2.2 Experimental 

2.2.1 Materials and Instrumentation 

Ln(CF3COO)3 (Ln = Er, Yb) precursors were prepared according to a reported 

procedure.51 All other chemicals including Y(CF3COO)3 and CF3COONa were 

purchased from Sigma Aldrich, Fluorochem, Alfa Aesar, or TCI Europe and used 

without further purification. 

Powder X-ray diffraction (PXRD) patterns were obtained using a Bruker D8 

Advance diffractometer with a Cu Kα (λ = 1.5405 Å) source in Bragg–Brenta no 

configuration. Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTs) 

was recorded with a Graseby Specac diffuse reflectance cell on a Thermo Scientific 

Nicolet 6700 hybrid IR-Raman spectrophotometer equipped with a nitrogen cooled 

mercury cadmium telluride (MCT-A) detector. Using a DRIFT chamber and 

KBr/sample mixtures, data was collected in the range of 650-4000 cm-1. Nitrogen 

adsorption–desorption isotherms were measured on a Micromeritics TriStar 3000 

analyzer at 77 K. Prior to measurement, all samples were degassed for 24 hours at 

120°C. The surface areas and pore size distributions of the samples were calculated 

using the Brunauer–Emmett–Teller (BET) and non-local density functional theory 

(NLDFT, N2 at 77K, using the kernel of silica cylindrical pore, adsorption branch) 

methods, respectively. For 1H NMR, the spectra were acquired on a Bruker 300 MHz 

AVANCE spectrometer by dissolving the materials in deuterated chloroform (CDCl 3) 

or Dimethyl sulfoxide-d6 (DMSO-d6). Using V2O5 as a catalyst, elemental analysis 

(CHNS) was finished using the Thermo Flash 2000 elemental analyzer. Transmissi on 

Electron Microscopy (TEM) images were captured using a Cs-corrected JEOL 

JEM2200FS transmission electron microscope with a 200 kV operating voltage. The 
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presence of lanthanide ions inside the PMO materials was demonstrated using high -

angle annular dark-field imaging- scanning transmission electron microscope 

(HAADF-STEM) and energy dispersive X-ray (EDX) mapping analyses. The 

photoluminescence of PMO colloidal suspensions were monitored in quartz 

cuvettes with a 10 mm path length at a concentration of 1 mg of the sample 

dispersed in 1 ml water. The excitation and emission spectra were captured using 

an Edinburgh Instruments FLSP920 UV-vis-NIR spectrometer with a 450 W xenon 

lamp and a continuous wave 975 nm laser with an output power of 400 mW as the 

steady state excitation source for downshifting and upconversion luminesce nc e 

measurements, respectively. Luminescence decay profiles were measured using a 

60 W pulsed xenon lamp. All emission spectra in the manuscript were corrected for 

the detector response. X-ray fluorescence (XRF) was measured by XRF Supermini 2 0 0 

Rigaku to analyze the relative metal contents. 

2.2.2 Synthesis 

Synthesis of 3,5-bis(3-(3-(triethoxysilyl)propyl)ureido)benzoic acid (BA-Si): The 

3,5-bis(3-(3-(triethoxysilyl)propyl)ureido)benzoic acid (BA-Si) was synthesi ze d 

according to a previously reported procedure.37 (3-Isocyanatopropyl)triethoxysila ne 

(ICPTES) (7.5 mL, 30 mmol) was added to a stirred solution of 3,5-diaminobenzoi c 

acid (1.52 g, 10 mmol) in 15 mL of dry Dimethylformamide (DMF), and the combine d 

solution was continuously stirred overnight at 70 °C. Under reduced pressure, the 

solvent DMF was pumped off. The solution was filtered after a specified amount of 

ethanol was added. The grey precipitate was produced after 200 mL of petroleum 

ether was added to the solution. Filtration was used to collect the precipitate, then 

washed with a large amount of petroleum ether and vacuum-dried at 50 °C. 1H NMR 

(300 MHz, DMSO-d6) δ 12.68 (s, 1H), 8.55 (s, 2H), 7.58 (d, J = 2.0 Hz, 3H), 6.11 (t, J = 



68 
 

5.7 Hz, 2H), 3.82 – 3.68 (m, 12H), 3.05 (q, J = 6.7 Hz, 4H), 1.54 – 1.39 (m, 4H), 1.14 

(td, J = 7.0, 2.7 Hz, 18H). 

Synthesis of SiO2 nanoparticles: Hollow diureidobenzoic acid-PMOs 

(hereinafter referred to as PMO) with a size of 419 ± 14 nm were prepared using 

homemade silica sub-micron particles as the template and a simple etching 

approach.52 In a flask placed in a water bath at 30 °C, 135 mL ethanol, 2 mL distilled 

water, and 15 mL 25% ammonia solution were combined and magnetically stirred. 

Then, under continuous stirring, 6 mL tetraethyl orthosilicate (TEOS) was swiftly 

added, and the reaction was stopped after 24 hours. Without further filtration, the 

particles were left in a suspension. The particle size distribution has shown in Figure 

S2.4. The silica nanoparticles have a size of 217 ± 18 nm. 

Synthesis of PMO@SiO2: To prepare core-shell PMO@SiO2 particles. 1.3 g 

cetyltrimethylammonium bromide (CTAB) and 230 mL distilled water were mixed in 

a 500 mL flask.53 This was heated to 30 °C, the liquid was stirred until CTAB was 

completely dissolved. After that, 100 mL of the as-prepared suspension of SiO2 core 

particles was added and stirred for 30 minutes. Following that, a mixture of 0.35 g 

(20 mol%) BA-Si and 0.8 mL 1,2-Bis(triethoxysilyl)ethane (BTESE) was added 

dropwise, and the reaction was left to stir overnight. The product was collected 

using centrifugation (8000 RPM) and washed 3 times with water and ethanol before 

being dried in air at 80 °C. 

Synthesis of HPMO (etching process): HPMO particles were created by etching 

the SiO2 core away. 1 g of dried core-shell SiO2@PMO particles were mixed with 6.36 

g of Na2CO3 in 200 mL distilled water in a flask. The mixture was brought to 80 °C 

and stirred for one hour. The particles were then centrifuged and washed 3 times 

with distilled water before being dried in air at 80 °C. In a final step, CTAB was 

removed from the pores to ensure the materials were porous. The samples were 
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extracted by three consecutive treatments. 100 mL ethanol and 1 mL concentra te d 

HCl were combined in each extraction. Each extraction took 6 hours at 80 °C. After 

that, the product was centrifuged and rinsed multiple times with distilled water and 

ethanol. It was dried overnight in a vacuum oven at 120°C. CHNS elemental analysis: 

C, 41.129; N, 10.568; H, 6.361. 

 Synthesis of Tb(hfac)3·n(H2O): Tb(III) tris-hexafluoroacetylacetone hydrates 

were prepared through a slightly modified procedure from Richardson et al.54 Firstly, 

0.83 mL of 1.2 M TbCI3 was put in a separation funnel. 0.62 g (3 mmol) of HHfac·2 H2O 

was dissolved in 8.33 ml of ethyl ether and 0.22 ml NH4OH (25%) was added to make 

an ethereal solution of NH4hfac (~3 mmol). The aqueous TbCI3 solution was then 

extracted twice with 4.17 ml of ethereal NH4hfac. The organic phase was rinsed with 

0.83 mL H2O and dried with Na2SO4. The resulting products were separated by 

filtration. A stream of dry air was used to evaporate the ether. XRD pattern is shown 

in Figure S2.2.55  

Synthesis of LnHPMO: The materials were synthesized in Pyrex test tubes using 

a heating block. A 10 times molar amount of the pre-synthesized Tb(hfac)3·n (H2O) 

complex was added to 20 mg of the HPMOs. The suspension was then treated with 

ultrasound for 15 minutes after adding 10 mL of methanol. Then, the Pyrex tubes 

were carefully sealed and placed on a heating block for 24 hours at 80 °C. Followi ng 

that, the product was allowed to cool to ambient temperature before being 

centrifuged and washed twice with ethanol. It was then dried overnight in an oven 

at 80 °C. CHNS elemental analysis: C, 16.731; N, 3.72; H, 2.929. 

Synthesis of yolk-shell structure LnHPMO: The synthesis procedure was 

adapted from the previously reported procedure.50 The ratio of dopants was 

determined according to the previous paper to tune the UC emission color to 

green.56 HPMO (30 mg) was introduced to a flask and degassed for 2 hours at room 
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temperature. The flask was then injected with a solution of 1.03 g Y(CF3COO)3, 0.23 

g Yb(CF3COO)3, 0.08 g Er(CF3COO)3, and 1.02 g CF3COONa dissolved in 5 mL distilled 

water. The suspension was then stirred at room temperature for 5 hours under 

vacuum before stirring for 24 hours in ambient air. It was then centrifuged at 3500 

RPM for 4 minutes. After drying at 80 °C overnight to eliminate any residual moisture, 

the sample was heat treated in air at 300 ° C at a rate of 1 °C/min for 6 hours to allow 

for crystallization of the inorganic material. Metal contents are tested by X-ray 

fluorescence (XRF) in Table S3.1. 

Synthesis of Rhodamine B thiolactone (RBT): The Rhodamine derivative was 

prepared following the procedure of Ma et al.57 Phosphorus oxychloride (0.3 mL) 

was added dropwise to a stirred solution of rhodamine B (239 mg, 0.5 mmol) in 1,2-

dichloroethane (5 mL), and then refluxed for 4 hours. After cooling, the solution was 

evaporated to yield the crude product (Rhodamine B acid chloride). The crude acid 

chloride was dissolved in tetrahydrofuran (THF, 6 mL) and dropped into a mixed 

solution of thiourea (152 mg, 2 mmol) and triethylamine (1.2 mL) in THF (5 

mL)/water (1 mL) at room temperature. After a night of stirring, the solvent was 

removed by rotary evaporator to yield a violet-red oil. Subsequently, 5 mL of water 

was added to the oil, and the precipitate was filtered. The precipitate was rinsed 

with water many times before drying in air, yielding a violet-red powder. 1H NMR 

(300 MHz, Chloroform-d) δ 7.78 (d, J = 7.5 Hz, 1H), 7.49 – 7.35 (m, 2H), 7.16 – 7.12 

(m, 1H), 6.64 (d, J = 8.7 Hz, 2H), 6.29 – 6.19 (m, 4H), 3.26 (q, J = 7.1 Hz, 8H), 1.09 (t, 

J = 7.1 Hz, 12H). 

2.3 Results and Discussion 

2.3.1 Characterization of LnHPMO@UCNP 

An overview of the developed PMO-inorganic hybrid materials is illustrated in 

Scheme 2.2. Using 1,2-bis(triethoxysilyl)ethane (BTESE) and 3,5-bis(3-(triethoxysilyl ) 
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propyl) ureido) benzoic acid (BA-Si) (20 mol%) as co-precursors, mesostructur e d 

organosilica sub-micron particles with ethane- and benzoic acid-functionali ze d 

groups were produced through a CTAB-directed sol-gel process.  

 

Figure 2.1 TEM images of (a) PMO@SiO2; (b) hollow PMO (HPMO); (c) HPMO@UCNP; (d) TEM, STEM, and 

corresponding elemental (Si, O, F, Na, Y, Yb, Er) mappings of HPMO@-UCNP particles. 

The prepared HPMO was characterized using transmission electron microscopy 

(TEM), powder XRD, nitrogen sorption and FT-IR spectroscopy. The as made 

organosilica sub-micron particles (PMO@SiO2) consistently have a spherical shape 

and a diameter of 419 ± 14 nm, based on the TEM images (Figure 2.1a). By etching 

out the SiO2 core in PMO@SiO2, voids are created for the following loading with 

lanthanide-doped upconversion nanoparticles (UCNPs). Figures 2.1b and 2.1c show 

typical TEM images of HPMO with a size of roughly 382 ± 21 nm before and after 

integration of lanthanide-doped fluoride UCNPs, respectively. The fluoride UCNP 

occupies about half of the cavity of HPMO, which is 203 ± 9 nm in size. By using high-

resolution TEM (HRTEM), the fluoride UCNP in HPMO was shown to be well-
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crystallized (Figure 2.1c). Figure 2.1d shows TEM, STEM, and associated elemental 

(Si, O, F, Na, Y, Yb, Er) mappings of the single HPMO@UCNP particle, revealing the 

yolk-shell structure, where the inorganic fluoride nanoparticle is integrated inside 

the void of the HPMO. The peak at 2 degrees in the small angle XRD pattern (Figure 

2.2a) indicates uniformity in the pores but no further ordering of the HPMO particles. 

This XRD pattern in combination with the TEM observations are sometimes referred 

to as wormhole materials.49 The creation of such ordered mesoporous structure is 

possibly caused by the diureido-benzoicacid-bridged silane’s low solubility in 

aqueous environment due to the benzene moiety's high hydrophobicity.49 In 

addition, it shows the mixture of cubic α- and hexagonal β-phase of NaYF4:Yb,Er in 

Figure 2.2b (JCPDS 77-2042, JCPDS 28-1192). The low content of α-NaYF4:Yb,Er is 

mainly because of the incomplete transition to β-phase of NaYF4:Yb,Er during 

relatively low temperature (300°C) heat treatment, but due to risk of HPMO 

decomposition, higher temperature was not used.58 Although it is known that the 

UCL intensity of the hexagonal phase is much higher than that of the cubic phase, 

the low content of cubic-phase NaYF4:Yb,Er does not have a severe influence on the 

performance of the chemical sensor.  
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Figure 2.2 (a); (b) XRD patterns of HPMO and LnHPMO with α- and β- NaYF4: Yb, Er mixed UCNPs; (c) N2 

adsorption–desorption isotherms and pore size distributions of HPMO and LnHPMO; (d) FT-IR spectra of 

HPMO, LnHPMO, and LnHPMO@UCNP.  

In order to evaluate the porosity and surface area, N2 adsorption-desorpti on 

isotherms of HPMO and LnHPMO were recorded. In the P/P0 range of 0.45-1.0, the 

N2 adsorption-desorption isotherms show a type-IV curve with an H4 hysteresis loop, 

indicating a mesoporous structure with a hollow cavity (Figure 2.2c).59, 60 After 

introducing the ancillary ligand, the total pore volume of HPMO reduces from 0.98 

to 0.59 cm3/g, and the BET area decreases from 917 to 390 m2/g. The pores in the 

walls of the HPMOs are around 2 nm radius (inset of Figure 2.2c) and get slightly 

reduced in size and volume upon functionalization (down to approximately 1.5 nm 

radius), which is largely sufficient for the purpose of metal sensing. The sizes of the 

hollow cavities themselves cannot be measured by gas sorption but are clearly 

visible in the TEM images. 
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The functional groups immobilized on the sub-micron particles are further 

shown by FT-IR spectroscopy in Figure 2.2d. The spectrum of LnHPMO@UC NP 

shows a series of peaks at 1638 cm-1 and 1562 cm-1 ascribed to the vibrations of NH–

CO–NH.37 This demonstrates the preservation of organic groups in the shell after 

filling with trifluoroacetates precursors and heat treatment at 300 °C. 

2.3.2 Downshifting mode: sensing performance of the shell, 

LnHPMO 

Firstly, we tested the performance of Tb3+ grafted HPMO as the chemical sensor 

before the incorporation with UCNPs. The material's detecting ability was tested by 

using a suspension with a 1 mg/mL concentration. Figure 2.3a shows the 

photoluminescence properties of the HPMO material measured at room 

temperature. The excitation spectrum has a wide band between 250 and 375 nm 

with a maximum of 328 nm.  
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Figure 2.3 (a) Combined RT excitation-emission spectrum of the HPMO (excited at 366 nm observed at 439 

nm); (b) Combined RT excitation-emission spectrum of the LnHPMO, ex = 317 nm, em = 545 nm; (c) 

Logarithmic luminescence decay profile of LnHPMO in water, ex = 317 nm, em = 545 nm.  

The emission band is acquired upon excitation at the peak maximum of the 

excitation spectrum. The emission has a broad wavelength range of 350-500 nm, 

with a peak at 400 nm. The luminescence characteristics of this hybrid material was 

examined when the PMO material was grafted with Tb(hfac)3 complexes. Instead of 

lanthanide salts, lanthanide complexes were used for grafting to give an ancillary 
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ligand that would serve as a secondary antenna ligand and shield the lanthanide ions 

from quenching by water molecules.61 The luminescence of Tb3+ is mainly sensitize d 

by the organic ligands within the frameworks (Scheme 2.3).  

 

Scheme 2.3 Schematic diagram of ligand-to-Tb energy transfer in LnHPMO. (A, absorption; F, fluorescence; 

P, phosphorescence; L, Tb-centered luminescence; S, singlet; T, triplet; EnT energy transfer; and BEnT back 

energy transfer) 

The combined excitation-emission spectra of PMO@Tb_hfac are shown in 

Figure 2.3b. The excitation spectrum shows a wideband about 300-350 nm. In the 

excitation spectrum, there are no visible f-f transitions. The typical Tb3+ peaks for 

PMO@Tb_hfac are observed when the material is excited to the maximum of the 

broad band. In Figure 2.3b, the indicated peaks have been assigned to the proper 

transitions. When the sample is exposed to UV light (302 nm excitation), it emits a 

bright green color, as seen in Figure 2.3b inset. The sample's luminescence decay 

time was measured upon at 317 nm and probed at 545nm. A good fit could be 

obtained using a biexponential decay curve, which indicates that more than one 

coordination environment of the lanthanide ions is present in the hybrid materials 
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(Figure 2.3c). This is expected from the BA-Si structure, which also possesses the 

urea moiety offering coordination sites, next to the carboxylic acid sites. Based on 

this, the following rate law can adequately characterize the decay in the presence 

of varying coordination environment: 

𝐼(𝑡) = 𝐴1exp(− 𝑡 𝜏1⁄ ) + 𝐴2 exp(− 𝑡 𝜏2⁄ )                            (1) 

where 𝜏1  and 𝜏2  are short- and long- lifetimes, with corresponding intensity 

coefficients A1 and A2, respectively. These values varied from one measurement to 

another, but the average decay time was found to be constant within ±0.5% the 

whole time during measurement.62 

  �̅� = (𝐴1𝜏1
2 + 𝐴2𝜏2

2) (𝐴1𝜏1 + 𝐴2𝜏2)⁄                                   (2) 

so the average decay time 𝜏̅ is calculated to be 0.390 ms (𝜏1 = 0.19 𝑚𝑠, 𝜏2 =

0.57 𝑚𝑠 ).63 

The photophysical properties of lanthanide luminescent PMOs are attribute d 

to the f-f transition of Ln3+. The combination of luminescence and accessible porosity 

in PMOs impels them to respond to detectable changes in their detecti on 

environment. It demonstrates a promising future for turn-off chemical sensing 

applications by transforming alternate guest motifs via host-guest interactions.64 To 

investigate the metal ion selectivity behavior of the LnHPMO materials, fluoresce nc e 

experiments were conducted for several metal ions (Figure 2.4). As-synthesi ze d 

samples were added to several standard solutions containing 10 ppm of metal 

nitrate. The target suspensions were successfully prepared by using ultrasound for 

around 10 minutes. In Figure 2.4a, the corresponding photoluminescence spectra 

are gathered and compared. The results show that most suspensions containing a 

variety of metal ions emit the characteristic green light due to Tb3+ transitions, but 

only Hg2+ leads to a significant attenuation of luminescence intensity (quenchi ng 

effect). It manifests the high selectivity of PMO@Tb_hfac for the detection and 
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specific recognition of Hg2+ in an aqueous solution. With UV light excitation (302 nm), 

quintessential quenching effect can be captured by the naked eye (inset of Figure 

2.4a). These differences can be explained in part by the Hg(II) static quenchi ng 

mechanism caused by the formation of nonfluorescent ground-state complex.65 In 

detail, Hg(II) can contain a wide range of coordination numbers and geometries due 

to its 5d106s2 electronic configuration and deficiency of ligand field stabilizati on 

energy. Because Hg(II) is a soft acid, the use of well-suited donor atoms (e.g. N,O 

atoms) in a chelating unit will impetus its affinity for Hg(II).66 In summary, the free 

carboxylate oxygen atoms can act as the electron donors donating electrons to the 

Hg2+ ions to form a weak OⵈHg bond. It is no longer possible to sensitize Tb3+ 

emission by transferring energy from PMO, resulting in energy migration and 

luminescence quenching. As shown in  
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Figure 2.4 (a) Emission spectra of the colloidal suspensions of LnHPMO in the presence of different metal 

ions when excited at 317 nm; (b) Comparison of the luminescence intensities (545 nm) of LnHPMO with 

varied ions before and after treated by Hg2+; (c) Luminescence spectra of LnHPMO under different 

concentrations of Hg2+ aqueous solutions; (d) Plot of the Stern-Volmer curve between the luminescence 

intensity and Hg2+ concentration in an aqueous solution; (e) Luminescence decay profile of colloidal 

suspensions of LnHPMO in the presence of different metal ions. 
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Selectivity is a critical indicator for evaluating the efficacy of sensing material in 

detecting specific analytes without being impacted by other components of the 

environment in practical applications.67 So, the LnHPMO (1 mg) was ultrasonicall y 

dispersed in 1 mL of deionized water, and the luminescence intensity did not change 

distinctly when other ions were added. The fluorescence intensity at 545 nm was 

promptly quenched when equal concentration Hg2+ solutions were introduced, as 

shown in Figure 2.4b. The observed selectivity for Hg2+ over Cu2+ and Pb2+, which are 

primary competitors in real-life field samples is noteworthy. It implies that these 

metal cations had no impact on PMO@Tb_hfac for Hg2+ detection, further validating 

the selectivity of PMO@Tb_hfac for Hg2+ detection and its potential for practical 

application.  

Luminescence titration tests were also carried out to quantitatively explore the 

luminescence response behavior of PMO@Tb_hfac towards Hg2+ ions. The emission 

intensity of PMO@Tb_hfac decreases significantly as the Hg2+ concentrati on 

increases (Figure 2.4c). The fluorescence emission of the Tb3+ hybrid solution was 

totally quenched when the Hg2+ concentration reached 308 μM. The luminesce nc e 

quenching efficiency (KSV) was calculated using the Stern-Volmer (S-V) equation:  

𝐼0

𝐼
= 𝐾𝑆𝑉𝑐 + 1                                            (3) 

where I0 and I are the luminescence intensities of  PMO@Tb_hfac suspensi on 

before and after the addition of the Hg2+ ion, respectively, and c is the molar 

concentration of Hg2+.33, 68 An excellent linear relation (R2 = 0.993) was achieved in 

the concentration range of 0 to 100 µM (Figure 2.4d). The calculated Ksv value is 

9345 M−1. The curve becomes nonlinear when the Hg2+ concentration is larger than 

100 µM. In general, if the S-V curve has an upward curvature, it illustrates that Hg2+-

induced fluorescence quenching is accompanied by both static and dynamic 

quenching.69 However, a comprehensive proof through decay time experiment is 
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needed.33 As shown in Figure 2.4e, the decrease in luminescence lifetime after the 

addition of the quencher further validates the presence of a dynamic process in the 

luminescence quenching processes. This type of quenching, called dynamic 

quenching or collisional quenching, occurs when an excited luminescent molecule 

(*L) collides with a quencher molecule (Q). This collision disrupts the excited state 

of *L, preventing it from emitting light (photons). Instead, the excitation energy is 

transferred to the quencher molecule (Q). As a result, the excited state of *L doesn' t 

last as long, leading to a decrease in the brightness and overall intensity of the 

luminescence. It implies that energy transfer from the ligands(benzoic acid, and hfac) 

to the Tb3+ centers has been limited to some extent.70 The limit of detection (LOD) 

was calculated to be 10.1µM according to the method used by Armbruster et al., 

assuming that 

𝐿𝑂𝐷 = 3𝜎/𝐾𝑆𝑉                                         (4) 

where σ is the standard deviation of the response which can be determine d 

based on the standard deviation of blank sample measurement.71, 72 Although the 

LOD is so low enough that it can be comparable to previously reported fluoresce nc e 

sensors for Hg2+ ions, especially lanthanide metal organic frameworks (LnMOFs) 

which have extremely low limit of detection (e.g. 10 nM),73-75 it transpires that our 

turn off fluorescence chemical sensor could be employed firstly as a LnPMOs 

sensitive probe for Hg2+ ion quantification in aqueous conditions at a wide detecti on 

range. Furthermore, up to date, only few mercury sensors based on LnPMOs have 

been reported as the turn-on fluorescence chemical sensor,34, 36 so it is hard to 

compare these materials with the LnPMOs from our work (Table 2.1). 

2.3.3 Upconversion mode: sensing performance of the yolk: 

UCNP+RBT 
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Rare earth fluorides offer the benefits of low phonon energy, high luminous 

efficiency, and robust stability among the numerous up-converting luminesce nt 

hosts. As a result, the best matrix materials for up-conversion luminescence have 

been identified as sodium yttrium fluoride (NaYF4) crystals.76 Figure 2.5(a) provide s 

a schematic representation of the NaYF4:Yb,Er UC populating and emission 

processes, with the green and red emissions both resulting from two-photo n 

processes. However, contrary to the relatively weak coordination bond of Tb3+ 

grafted materials, NaYF4: Yb, Er is rarely used independently for ion sensing by 

standard quenching mechanism. Instead, it was utilized as energy donor in 

luminescence resonance energy transfer (LRET) investigations. In the work of Wang 

et al.,44 an upconversion LRET (UC-LRET) sensor was built employing NaYF4:Yb,Er and 

RBT derivates as the energy donor and acceptor, respectively. This chemical sensor 

was based on the UC luminescence quenching by Hg2+. As shown in Scheme 2.4, the 

high thiophilicity of Hg2+ can form two kinds of RBT derivates. These kinds of dyes 

possess an absorption band of around 450-600 nm, which can perfectly absorb the 

emission from UCNPs. Consequently, it will quench the luminescent intensity of 

UCNPs under NIR excitation.57 According to this protocol, we examined the LRET 

mechanism of UCNPs and RBT in the first set of spectra (Figure 2.5b). What stands 

out in the figure is the significant difference in the absorption band after adding Hg 2+. 

This can be interpreted by an efficient ring-opening reaction and the formation of 

pink RBT derivates.44, 57 Further analysis showed their (UCNPs and RBT derivates) 

excellent overlapping of absorption and emission bands, which makes the emission 

of the energy donor will be quenched by the energy acceptor. As a result, a UC-LRET 

system based on UCNPs+RBT for Hg2+ detection appears reasonable and practicable 

for our UC mode sensor. 
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Scheme 2.4 Schematic illustration for the reaction mechanism of RBT with Hg (NO3)2 and the mechanism 

of the UCNPs+RBT sensor. 

Table 2.1 Comparison of lanthanide-based sensors developed for detection of Hg2+ 

 

Fluorescence probe Linear range Ksv (M-1) LOD (nM) Ref 

Tb-CIP/AMP 

(LCP) 

1.5 - 70 nM NA 0.16 nM 20 

Eu/IPA CPNPs 

(LCP) 

2 nM - 2 µM NA 2 nM 21 

CQDs@Ad-Eu-DPA 

(Ln-CQDs) 

0.001-0.02 μM NA 0.2 nM 24 

2D Tb0.6Eu0.4-bop 

(Ln-MOFs) 

0.1-40 μM NA 4.83 nM 26 

BA-Eu-MOF 

(Ln-MOFs) 

1-60 μM NA 220 nM 29 

Eu-Ca-MOF 

(Ln-MOFs) 

0.02–200 μM NA 2.6 nM 30 

AM-PMO2_nano@o-van@Eu(tfac)3 

(Ln-PMO) 

NA NA NA 47 

PMO@NaYF4:Yb3+,Er3+ 

(PMO@UCNP) 

0-214.6 μM 900 24.4 μM 49 

PMO: Tb_hfac@NaYF4: Yb,Er 

(LnHPMO@UCNP) 

0-350 μM 78180 296 nM This 

work 
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Figure 2.5 Schematic of UC populating mechanism for NaYF4:Yb,Er under 975 nm excitation. (b) Absorption 

spectrum of RBT, RBT derivates (λmax = 558 nm), and UC luminescence spectrum of UCNPs (λem/λex = 540 

nm/975 nm) in water. 

After the fabrication of downshifting/upconverting luminescent sub-micron 

yolk-shell structure by incorporating lanthanide-doped fluorides into hollow 

LnPMOs, the fluorescence spectra were measured in the UC mode. A continuous 

wave (CW) 975 nm laser was used as the excitation source for the UC measurements. 

Figure 2.6 presents the emission spectrum of the PMO@UCNP water suspensi on 

and PMO@UCNP+RBT suspension when 20 μL RBT (0.01 M) methanol solution was 

added. Three emission peaks can be observed at 522, 540, and 653 nm, which are 

ascribed to the 4H11/2→4I15/2, 4S3/2→4I15/2, and 4F9/2→4I15/2 transitions of Er3+, 

respectively.77 Besides, it also shows a reduced intensity of the peak around 540 nm. 

Although in Figure 2.5. RBT has a minor absorption around 540 nm, it is still capable 
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of quenching the green emission. Then, the selectivity of UCNPs+RBT to the various 

ions in the UC mode was examined. 14 different cation solutions (10 ppm) were 

injected into the cuvette containing LnHPMO@UCNP+RBT suspension under 

identical conditions, and the UC fluorescence emission spectra (green emission) and 

intensities are presented in Figure 2.7. UCNPs+RBT in the UC mode showed a strong 

quenching fluorescence response to Hg2+, similarly to the DS mode, which is a "turn 

off" effect for emission (Figure 2.7a). In addition, UC fluorescence spectra of 

UCNPs+RBT with varied ions before and after treatment by Hg2+ are presented in 

Figure 2.7b. The column chart shows the luminescence intensity of the 4S3/2-4I15/2  

transition (at 540 nm). Overall, these results indicate the selectivity of UCNP+RB T 

probe in UC mode to Hg2+ out of other different metal ions. 

 

Figure 2.6 UC luminescence spectrum of LnHPMO@UCNP and LnHPMO@UCNP+RBT in water when excited 

at 975 nm. 

  The fluorescence titration method was used to investigate the sensitivity and 

detection range of the UCNPs+RBT probe to Hg2+, and the emission fluoresce nc e 

intensity of the UCNPs+RBT probe was sensitive to Hg2+ concentrations in the range 

0-10 μM in the UC mode (Figure 2.7c). Following the addition of Hg2+ ions, highly 

efficient luminescent quenching of UCNPs+RBT was recorded (Figure 2.7c). The 

relative luminescence intensity of a colloidal suspension demonstrates strong 

linearity (R2= 0.999), with a detection limit of 296 nM (Figure 2.7d).  
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Figure 2.7 (a) Green emission spectra of the colloidal suspensions of LnHPMO@UCNP+RBT in the presence 

of different metal ions when excited at 975 nm; (b) Comparison of the luminescence intensities (540 nm) 

of LnHPMO@UCNP+RBT with varied ions before and after treatment by Hg2+
;
 (c) Luminescence spectra of 

LnHPMO@UCNP+RBT under different concentrations of Hg2+ aqueous solutions; (d) Plot of the Stern-

Volmer curve between the luminescence intensity and Hg2+ concentration in an aqueous solution.  

2.3.4 Revalidation of the DS mode: sensing performance of 

LnHPMO@UCNP  

To validate the DS mode still functions after the introduction of UCNPs, we 

performed the PL measurements for LnHPMO@UCNP as the whole system with UV 

light excitation. As shown in the Figure 2.8, the sensor still has the sensibility of Hg2+ 

as well as the limit of detection has retained (13 μM) with higher detection range 

(350 μM), despite its attenuation of luminescence intensity. 
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Figure 2.8 (a) Luminescence spectra of LnHPMO@UCNP under different concentrations of Hg 2+ aqueous 

solutions; (b) Plot of the Stern-Volmer curve between the luminescence intensity and Hg2+ concentration 

in an aqueous solution. 

Together these results provide important insights that the LnHPMO@UC NP 

probe exhibits superior DS and UC fluorescence responses to Hg2+ among cations 

(Scheme 2.1). When comparing the advantages of the DS and UC modes, the DS 

mode probe has a ten times higher ion detection range than the UC mode probe, 

while the UC mode probe has higher sensitivity than the DS mode, which is due to 

their dissimilar quenching mechanism. Apart from the advantages of our mercury 

sensor, further studies need to be carried out in order to validate the relationshi p 

between quantum yield and sensor performance. For instance,  referring to the 

paper, we chose the precursor ratio of upconversion nanophosphor NaYF4:Yb,Er as 

15 mol% of Yb, 5 mol% of Er, but more recent research reported that 18% Yb and 
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2%Er or 20%Yb and 2%Er are tested to show the more effective UCNP for green 

emission.78  

2.4 Conclusions 

The presented research examined the sensing performance of diureidobenzoic 

acid-functionalized hollow PMOs grafted with a Tb3+ complex. The hollow PMO acts 

simultaneously as an organic/inorganic hybrid host and a co-sensitizer for Tb3+ ions 

for the use as a chemical sensor. In addition, we designed a novel dual-mode ion 

probe to Hg2+ with a wide detection range. We can switch 

upconversion/downshifting fluorescence by introducing lanthanide -doped fluorides 

into hollow LnPMOs. The UC and DS measurement modes possess different 

detection ranges and sensitivities through two luminescent modes. Hence, this dual -

mode chemical sensor can integrate the advantages of wide detection range and 

high sensitivity for multiple application scenarios. These results demonstrate that 

LnPMOs have the potential to act as materials for “turn-off” fluorescence chemical 

sensors. Additionally, this yolk-shell structure allows multifunctional sensing 

without compromising the sensitivity or the detection range. 
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2.5 Supporting information 

 

Figure S2.1. 1H NMR of 3,5-bis(3-(triethoxysilyl)propyl)ureido)benzoic acid (BA-Si)  

 

Figure S2.2 XRD pattern of Tb(hfac)3·n(H2O) 

 

Figure S2.3 1H NMR of rhodamine B thiolactone (RBT) 
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Figure S2.4 Histograms showing the particle size distribution of : (a) SiO2 nanoparticles; (b) PMO@SiO2; (c) 

HPMO; (d) UCNP. 

Table S3.1. Relative metal contents for the samples during synthesis (calcd.) and as determined by 
XRF.* 

Sample Y3+ ion (mol%) Yb3+ ion (mol %) Er3+ ion (mol %) Si (mol %) Tb3+ ion (mol %) 

 Calcd. XRF Calcd. XRF Calcd. XRF Calcd. XRF Calcd. XRF 

LnHPMO@UCNP 80 74 15 24 5 2  

LnHPMO  91 75 9 25 

We assume that the concentration ratios are in accordance to the amounts of reagents used. The XRF results are not fully consistent with that, 

meaning one of the reasons why LnHPMO@UCNP has both the alpha and beta phases of NaYF 4:Yb,Er y in the XRD pattern is indeed due to the varying 

percentage of lanthanide ion. 
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Abstract 
Periodic mesoporous organosilicas (PMOs) have emerged as versatile sensors 

due to their stability, low toxicity, and scalability. This study reports for the first time 

on the embedding the acetylacetone (acac) group into the PMO backbone. This 

integration of acac into the PMO framework opens new applications in both sensing 

and catalysis. The Eu3+ grafted acac-PMOs demonstrate enhanced sensitivity, with a 

detection limit of 108 nM, and high selectivity in aqueous copper (Cu2+) ion sensing. 

Additionally, these novel PMOs show high catalytic efficiency in Mannich reactions. 
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3.1 Introduction 

Periodic mesoporous organosilicas (PMOs) have emerged as a promising and 

appealing sensor system due to their stable physicochemical properties, low toxicity, 

high biocompatibility, and facile scalability for large-scale production.1 PMOs were 

initially reported in 1999 by Ozin,2 Stein,3 and Inagaki.4 Unlike other porous materials 

such as MCM (Mobil Composition of Matter)5 and SBA (Santa Barbara Amorphous 

materials),6 PMOs offer the unique advantage of incorporating desired organic 

functionalities directly into the silsesquioxane framework. This is achieved by 

utilizing organically bridged silica precursors, where hydrolysable groups (OR) in the 

bis-silane (RO)3-Si-Rf-Si-(RO)3 are connected to the desired organic functionaliti e s 

(Rf). The incorporation of these organic groups within the PMO structure enhance s 

the material's hydrophobicity and hydrothermal stability, while also minimizing 

leaching issues commonly associated with externally grafted functionalities.7, 8 

Additionally, PMOs possess ordered mesopores and high surface areas (up to 

2370 m2/g),9 making them suitable for a wide range of applications such as catalysis, 

adsorption, chromatography, low-k materials, drug release, and sensors.10 -13 The 

tailored organic functionalities within the PMO framework enable the design of 

materials with specific properties and functionalities, allowing for enhance d 

performance in various applications. The ability to finely tune the pore size, surface 

chemistry, and hydrophobicity of PMOs provides versatility and control over their  

performance in different environments. 

Acetylacetone (acac) based homogeneous transition metal complexes ha ve 

demonstrated exceptional catalytic efficacy across a variety of organic 

transformations.14-16 Significantly,  a limited number of acetylacetone -

functionalized heterogeneous systems, such as silicas and covalent triazine 

frameworks (CTFs), have demonstrated high reactivity and recyclability after 
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grafting transition metal (post-synthetic functionalization) in various chemical 

processes. These processes include cross-coupling reactions, hydroxylation, click 

chemistry, Glaser-type coupling, and the oxidation of alcohols.17-22 The 

immobilization of acac ligands within the framework not only enhances catalytic 

activity but also provides a stable and recyclable catalytic system, thereby 

addressing the challenges associated with traditional acac complexes.17 So far, a 

PMO with acac functionalities embedded in the backbone has not been reported. 

Zhao et al. grafted the VO(acac)2 onto PMOs to create a catalyst for selective 

hydroxylation of benzene to phenol.20 The organic precursor was synthesi ze d 

through the Schiff base condensation between the amino group of 3-aminopropyl - 

triethoxysilane (APTES) and the carbonyl unit of VO(acac)2. We aimed to 

functionalize acac group into a PMO backbone in order to design a robust acac-PMO 

supported transition metal catalyst for sustainable catalysis. 

Next to catalysis where the acac groups are typically tethering transition metal 

ions, also lanthanides anchor firmly to the acac ligands, creating possibl y 

luminescent sensors. Embedded organic groups within the PMO framework act as 

efficient energy transfer antennas, sensitizing trivalent lanthanide ions (Ln3+) and 

promoting luminescence.13,23, 24 The potential applications of such sensors span 

environmental monitoring, biological analysis, and other areas demanding accurate 

metal on detection.25 Despite this potential, research on lanthanide-based PMOs 

(LnPMOs) as chemical sensors remains limited, with only a few studies published in 

the late 2010s.24, 26-30 Among these, Eu-based materials have attracted significant 

attention for their potential in detecting copper ions (Cu2+). Eu-based materials 

exhibit strong initial fluorescence that undergoes significant quenching upon 

interaction with Cu ions, offering a highly sensitive and selective detection method 

for Cu in aqueous solutions.31, 32  
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This work presents a novel approach to luminescence ion sensing and catalysis 

using acac-functionalized PMOs. We developed a new acac-bridged bissilane 

precursor (acac-Si) and successfully synthesized acac-PMOs capable of grafting 

metal complexes. The Eu3+-grafted acac-PMO demonstrates potential for ion 

sensing applications, whereas the vanadyl (VO2+) grafted acac-PMO exhibits catalytic 

activity in a Mannich-type reaction as a model reaction. These studies contribute to 

the ongoing development of PMOs for sensing and catalysis. 

3.2 Experimental 

3.2.1 Materials and Instrumentation 

All chemicals were purchased from Sigma Aldrich, Fluorochem, Alfa Aesar, or 

TCI Europe and used without further purification. 

Nitrogen adsorption experiments were conducted at -196 °C using a TriStar II 

gas analyzer. Prior to analysis, the samples underwent vacuum degassing at 120 °C 

for 24 h. Powder X-ray diffraction (PXRD) patterns were obtained using a Bruker D8 

Advance diffractometer equipped with an autochanger and LynxEye XE-T Silicon 

Strip Line detector, operating at 40 kV and 30 mA with Cu-Kα radiation (λ = 1.5406 

Å) in Bragg-Brentano geometry. Fourier transform infrared spectroscopy (FT-IR) 

measurements were performed using a Thermo Nicolet 6700 FT-IR spectrome ter 

equipped with a nitrogen-cooled MCT-A (mercury–cadmium–tellurium) detector 

and a KBr beam splitter. X-ray fluorescence (XRF) was measured by XRF 

Supermini200 Rigaku to analyze the relative metal contents. Transmission electron 

microscopy (TEM) images were acquired using a JEOL JEM-2200FS transmissi on 

electron microscope with a post-sample Cs corrector and an accelerating voltage of 

200 kV. Using V2O5 as a catalyst, elemental analysis (CHNS) was finished using the 

Thermo Flash 2000 elemental analyzer. X-ray photoelectron spectroscopy (XPS) 

measurements were carried out on a PHI 5000 VersaProbe II spectrometer equippe d 
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with a monochromatic Al-Kα X-ray source (hν = 1486.6 eV). Photoluminesce nc e 

measurements were conducted using an Edinburgh Instruments FLSP920 UV-vis-NI R 

spectrometer setup. The emission signals were detected using a Hamamatsu R928P 

photomultiplier tube, and a monochromated 450 W xenon lamp was employed as 

the steady-state excitation source. Luminescence decay profiles were measure d 

using a 60 W pulsed xenon lamp. 

3.2.2 Synthesis 

3.2.2.1 1,3-bis(4-bromophenyl)propane-1,3-dione (acac-Br) 

Acac-Br was synthesized according to a previously reported procedure .17 A 

total of 1.66 g (41.51 mmol) of NaH (60% in mineral oil) was dispersed in 50 mL of 

anhydrous tetrahydrofuran (THF) under an argon atmosphere and stirred for 30 

minutes. The resulting heterogeneous mixture was then transferred to an ice bath, 

and 2.73 g (13.7 mmol) of solid 4’-bromoacetophenone was added. Once the 

mixture turned dark red, a solution of methyl 4-bromobenzoate (3.23 g, 15.03 mmol) 

in anhydrous THF (10 mL) was added dropwise over 30 minutes under an argon 

atmosphere. The entire mixture was stirred for 1 hour in the ice bath and then for 

an additional 1 hour at room temperature. The mixture was refluxed for 24 hours 

under an argon atmosphere, and then quenched with ice. The pH of the reaction 

mixture was adjusted to neutral by slowly adding 1 N HCl, and the linker was 

recovered by filtration and washed with distilled H2O. The resulting sticky dark 

brown solids were washed with hot ethanol multiple times to obtain the pure  

linker as a brown solid. Yield: 86%; 1H NMR (400 MHz, DMSO-d6) δ 8.14 – 8.09 (m, 

4H), 7.81 – 7.76 (m, 4H), 7.38 (s, 1H). 13C NMR (126 MHz, DMSO-d6) δ 179.27 , 132.10 , 

126.91 , 124.62 , 122.13 , 89.13 . FT-IR spectrum is shown in Figure S3.1. 

 

3.2.2.2 1,3-bis(4-((E)-2-(triethoxysilyl)vinyl)phenyl)propane-1,3-dione (acac-Si) 
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Acac-Si was synthesized via a coupling reaction between Acac-Br and vinyl-

triethoxysilane using Heck reaction conditions. In a two-necked flask under argon, 

acac-Br (1 g, 2.6 mmol), palladium acetate (5.61 mg, 0.025 mmol), and P(o-CH3C6H4)3  

(45.7 mg, 0.15 mmol) were combined with freshly distilled DMF (50 mL), 

triethylamine (2.2 mL, 15.75 mmol), and triethoxyvinylsilane (1.3 mL, 6.25 mmol). 

The resulting mixture was heated to 100 °C and stirred for 18 hours. After cooling to 

room temperature and filtration, the solvents were removed, and the remaining 

heterogeneous residue was dissolved in diethyl ether. Filtration and solvent 

evaporation yielded the product as a highly viscous orange oil. Yield: 95%; 1H NMR 

(400 MHz, DMSO-d6) δ 8.23 – 8.17 (m, 4H), 7.79 – 7.74 (m, 4H), 7.22 (d, J = 19.3 Hz, 

2H), 6.52 – 6.43 (m, 2H), 3.83 (q, J = 7.0 Hz, 12H), 3.79 (s, 1H), 1.25 – 1.12 (m, 18H). 

13C NMR (126 MHz, DMSO-d6) δ 166.55 , 136.77 , 131.64 , 131.24 , 129.67 , 126.82 , 

93.43, 57.83 , 18.08. FT-IR spectrum is shown in Figure S3.1. 

 

3.2.2.3 Synthesis of mesoporous Acetylacetone-PMO (acac-PMO) 

Following a modified literature procedure,33 the synthesis of acac-Si involved a 

two-step sol-gel reaction. In a 20 ml round bottom flask, cetyl trimethyl-ammoni um 

bromide (CTAB, 0.96 mmol, 350 mg) was dissolved in a solution containing 5.83 g of 

water. After adding 3.63 mL of NH4OH solution (25%), the mixture was stirred at 

80 °C for 30 minutes. In a separate vial, acac-Si was mixed with 

bis(triethoxysilyl)ethane (BTESE) in two 0%:100% and 20%:80% ratios, respectively , 

along with 1 mL of ethanol. The precursor solution was then injected promptly int o 

the stirred aqueous surfactant solution, resulting in the formation of a yellow 

suspension. The mixture was stirred for an additional 24 h at 80 °C. After cooling 

down and filtration, the solid material was rinsed repeatedly with deionized water 

and ethanol, followed by drying at 120 °C. To remove the surfactant, a solvent -
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extraction method was employed with the following procedure: Approximately 1 g 

of the synthesized material was stirred in a solution of 200 ml of ethanol and 3 ml 

of concentrated hydrochloric acid at 80 °C for 4 hours. This extraction process was 

repeated twice to ensure the complete removal of all surfactants from the material. 

Finally, the sample was dried overnight in an oven at 120 °C. The obtained produc ts 

were denoted as acac(20)-PMO and acac(100)-PMO, for which the molar ratio of 

acac-Si to BTESE were 20 : 80 and 100: 0, respectively. 

 

3.2.2.4 Synthesis of the Eu(III) complex [Eu(tta)3(H2O)2] 

Eu(tta)3(H2O)2 was synthesized according to a previously reported procedur e .3 4  

2-Thenoyltrifluoroacetone (tta, 1.33 g,  6 mmol) was dissolved in 30 mL of ethanol . 

Sequentially, NaOH (1 N, 6 mL) and a solution of EuCl3·6H2O (0.73 g, 2 mmol) in 10 

mL of water were added to the 2-thenoyltrifluoroacetone solution. Additional water 

(200 mL) was added, and the mixture was heated to 60 °C for a brief duration. Upon 

cooling to room temperature, the complex precipitated. The precipitate was 

separated by filtration, washed with water, and subsequently dried under vacuum. 

The yield was 85%, and the complex was found to be a dihydrate. Elemental analysis: 

calculated for Eu1O6C24H12F9S3: C, 35.35%; H, 1.48%; S, 11.80%. Found C, 34.24%; H, 

1.31%; S, 11.57%. IR (KBr, cm-1): 1608 (C=O stretch). 

 

3.2.2.5 Synthesis of Eu grafted Acetylacetone-PMO (acac-PMO@Eu_tta) 

The materials were synthesized in Pyrex test tubes using a heating block. To 20 

mg of the acac(20)-PMO, a 10 times molar amount of the pre-synthesized Eu(tta)3  

complex was added. The suspension was subjected to ultrasound for 15 minutes 

after adding 10 mL of methanol. The Pyrex tubes were then carefully sealed and 

placed on a heating block at 80 °C for 24 hours. Afterward, the product was allowed 
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to cool to ambient temperature, followed by centrifugation (6000 rpm, 4 min) and 

two washes with methanol. Finally, the material was dried overnight in an oven at 

80 °C. 

 

3.2.2.6 Synthesis of V grafted Acetylacetone-PMO (acac-PMO@VO_acac) 

The acac-PMO@VO_acac catalyst was prepared using the postsynthe tic 

metalation method, with VO(acac)2 as the metal source and toluene as the solvent . 

In a typical procedure,17 30 mg (0.11 mmol) of VO(acac)2 was dissolved in 15 mL of 

anhydrous toluene, and 120 mg of acac(100)-PMO was added to the solution under 

argon atmosphere. The mixture was refluxed overnight with stirring, then filtered 

and dried. To remove weakly bound VO(acac)2, the catalyst was thoroughly washed 

using Soxhlet extraction with toluene, followed by filtration and further drying under 

vacuum. Finally, the catalyst was subjected to vacuum drying at 120 °C for 12 hours 

to remove any remaining solvent before being used for subsequent experiments . 

The CHNS analysis of acac-PMO@VO_acac revealed a decrease in the carbon (C) 

content, providing confirmation of the successful incorporation of VO(acac)2 into 

the framework. Elemental analysis: C, 43.18%; H, 4.33%. V loading (0.59 mmol g -1) 

was studied by XRF on a Rigaku NEX CG with an Al source and the Al-Kα peak energy 

was used as the internal standard. 

3.3 Results and discussion 

3.3.1 Synthesis and characterization of acac-PMOs 

The designed approach for producing specific acac-PMO materials is shown in 

Scheme 3.1. This method encompasses an initial base-catalyzed condensati on 

between 4’-bromoacetophenone and methyl 4-bromobenzoate.35 Subsequently, a 

coupling reaction is performed, involving vinyl-triethoxysilane and using Heck 

reaction conditions. Through the silylation of acac-Br, the resultant structure of 
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acac-Si is achieved. To create a series of acac-functionalized PMO materials with 

varying precursor ratios, a combination of acac-Si and bis(triethoxysilyl)etha ne 

(BTESE) is prepared in two distinct ratios: 20 % acac-Si to 80% BTESE, and 100 % 

acac-Si to 0 % BTESE. 

 

Scheme 3.1 Schematic illustration of the preparation of the acac(20)-PMO@Eu_tta, acac(100)-

PMO@VO_acac. 

The generated products are designated as acac(20)-PMO and acac(100)- PM O, 

wherein the molar ratios of acac-Si to BTESE are 20 : 80 and 100 : 0, respectively. In 

the design of acac(20)-PMO@Eu_tta for copper ion sensing, a 20% acetylacetona te 

(acac) functionalization is strategically chosen to address aggregation-cause d 

quenching (ACQ). This lower acac content ensures an optimal dispersion of Eu3+ 

complexes within the mesoporous framework, maintaining their luminesce nt 

efficiency vital for sensitive and accurate copper detection. The tailored PMO 

structure facilitates effective interaction with copper ions while preserving the 

unique luminescent properties of Eu, overcoming the common challenge of 

luminescence quenching in aggregated lanthanide materials.36 
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The successful coupling was validated through FT-IR measurements. In Figure 

3.1a and 3.1d, we present a spectral analysis comparing the spectrum of pure 

acac(100)-PMO with that of acac(20)-PMO, as well as their respective metal-grafte d 

counterparts. In the spectra of acac(20)-PMO and acac(100)-PMO, in addition to 

observing the characteristic C-H and Si-O-Si stretching vibrations at 2950-2800 cm-1, 

1200-1000 cm-1, and 800 cm-1, a distinct and sharp band at 1700 cm-1 (-C=O) was 

detected in both acac(20)-PMO and acac(100)-PMO.17, 37 This observation provide s 

clear evidence of the persistence of the acac functional group even after the 

synthesis of PMO. 

 

Figure 3.1 FT-IR spectra of (a) acac(20)-PMO and (d) acac(100)-PMO; XRD patterns of (b) acac(20)-PMO and 

(e) acac(100)-PMO; N2 adsorption–desorption isotherms and pore size distributions of (c) acac(20)-PMO 

and (f) acac(100)-PMO. 

To investigate the impact of material functionalization on structural 

characteristics, we conducted powder X-ray diffraction (PXRD) and N2-sorpti on 

analyses. Figure 3.1b displays the X-ray diffraction (XRD) pattern of the acac(20) -

PMO within the 2θ range of 1−8°. An intense peak at around 2° with a small shoulder 

was observed in Figure 3.1b, signifying the presence of hexagonally (or cubic) 

arranged mesoporous structures.38, 39 The XRD pattern of acac(100)–PMO reveals a 
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distorted structure. The intense XRD peak, assigned to the (100) plane, affirms a 

substantial reduction in long-range ordering when compared to the co-

condensation sample.40 The formation of a wormlike pore structure in acac(100) –

PMO nanoparticles may be attributed to the reduced solubility of the acetylacetone -

bridged silane, primarily due to the highly hydrophobic benzene moiety, in 

comparison to the other organosilica source (BTESE) in aqueous media.40 In Figures 

3.1c and 3.1f, the N2-sorption isotherms of acac-PMOs are presented. The acac(20) -

PMO displays a Type IV isotherm with an H1 hysteresis loop, indicative of a uniform 

mesoporous structure.31, 41  

Conversely, the acac(100)-PMO shows a Type IV isotherm with an H2(b)-sha pe d 

hysteresis loop, suggestive of non-uniform mesopores that are blocked for the 

desorption (cavitation).42, 43 Table 3.1 summarizes the Brunauer−Emmett−Tell er 

surface area (SBET), total pore volume at P/P0
 = 0.95 (V), and non-local density 

functional theory most prominent pore diameter (dNLDFT). It is clear from the XR 

diffractograms, the Table 3.1 and the isotherms that the acac(20)-PMO, formed 

from 80% BTESE and only 20% acac-precursor forms the typical (expected) 

hexagonal structure (P6mm) whereas the acac(100)-PMO forms a distorte d 

structure with uniform but unordered worm-like pores. The bulky nature of the acac 

precursor in acac(100)-PMO might hinder the effectiveness of CTAB during synthesi s. 

This could lead to a less-ordered pore structure or larger pores in acac(100)-PM O 

compared to acac(20)-PMO. 
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Table 3.1 Physicochemical Properties of samples 

 

acalculated from NLDFT, N2 at 77K, using the kernel of silica cylindrical pore, adsorption branch.  

3.3.2 Luminescence properties 

In the context of luminescence applications, we departed from using Eu3+ salts 

and instead employed Eu3+ complexes for grafting into acac(20)-PMO. Therefore, we 

created a composite material denoted as acac(20)-PMO@Eu_tta. The tta  

(thenoyltrifluoroacetonate) ligand acts as an ancillary ligand that can serve as a 

secondary antenna ligand. In addition, this ligand can act as a shielding agent, 

safeguarding the lanthanide ions from quenching by water molecules.44 

Figure 3.2a presents the excitation-emission spectra of the acac(20) -PMO 

under ambient conditions. The excitation spectrum displays a broad band spanni ng 

from 250 to 400 nm, with the maximum excitation wavelength at 360 nm. The 

emission spectrum extends from 390 to 600 nm, with the emission peak maximum 

at 420 nm. The luminescent properties of this hybrid material were further 

investigated through the grafting of Eu(tta)3 complexes onto the PMO material. The 

combined excitation-emission spectra for acac(20)-PMO@Eu_tta are illustrated in 

Figure 3.2b. The excitation spectrum displays a broad band spanning  from 250 to 

400 nm with a maximum at λmax = 352 nm. This spectral feature can be attributed to 
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transitions from the ground state (π)S0 to the excited state (π*)S1 of the organic 

ligands. Conversely, upon excitation at the maximum of the broad band, the 

emission spectrum exhibits characteristics indicative of intra-4f6 transitions of Eu3+ 

ions.45 A comprehensive assignment of the emission peaks observed is provided in 

Table 3.2. When the sample is exposed to UV light (302 nm), it emits a purplish-r e d 

color, as seen in the Figure 3.2b inset and the CIE diagram of Figure S3.2a. It consists 

of contricutions from both acac(20)-PMO and Eu3+. The luminescence decay time of 

the sample was assessed by excitation at 352 nm and detection at 611 nm. A 

satisfactory fit was achieved utilizing a mono-exponential decay curve (Figure 3.2c). 

Table 3.2 Assignment of acac(20)-PMO@Eu_tta emission peaks. 
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Figure 3.2 (a) Combined RT excitation-emission spectrum of the acac(20)-PMO (excited at 360 nm observed 

at 420 nm); (b) Combined RT excitation-emission spectrum of the acac(20)-PMO@Eu_tta, ex = 352 nm, em 

= 611 nm; (c) Luminescence decay profile of as prepared acac(20)-PMO@Eu_tta, ex = 352 nm, em = 611 

nm. Measurements refer to the sample in solid form. 

The photophysical characteristics of acac(20)-PMO@Eu_tta are primarily 

ascribed to the f-f transitions of Ln3+ ions. The luminescence properties and the 

porosity of PMOs give them  the ability to discern variations in their surroundi ng 
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environment. This attribute allows applications in turn-off chemical sensing, 

achieved by modulating guest motifs through host-guest interactions.46 To 

investigate the metal ion selectivity exhibited by acac(20)-PMO@Eu_tta materials, 

fluorescence experiments were systematically conducted, as depicted in Figure 3.3. 

The ion sensing performance of this material was assessed through the use of a 

suspension with a concentration of 1 mg/mL. In Figure 3.3a, we have compiled and 

compared the photoluminescence spectra of interest. Most suspensions containi ng 

various metal ions (Pb2+, Na+, Al3+, K+, Mg2+, Ca2+, Sr2+, Fe3+, Hg2+, Cr3+, Y3+, Zn2+, and 

Cu2+) exhibit the characteristic purplish-red luminescence attributed to acac(20) -

pmo and Eu3+ transitions. However, only the presence of Cu2+ results in a substanti al 

reduction in luminescence intensity, indicating a pronounced quenching effect. This 

observation underscores the high selectivity of acac(20)-PMO@Eu_tta for the 

detection and specific identification of Cu2+ in aqueous solutions. Notably, under UV 

light excitation at 302 nm, this quenching effect is visible to the naked eye (Figure 

3.3a inset), where the color transition from purplish-red to blue is observed. It shows 

the color primarily originates from acac(20)-PMO after the addition of Cu2+ (Figure 

S3.2b). It can be, in part, elucidated by the Cu(II) static  quenching mechanism , 

which arises from the formation of non-fluorescent ground-state complexes.47 In 

the PL decay time analysis shown in Figure 3.3b, we also observed a decrease in the 

PL lifetime upon the addition of Cu2+. The initial PL lifetime, recorded in the absence 

of Cu2+, is established at 201 μs. A titration of Cu2+ into the system results in a 

measurable decrease in the PL lifetime, reaching a minimum of 175 μs. This trend 

confirms the quenching effect, emphasizing the selective interaction between Cu2+ 

ions and the acac(20)-PMO@Eu_tta framework. The change in decay time suggests 

an underlying mechanism involving energy or electron transfer, likely indicative of 

the formation of a charge transfer complex with Cu2+, which may be attributed to 
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both dynamic quenching and the paramagnetic nature of the Cu2+ ions.48, 49 

Luminescence titration experiments were conducted to investigate the luminesce nt 

response of acac(20)-PMO@Eu_tta in the presence of Cu2+ ions. With an increasing 

concentration of Cu2+ ions, there was a marked reduction in the emission intensity 

of acac(20)-PMO@Eu_tta, as depicted in Figure 3.3c. This effect resulted in the 

complete quenching of fluorescence emission in the Eu3+ hybrid suspension when 

the Cu2+ concentration reached 30 μM (Figure S3.3).  
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Figure 3.3 (a) Emission spectra of the colloidal suspensions of acac(20)-PMO@Eu_tta in the presence of 

different metal ions (Pb2+, Na+, Al3+, K+, Mg2+, Ca2+, Sr2+, Fe3+, Hg2+, Cr3+, Y3+, Zn2+, and Cu2+) when excited at 

343 nm; (b) Luminescence decay profile of colloidal suspensions of acac(20)-PMO@Eu_tta before and after 

the addition of Cu2+ ions. (c) Luminescence spectra of acac(20)-PMO@Eu_tta under different 

concentrations of Cu2+ aqueous solutions; (d) Plot of the Stern-Volmer curve between the luminescence 

intensity and Cu2+ concentration in an aqueous solution; (e) Comparison of the luminescence intensities 
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(611 nm) of acac(20)-PMO@Eu_tta with varied ions (Pb2+, Na+, Al3+, K+, Mg2+, Ca2+, Sr2+, Fe3+, Hg2+, Cr3+, Y3+, 

and Zn2+) before and after treated by Cu2+. 

To quantitatively assess this luminescence quenching effect, we employed the 

Stern-Volmer (S-V) equation. The Stern-Volmer quenching constant (KSV) was 

calculated as a measure of the quenching efficiency and enabling a precise 

characterization of the interaction between acac(20)-PMO@Eu_tta and Cu2+ ions: 

𝐼0

𝐼
= 𝐾𝑆𝑉𝑐 + 1                                            (1) 

where I0 and I are the luminescence intensities of acac(20)-PMO@Eu_ tta 

suspension before and after the addition of the Cu2+ ion, respectively, and c is the 

molar concentration of Cu2+.27, 50 A linear relation (R2 = 0.996) was achieved in the 

concentration range of 0 to 2.5 µM (Figure 3.3d). The calculated Ksv value is 180198 

M−1. The limit of detection (LOD) was calculated to be 108 nM (26 ppb) according to 

the method used by Armbruster et al., assuming that 

𝐿𝑂𝐷 = 3𝜎/𝐾𝑆𝑉                                           (2) 

where σ represents the standard deviation of the response, which can be 

determined by assessing the standard deviation of measurements from the blank 

sample.51-53 The calculated value was significantly lower than the permissible level 

of Cu2+ in drinking water, which is set at 1.3 ppm (6.9 µM) by the Environmental 

Protection Agency (EPA).54 Selectivity plays a pivotal role in assessing the 

effectiveness of a sensing material for the detection of specific analytes in real -world 

applications, as it determines the material's ability to distinguish the target analyte 

from other environmental compo nents.55 The relative PL intensity of the probe   

was assessed following the introduction of various common metal ions, each at the 

same concentration. These metal ions included Pb2+, Na+, Al3+, K+, Mg2+, Ca2+, Sr2+, 

Fe3+, Hg2+, Cr3+, Y3+, Zn2+, and Cu2+, as depicted in Figure 3.3e. Only upon the addition 

of Cu²⁺ ions to metal ion-enriched PMO dispersions, a significant quenching of the 
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photoluminescence (PL) intensity was observed. This effect underscores the 

acac(20)-PMO@Eu_tta’s high selectivity for Cu²⁺, distinguishing it from a variety of 

other metal ions. Notably, the method's selectivity was evident in distinguishing Cu2+ 

ions from Hg2+ and Pb2+, which are common competitors often encountered in real-

world field samples. Furthermore, in comparison to prior Cu2+ sensing methods 

based on nanoparticle fluorometric sensors in aqueous system, the propose d 

approach exhibits a comparable linear range and selectivity, and sensitivity, as 

summarized in Table S3.1.56, 57 To date, only a limited number of copper sensors 

based on LnPMOs have been reported as turn-on fluorescence chemical sensors.2 9 ,  

31. 

3.3.3 Catalytic properties 

The acac(100)-PMO was utilized as a heterogeneous catalysis by anchoring 

VO(acac)2 onto the material, resulting in a catalyst containing 0.59 mmol V/g (cat). 

The surface elemental composition of acac(100)-PMO and acac(100)-

PMO@VO_acac was analyzed using XPS. Figure 3.4a and 3.4d illustrate the presence 

of elements such as V, C, O, and Si on the surfaces of these nanocomposites. In 

Figure 3.4b and 3.4e, the C 1s region reveals the presence of multiple chemical states 

of carbon. Four distinct peaks were discerned and attributed to C-Si(282.6 eV), C–C 

and C–H (284.8 eV), C–O (286.9 eV), and C=O species (289.8 eV).58 The increasing 

peak of C=O can be attributed to the grafting of VO(acac)2. In the XPS O 1s spectra, 

two distinct peaks were observed at 531.9 and 532.9 eV. These peaks can be 

attributed to the presence of C=O and -C-OH groups, likely arising from the 

tautomerization of the acac group in both its keto and enol forms, as illustrated in 

Figure 3.4c and 3.4f. The high-resolution XPS spectrum of V 2p can be deconvolute d 

into two primary doublet peaks, as depicted in Figure S3.5. In this detailed spectrum , 

The doublet peaks at 515.3 eV and 522.2 eV correspond to V 2p3/2 and V 2p1/2, 
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respectively.59 This observation suggests the presence of V(IV) in the acac(100)-

PMO@VO_acac.  

 

Figure 3.4 XPS spectra of acac(100)-PMO and acac(100)-PMO@VO_acac 

Upon completing the material characterization, the catalytic performance of 

the acac(100)-PMO@VO_acac material was tested for the model Mannich-type 

reaction, as shown in Table 3.3. During a typical catalytic test, predetermi ne d 

quantities of 2-naphthol and N-methylmorpholine N-oxide (NMO), along with the 

catalyst were combined. The mixture was then  refluxed in anhydrous DCM within 

a 10 mL Schlenk tube under an inert atmosphere. At specific time intervals, the 

catalyst was separated, and the filtrate was evaporated until dryness, resulting in 

the formation of the pure Mannich base with a quantitative yield. The confirmati on 

of product formation was achieved through 1H NMR spectroscopy. 
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Table 3.2 Role of different reaction conditions for Preliminary Mannich-Type Reactiona. 

 
aReaction conditions: 2-Naphthol (1 mmol), NMO, DCM (2 mL) and catalyst (15 mg). b Yield was calculated from 1H NMR analysis using mesitylene as 

internal standard. c 10 mol %. 

Initially, the Mannich type reaction between 2-naphtol (1a) and 4-

methylmorpholine N-oxide (NMO) (2a) was conducted in the absence of a catalyst 

at 40 °C. After 12 hours of reaction, no substrate conversion occurred, highlighti ng 

the necessity of the presence of a catalyst (Table 3.3, entry 2). Subsequently, we 

investigated the catalytic activity of VO(acac)2 for this model reaction. This complex 

exhibited a yield of 92% after 12 hours of reaction. However, it is hard to recycle this 

homogeneous catalyst.17, 18, 20 For the heterogeneous acac(100)-PMO@VO_aca c  

catalyst, a 16% yield of the major product, 1-(morpholinomethyl)naphthalen-2 - ol 
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(3a), was obtained within 60 minutes. An increase in the yield from 40% to 98% was 

obtained upon extending the reaction time from 6 to 12 hours. Moreover, we 

conducted the reaction multiple times with varying equivalents of NMO. When 

employing 1, 1.5, 2, or 3 equivalents of NMO under the optimized reaction 

conditions, we observed yields of 70%, 96% and 98% of 3a, respectively. The highest 

yield of 92% for 3a was achieved using 3 equivalents of NMO.  

The recyclability and structural stability of acac(100)-PMO@VO_acac material 

were studied during the preparation of 1 (morpholinomethyl)naphthalen-2-ol under 

optimized reaction conditions. After completing the reaction, the recyclability test 

was conducted using the recovered catalyst. The catalyst was thoroughly washed 

with dichloromethane and dried under vacuum at 120 °C before being utilized in the 

subsequent catalytic reaction. The catalyst demonstrated consistent activity, with 

no significant decrease up to the four tested cycles (Figure 3.5). 

 

Figure 3.5 Recycling test of acac(100)-PMO@VO_acac catalyst for Mannich-type reaction. 

Furthermore, a hot filtration test was performed to assess the potential 

leaching of vanadium ions from the support. The catalyst was removed from the 

reaction mixture after 6 hours, and the reaction was allowed to continue for an 

additional 18 hours (Figure 3.6). No further progress was observed in the reaction, 

indicating the absence of leaching. 
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Figure 3.6 Reaction profile with or without the catalyst (after separating the catalyst from the reaction 

mixture via hot-filtration technique). 

To examine the physio-chemical properties of the catalyst, FT-IR and XPS 

analyses were conducted, as depicted in Figure 3.7. The recovered catalyst exhibi te d 

all the characteristic peaks, similar to the fresh catalyst. Additionally, the XPS 

analysis of the recycled catalyst (Figure 3.7b-d) displayed the same specific peaks as 

the fresh catalyst. These results confirm that the chemical structure of the catalyst 

was preserved during the recycling process. 

 

Figure 3.7 (a) DRIFT spectra of acac(100)-PMO@VO_acac before and after Mannich- type reaction; (b) 

Deconvoluted XPS C 1s spectra, (c) O 1s spectra and (d) vanadium in the V 2p region of the recycled 

acac(100)-PMO@VO_acac. 

The catalytic reactivity of the acac(100)-PMO@VO_acac catalyst was evaluated 

using a diverse range of substrates, including 2-naphthol, 1-naphthol, and phenol 

derivatives, under the optimized reaction conditions (Table 3.4). Substanti al 
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catalytic conversion was achieved for nearly all the substrates, regardless of 

whether they had electron-donating or electron-withdrawing substituents on the 

aromatic ring. 

Table 3.3 Mannich-Type reaction with differently substituted substrates catalyzed by acac(100)-
PMO@VO_acac. 

 

Yields are calculated from 1H NMR using mesitylene as an internal standard.  

In Scheme S3.1, a plausible pathway for the preparation of the Mannich base 

was proposed, following similar steps as previously reported by Uang et al.17, 60-62 

Initially, the active V=O groups of the catalyst formed complexes with 4-

methylmorpholine N-oxide, leading to the formation of a six-membered structur e 

(A). An intramolecular elimination process via this transition structure resulted in 

the formation of an iminium ion B structure. Second, the [V(OH)(O⁻)] species played 

a crucial role in abstracting an acidic proton from 2-naphthol, generating a 

negatively charged oxygen species. This species further creates an acidic carbon 

center. A target Mannich base formed through a reaction of this acidic carbon center 
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with iminium ions. Finally, the elimination of water molecules from V(OH) 2  

regenerated the catalyst, completing the catalytic cycle. 

The catalytic performance of acac(100)-PMO@VO_acac was compared to its 

homogeneous counterpart, VO(acac)2, as well as acac-based covalent triazine 

frameworks (CTFs) and covalent organic frameworks (COFs) in Table S3.2.17, 60, 61, 63 

It is evident from Table S3.2 that the acac(100)-PMO@VO_acac catalyst resulted in 

the targeted product with a high yield and conversion rate. When compared with 

VO(acac)2, it exhibited a higher yield (98%) and turnover number (TON) of 111, 

which is 12 times greater than the TON achieved by the homogeneous catalyst. 

Moreover, we evaluated the catalytic activity of acac(100)-PMO@VO_acac in 

comparison to acac-based COFs, such as vanadium-docked COFs (VO-TAPT-2 ,3 -

DHTA COF, VO-PyTTA-2,3-DHTA COF). In these cases, the catalysts resulted in the 

targeted product with yield of 98% and 96%, along with TON values of 29 and 36, 

respectively. This combination of high conversion and TON suggests potential for 

acac(100)-PMO@VO_acac as a heterogeneous catalyst. These findings substantia te 

the promising future of acac-PMO materials as versatile supports for the 

development of advanced heterogeneous catalysts. 

3.4 Conclusions 

This study introduces a novel PMOs with embedded acetylacetone (acac) groups, 

showcasing its dual utility in catalysis and sensing. The acac(20)-PMO grafted with Eu(tta)3 

demonstrates effectiveness as a luminescent sensor towards aqueous Cu2+ ions, achieving 

a LOD of 108 nM. In addition, a heterogeneous catalyst (acac(100)-PMO@VO_acac) was 

prepared by anchoring VO(acac)2 on pristine acac-PMO that showed high reactivity in a 

modified Mannich reaction with a turnover number (TON) of 111 and a wide substrate 

scope. Furthermore, the embedded acac functionality's capacity to tether "hard" metal 

ions suggests potential applications in sensing, catalysis, and water purification. These 
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findings underscore the versatility of acac-PMOs and open new avenues for their 

application in environmental and industrial contexts. 
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3.5 Supporting information. 

Table S 3.1 The comparisons of the sensing performance for different MOFs and PMOs probes. 

 

Table S 3.2 Comparison of the acac-PMO catalyst with Other VO(acac)2 based catalyst. 

Entry Catalyst Reaction conditions Yield (%) TONa Ref 

1 VO(acac)2 catalyst (10 mol %), CH2Cl2, 

reflux, 8 h 

92 9.2 60 

2 VO-TAPT-2,3-DHTA COF catalyst (35 mg, 0.97 mmol/g 

V), DCM, 40 ℃, 12 h 

98 29 61 

3 VO-PyTTA-2,3-DHTA COF catalyst (35 mg, 0.77 mmol/g 

V), DCM, 40 ℃, 12 h 

96 36 61 

3 V@acac-CTF catalyst (40 mg, 0.306 mmol/g 

V), DCM, 40 ℃, 8 h 

95 213 17 

4 acac(100)-PMO@VO_acac catalyst (15 mg, 0.59 mmol/g 

V), DCM, 40 ℃, 12 h 

98 111 This work 

a TON = turnover number 

Fluorescence probe Materials 
Analytes 

detected 
Linear range Ksv (M-1) LOD Ref 

NS-CQDs 
carbon quantum 

dots (CQDs) 
Cu2+ 0 – 1 µM - 1.65 μM 64 

SiO2/CdS NCs nanocrystals Cu2+ 0 – 3 µM - 3.5× 10−2 μM 65 

ZCM microsphere QD composite 
Cu2+, Cr2+, 

Fe3+ 
0 – 1 µM 3.85×105 1.6 × 10−5 μM 66 

CE/11-MUA-AuNCs gold nanoclusters 
Cu2+, Cd2+, 

Zn2+ 
0.05–10 µM - 0.026 μM 67 

AIEgens fabricated on nanoscale 

ZIF-8 

aggregation-

induced emission 

luminogens with 

MOFs 

Cu2+ 0 – 0.1 μM - 5.5 × 10−4 μM 68 

[Ce(1,5-NDS)1.5(H2O)5]n MOFs Cu2+ 5 - 100 μM 7668 3 μM 69 

AuNCs/PQD@SiO2 
gold  

nanocomposites 
Cu2+ 0 - 160 μM 4400 3 μM 70 

QG-scaffolded COFs COFs Cu2+ 0.0032 - 32 μM - 5 × 10−4 μM 71 

[Eu(bpdc)1.5(H2O)2]n Eu-MOFs 
Fe3+, Cu2+,  

PO4
3− 

0 – 400 μM 3240 33 μM 72 

{[Eu(L)(DMF)(H2O)]·0.5DMF}n Eu-MOFs Cu2+ 0.01 - 1000 µM 4.3×104 
1.02 × 103 

μM 73 

[Eu(L)(DEF) (H2O)]n Eu-MOFs Cu2+ 0.01 - 1000 µM 5.7×104 5 × 104 μM 

Eu-MOFs (4, 40-AZ, DMF and 

H3BTC) 
Eu-MOFs Cu2+ 2 - 1000 μM 2.9×104 1.395 μM 74 

{[Tb(HL)]·3DMF·3H2O}n (LZG-Tb) Tb-MOFs Cu2+ 0 - 0.25 μM 8.2×106 
1.65 × 10-3 

μM 
32 

{[Eu(HL)]·3DMF·3H2O}n (LZG-Eu) Eu-MOFs Cu2+ 0 - 0.25 μM 4.9×106 
1.35 × 10-3 

μM 

TH-PMO-100 PMOs Cu2 0.1 - 1 μM 1.6×104 40 μM 75 

RSPMOs PMOs Cu2 0.1 - 1 μM - 0.1 μM 76 

SCN-PMO PMOs Cu2 8.75 - 20 µM - 0.67  μM 77 

Ag-PMO-YS nanocomposites Cu2 0.1 - 9 µM - 0.02 μM 78 

Eu(NTA)3L-COOH-PMO Eu-PMOs Cu2 0 - 20 μM 2.5×106 0.046 μM 31 

ePMO@Eu_PA Eu-PMOs Cu2 0 - 400 μM 2100 35.2 μM 29 

acac(20)-PMO@Eu_tta Eu-PMOs Cu2 0 - 2.5 µM 1.8×105 0.108 μM 
This 

work 
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Figure S3.1 FT-IR spectra of acac-Br and acac-Si. 

 

Figure S3.2. CIE chromaticity diagram of (a) solid acac(20)-PMO@Eu_tta; (b) colloidal suspensions of 

acac(20)-PMO@Eu_tta with and without Cu2+. 

 

Figure S3.3 Luminescence spectra of LnPMO under different concentrations of Cu2+ aqueous solutions. 
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Figure S3.4. 1H-NMR data of Mannich-reaction product in CDCl3. 

 

Figure S3.5. Deconvoluted XPS spectra of vanadium in the V 2p region for acac(100)-PMO@VO_acac 

catalyst. 
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Scheme S 3.1 Proposed mechanism of Mannich-type reaction catalyzed by acac(100)-PMO@VO_acac. 
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Abstract 
This study explores the potential of combining periodic mesopor ous 

organosilicas (PMOs) with a fluorescent dye to develop a ratiometric thermome tr y 

system with enhanced stability, sensitivity, and biocompatibility. PMOs, ordered 

porous materials known for their stability and versatility, serve as an ideal platform. 

Curcumin, a natural polyphenol and fluorescent dye, is incorporated into PMOs to 

develop curcumin-functionalized PMOs (C-PMO) and curcumin-pyrazole -

functionalized PMOs (CP-PMO) via hydrolysis and co-condensation. These PMOs 

exhibit temperature-dependent fluorescence properties. The next step involves 

encapsulating rhodamine B (RhB) dye within the PMO pores to create dual-emitti ng 

PMO@dye nanocomposites, followed by a lipid bilayer (LB) coating to enhance 

biocompatibility and dye retention. Remarkably, within the physiologic al 

temperature range, C-PMO@RhB@LB and CP-PMO@RhB@LB demonstra te 

noteworthy maximum relative sensitivi ty (Sr) values of up to 1.69 and 2.60 %·K-1 , 

respectively. This approach offers versatile means to create various ratiometric 

thermometers by incorporating different fluorescent dyes, holding promise for 

future temperature sensing applications. 
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4.1 Introduction 

Accurate temperature measurement has become increasingly important in 

scientific research, technological development, and various applications depende nt 

on sensor thermometers.1 The rapid advancement of technology has created a 

demand for temperature sensing and measurement at the nanoscale, such as in 

nanoelectronics, chemical reactors, and biomedical applications.2 -4 However , 

traditional contact thermometers, which use physical properties such as volume, 

electric potential, and electric conductance, are limited in their ability to measure 

temperature in specific environments, such as those with sub-micrometer scale, 

biological fluids, or fast-moving objects.5 Consequently, there has been a growing 

interest in noncontact and non-invasive or minimally invasive thermal sensing 

techniques, such as infrared light (IR) thermography, Raman spectroscopy, thermo 

reflectance, and luminescence thermometry.6 Of these, luminescence-ba se d 

approaches have garnered significant attention due to their simplicity, high 

sensitivity, and exceptional spatial and temporal resolution. Recent studies have 

revealed that the ideal thermometer for optimal performance should possess two 

discriminable peaks to facilitate the development of ratiometric sensors. Such 

sensors capitalize on being independent of the concentration and inhomogeneity of 

the luminescent centers present in the material. Additionally, they help circumvent  

issues with alignment and optoelectronic drifts of the excitation source and 

detectors.7 

Considerable research has been undertaken to develop and investiga te 

innovative optical materials for their potential use as luminescence thermometers . 

These materials include quantum dots (QDs), polymeric and inorganic materials 

doped with lanthanide ions (Ln3+), organic dyes, and hybrid materials.7-9 Organic 

dyes have emerged as a promising alternative for ratiometric thermometry due to 
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several advantages such as high sensitivity, low toxicity, and facile tunability of their  

emission properties via chemical modification. Dye-based ratiometric thermometry , 

an uncommon approach in the field of thermometry, relies on the ratio of intensiti e s  

between specific emission bands. This innovative technique has found applications 

in bioimaging, food safety monitoring, and microscale temperature sensing.10-12 It's 

important to note that, historically, dyes have predominantly functioned as single -

band thermometers.13 Despite the challenges of issues like photobleaching and 

environmental interference that still need resolution, the emergence of ratiometric 

thermometry using dyes holds great promise for advancing temperature sensing 

across various fields.14 

 

Scheme 4.2 Schematic illustration of the preparation of the C-PMO and CP-PMO and representation of the 

diketo/keto-enol tautomerism of curcumin. 

Among various materials investigated for ratiometric thermometry, the 

utilization of dual-emitting metal-organic frameworks (MOFs) doped with 

curcumin 

curcumin-pyrazole 

BTESE 
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fluorescent dyes has shown promising outcomes. The integration of dyes within host 

matrices such as MOFs present a pivotal enhancement, offering a shield against 

photobleaching and environmental perturbations. These ratiometric dual-emitti ng 

MOF@dye systems present an adaptable operational range and enhance d 

sensitivity, rendering them suitable for a spectrum of temperature sensing 

applications.5, 15-17 It's noteworthy to clarify that within this approach, the MOFs can 

serve as a host material contributing to one of the emission peaks,18 or alternatively , 

two distinct dyes can be embedded within a non-luminescent material.15 Despite 

these advantages, MOFs face challenges such as inherent instability and 

complexities in scalable production. Furthermore, the biocompatibility and 

degradation behavior of these materials are crucial, particularly for biomedical uses. 

As a result, periodic mesoporous organosilica s (PMOs) have emerged as an 

attractive alternative material for thermometry platforms. Periodic mesopor ous 

organosilicas (PMOs) are a class of highly ordered porous materials first reported in 

1999.19-21 PMOs are synthesized by the self-assembly of organoalkoxysilanes under 

mild conditions in the presence of surfactants or block copolymers. The resulting 

materials have mesoporous structures with uniform pore sizes, high surface areas, 

and tunable functionalities. Compared to traditional silica-based materials, PMOs 

exhibit superior stability, high thermal and chemical resistance, and low toxicity, 

making them attractive candidates for various applications in catalysis, drug delivery, 

imaging, and sensing.22 

In this study, we investigate the potential of PMOs and dyes as a ratiometric 

thermometry system that offers improved stability, sensitivity, and biocompatibility . 

Curcumin is a natural polyphenol and a well-known fluorescent dye, widely used in 

various biomedical and optical applications. In recent years, it has been 

incorporated into various matrix materials, including PMOs, due to its unique 
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properties such as antioxidant, anti-inflammatory, and fluorescent properties. 2 3  

Therefore, curcumin functionalized PMOs (C-PMO) were developed throug h 

hydrolysis and co-condensation of curcumin-functionalized precursors with 1,2-

bis(triethoxysilyl)ethane (BTESE) in the presence of cetyltrimethylammoni um 

bromide (CTAB) surfactant. The resulting mesoporous curcumin nanoparticl e s 

(MCNs) exhibit pronounced autofluorescence and have been employed as a cargo 

delivery system in live-cell assays. These experiments utilize a supported lipid bilayer 

(SLB) to seal the pores, enabling the precise release of RhB into HeLa cells as a model 

cargo. Motivated by the capabilities of this C-PMO@RhB@LB system, we have 

adopted this composite for use as a ratiometric dual-emitting thermometer .  

Furthermore, we have introduced a novel curcumin-pyrazole functionali ze d 

precursor, leading to the creation of a modified curcumin-PMO (CP-PMO) system. 

This system features a more structurally rigid curcumin-pyrazole linkage, enhanci ng 

its potential applications.24 The resulting PMOs showed highly temperature -

dependent fluorescence properties. RhB was then encapsulated in the PMO pores 

to create a dual-emitting PMO@dye nanocomposite, which was further coated with 

a lipid bilayer (LB) to enhance biocompatibility and prevent dye leaching.25 Among 

the previously reported dye-incorporated luminescent composites based on MOFs, 

C-PMO@RhB@LB and CP-PMO@RhB@LB demonstrate a very good maximum 

relative sensitivity (Sr) of up to 1.69 and 2.60 %·K-1, respectively, within the 

physiological temperature range. Incorporating organic dyes into the PMO 

framework, as demonstrated in our work, enhances the stability of the dyes and 

reduces photobleaching. The novel dual-emitting PMO@dye system, especially with 

the addition of a lipid bilayer coating, offers a biocompatible and sensitive solution 

for temperature sensing. This advancement in ratiometric thermometry, leveraging 

the stability and biocompatibility of PMOs, represents a significant contribution to 
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the field, particularly in terms of reliability and applicability in various environments , 

including biomedical settings. This study enables the combination of luminesce nt 

host materials and RhB dyes, allowing for the future development of a range of 

ratiometric thermometers.15 

 

Scheme 4.3 Schematic illustration of the preparation of the PMO@RhB@LB.  

4.2 Experimental 

4.2.1 Materials and Instrumentation 

All chemicals were purchased from Sigma Aldrich, Fluorochem, Alfa Aesar, or 

TCI Europe and used without further purification. 

Specifically, curcumin (from curcuma longa, powder) was purchased from  

Sigma-Aldrich with assay (HPLC, area%) ≥ 65%. Dulbecco’s Modified Eagle Medium 

(DMEM), Fetal Bovine Serum (FBS), PrestoBlue™ HS (high sensitivity) Cell Viability 

Reagent, and Calcein-AM cell marker dye were purchased from ThermoFisher 

Scientific. Penicillin-Streptomycin was purchased from Sigma-Aldrich. 

A Bruker D8 Advance diffractometer operating at 40kV/30mA using Cu-Kα 

radiation (λ=0.15418 nm) equipped with a solid-state detector was employed to 

collect small-angle X-ray diffraction (SAXRD) patterns. Fourier transform infrared 

(FT-IR) spectroscopy measurements were conducted on a Thermo Nicolet 6700 FT-

IR spectrometer using a KBr beam splitter and a nitrogen-cooled MCT-A detector . 
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Nitrogen adsorption data were acquired using a TriStar II gas analyzer at 77 K after 

degassing the samples under a vacuum at 393 K for 24 h. A Bruker 300 MHz AVANCE 

spectrometer was used for 1H NMR, with CDCl3 or DMSO-d6 as the solvents . 

Elemental analysis (CHNS) was conducted using the Thermo Flash 2000 elemental 

analyzer, and V2O5 was used as a catalyst. Transmission electron microscopy (TEM) 

images were captured on a JEOL JEM-2200FS transmission electron microscope 

operated at 200 kV and equipped with a Cs corrector. All photoluminesce nc e 

measurements were performed using an Edinburgh Instruments FLSP920 UV-vis-NI R 

spectrometer setup. The emission signals were detected using a Hamamatsu R928P 

photomultiplier tube, and a 450 W xenon lamp was employed as the steady-sta te 

excitation source. Luminescence decay profiles were measured using a 60 W pulsed 

xenon lamp. Temperature-dependent luminescent measurements were carried out 

using the Julabo refrigerated and heating F-25 circulator, which was attached to the  

sample holder and has a temperature range of 293 – 343 K with increments of 5 K. 

The TeSen program was utilized to process the temperature-dependent data.26 

4.2.2 Synthesis 

4.2.2.1 Synthesis of 4-((1E,4Z,6E)-5-hydroxy-7-(3-methoxy-4-(((3-(triethoxysilyl ) 

propyl) carbamoyl) oxy) phenyl)-3-oxohepta-1,4,6-trien-1-yl)-2-methoxypheny l 

(3-(triethoxysilyl) propyl) carbamate (Curcumin-Si, 1b) 

Curcumin-Si was synthesized according to a previously reported procedur e. 2 3  

In a three-necked flask, 25 mL of dry tetrahydrofuran (THF) was used to dissolve the 

(1E,6E)-1,7-bis (4-hydroxy-3-methoxyphenyl) hepta-1,6-diene-3,5-dione (Curcumin, 

1.00 g, 2.71 mmol). Triethylamine (82.26 mg, 0.81 mmol) and (3-Isocyanatopropyl ) 

triethoxysilane (IPTES, 2.68 g, 10.84 mmol) were then added while the mixture was 

being stirred, and it was then refluxed for 24 hours at 358 K with an Argon flow. 

After cooling to room temperature, the reaction mixture was filtered and washed 
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with ethyl acetate. Then, the filtrate was evaporated. The residue was purified by 

silica gel column chromatography (eluent: 65 v% ethyl acetate, 33 v% petroleum 

ether, 2 v% triethylamine) to give Curcumin-Si as an orange oil. The resulting produc t 

was dried for 12 hours under a high vacuum before being used. Yield: 67%. 1H NMR 

(300 MHz, DMSO-d6) δ 7.76 (t, J = 5.8 Hz, 2H), 7.65 (d, J = 15.9 Hz, 2H), 7.48 (d, J = 

1.8 Hz, 2H), 7.30 (dd, J = 8.3, 1.9 Hz, 2H), 7.12 (d, J = 8.2 Hz, 2H), 6.97 (d, J = 15.9 Hz, 

2H), 3.83 – 3.64 (m, 12H), 3.38 – 3.27 (m, 2H), 1.16 (td, J = 7.0, 2.8 Hz, 18H), 0.66 – 

0.53 (m, 2H). 

4.2.2.2 Synthesis of 4,4'-((1E,1'E)-(1H-pyrazole-3,5-diyl) bis(ethene-2,1-diyl)) bis(2-

methoxyphenol) (Curcumin-Pyrazole Analog, 1c)  

In the procedure used by Ahsan et al.,27 curcumin (200 mg, 0.54 mmol, 1 equiv) 

and hydrazine hydrate (5 equiv) were dissolved in glacial acetic acid (10 mL). The 

solvent was then removed in a vacuum after the solution had refluxed for 8 hours. 

The residue was washed with water after being dissolved in ethyl acetate. The 

organic portion was collected, dried over sodium sulfate, and concentrated in a 

vacuum. Column chromatography (eluent: 65 v% ethyl acetate, 33 v% petroleum 

ether, 2 v% triethylamine) was used to purify the crude product. Yield: 82% 1H NMR 

(300 MHz, DMSO-d6) δ 12.72 (s, 1H), 9.15 (s, 2H), 7.14 (d, J = 1.9 Hz, 2H), 7.04 (d, J = 

16.5 Hz, 2H), 7.01 – 6.69 (m, 4H), 6.61 (s, 1H), 3.83 (s, 6H). 

4.2.2.3 Synthesis of 2,2'-(((1E,1'E) -(1H-pyrazole-3,5-diyl) bis(ethene-2,1-diyl) ) 

bis(2-methoxy-4,1-phenylene))bis(N-(3-(triethoxysilyl)propyl)acetamide) 

(Curcumin-Pyrazole-Si, 1d) 

To synthesize the novel Curcumin-Pyrazole-Si linker, in the analogous method 

used by Datz et al.,23 in a three-necked flask, 25 mL of dry THF was used to dissolve 

the curcumin-pyrazole analog (1.00 g, 2.75 mmol). Triethylamine (83.48 mg, 0.83 

mmol) and (3-Isocyanatopropyl) triethoxysilane (IPTES, 2.72 g, 11 mmol) were then 
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added while the mixture was being stirred, and it was then refluxed for 24 hours at 

358 K with an argon flow. After cooling to room temperature, the reaction mixture 

was filtered and washed with ethyl acetate. Then, the filtrate was evaporated. The 

residue was purified by silica gel column chromatography (eluent: 65 v% ethyl 

acetate, 33 v% petroleum ether, 2 v% triethylamine) to give Curcumin-Si as a dark 

orange oil. The resulting product was dried for 12 hours under a high vacuum before 

being used. Yield: 61% 1H NMR (300 MHz, DMSO-d6) δ 7.43 – 7.02 (m, 10H), 3.99 (dq, 

J = 21.0, 7.1 Hz, 12H), 3.87 – 3.65 (m, 6H), 3.33 (s, 2H), 3.03 (q, J = 6.7 Hz, 2H), 2.93 

(d, J = 6.9 Hz, 2H), 1.99 (s, 2H), 1.56 (dt, J = 23.4, 8.3 Hz, 2H), 1.16 (qd, J = 7.1, 3.1 Hz, 

18H), 0.55 (ddd, J = 23.5, 11.9, 6.1 Hz, 2H). 

4.2.2.4 Synthesis of mesoporous Curcumin-PMO (C-PMO) nanoparticles and 

Curcumin-Pyrazole PMO(CP-PMO) 

Following a modified literature procedure, in a two-step sol-gel reaction, cetyl 

trimethyl-ammonium bromide (CTAB, 0.96 mmol, 350 mg) was dissolved in a 

solution of 5.83 g water in a 20 ml round bottom flask. The mixture was then stirred 

at 353 K for 30 min after adding of 3.63 mL of NH4OH solution (25%). 120 mg of 

curcumin-Si (0.137 mmol) / 60 mg of curcumin-pyrazole-Si (0.52 mmol) and 

bis(triethoxysilyl)ethane (BTESE) in 10%:90% / 38%:62% ratios, respectively, were 

mixed with 1 mL of ethanol in a vial. This precursor solution was promptly injected 

into the stirred aqueous surfactant solution. A yellow suspension was  formed, 

stirring for an additional two hours at 353 K. The organic surfactant was extracted 

by heating the sample under reflux at 363 K for 1 hour in a solution of 2 g ammonium 

nitrate and 100 mL ethanol. The sample was then redispersed in ethanol, heated 

under reflux for 45 minutes at 363 K in a solution of 100 mL ethanol, and centrifuge d 

for 10 minutes at 8000 rpm. It was then dried overnight in an oven at 393 K. 

4.2.2.5 Preparation of PMO@dye 



138 
 

A solution of RhB in distilled water was prepared in a glass vial (Table S4.1). 

Next, 2 mL of this solution was taken and added to a new vial containing 10 mg of 

dry PM O powder. The mixture was first redispersed using ultrasounds for 5 minutes 

and then stirred for 48 hours at room temperature and centrifuged for 10 minutes 

at 8000 rpm. It was then dried overnight in an oven at 353 K. 

4.2.2.6 Preparation of PMO@dye@LB (hybrid nanocomposites with lipid bilayer) 

Following the reported procedure of the preparation of the lipid bilayer around 

the hybrid nanocomposites,25 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) 

was utilized. 5 mg of either C-PMO@RhB or CP-PMO@RhB was dispersed in 100 μL 

of 3.5 mM DOPC solution in a mixture of H2O and EtOH (60/40). Then, 900 μL distilled 

H2O was quickly added and mixed. The addition of extra water resulted in 

precipitation of the lipid molecules, which were expected to cover the surface of the 

hybrid nanocomposite with a lipid layer. The PMO@dye@LB was purified by 

centrifugation and redispersion in a small amount of H2O, and this process was 

repeated to ensure complete purification of the material. It was then dried 

overnight in an oven at 353 K. 

4.2.3 Cytotoxicity test 

4.2.3.1 Cell cultures: 

For the cell viability assays, healthy Normal Human Dermal Fibroblast (NHDF) 

cells were cultivated using a cell growth medium solution (DMEM + 10% FBS + 1% 

Pen-Strep) and were subsequently seeded in 96-well plates with a seeding 

concentration of 5,000 cells/well upon reaching 80-90% confluency during early 

culture passage stages (P2-P5). The cell plates were incubated for 24 hours in the 

dark at 37 °C and 5% CO2. 

4.2.3.2 Cell viability assay: 
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Cytotoxicity tests were conducted on a series of sample concentrations: 0, 

0.028, 0.056, 0.278, 0.556, 1.111, 1.667, and 2.778 mg/mL (or 0, 0.005, 0.01, 0.05, 

0.1, 0.2, 0.3, and 0.5 mg/well respectively), to evaluate the effect of the prepared 

materials on in vitro cultured healthy NHDF cells. The obtained results summarize 

the data readout from five technical replicates per tested concentration per sample.  

The compatibility of each of the samples with the in vitro cultured adherent 

healthy NHDF cells was investigated and quantified using the PrestoBlue ™ HS cell 

viability assay via fluorescence spectroscopy measurements with λexc = 560 nm and 

λem = 635 nm. The samples (as dry powders) were suspended in the cell growth 

medium solution to prepare the respective stock solutions. To obtain uniform 

dispersions and eliminate particle agglomerates, the stock solutions were vortexe d 

for 1 minute and ultrasonicated for 10 minutes before addition/dilution in the 

appropriate concentration to the wells containing previously seeded and incubate d 

cells. The cytotoxic effect of the as-prepared materials was investigated in a series 

of sample concentrations ranging from 0 - 2.778 mg/mL, tested on five technical 

replicates per concentration. Upon sample addition, the cell plates were incubate d 

for 24 hours in the dark at 37 °C and 5% CO2. The following day, 20 µL of the 

PrestoBlue™ HS reagent was added to all wells and the plates were again incubate d 

in the dark for 4 hours at 37 °C and 5% CO2. Negative controls contained seeded cells, 

cell growth medium, and PrestoBlue™ HS cell viability reagent, while positive 

controls or PB-blanks contained PrestoBlue™ HS cell viability reagent and cell growth 

medium solution. The fluorescence emission of the cell plates was measured on a 

Tecan spectrophotometer equipped with a microplate reader.  

The data readout is normalized with respect to the averaged negative controls 

in the following way: 

𝐶𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦/% =
[𝐹𝐼(𝑡𝑒𝑐ℎ𝑛𝑖𝑐𝑎𝑙 𝑟𝑒𝑝𝑙𝑖𝑐𝑎𝑡𝑒) − 𝐹𝐼 (𝑃𝐵 𝑏𝑙𝑎𝑛𝑘𝑠 𝑎𝑣𝑒𝑟𝑎𝑔𝑒)]

[𝐹𝐼(𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑎𝑣𝑒𝑟𝑎𝑔𝑒) − 𝐹𝐼 (𝑃𝐵 𝑏𝑙𝑎𝑛𝑘𝑠 𝑎𝑣𝑒𝑟𝑎𝑔𝑒)]
× 100 
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where FI stands for fluorescence emission intensity at 635 nm; a technical 

replicate is a technically repeated sample concentration containing seeded cells, cell 

growth medium solution, and PrestoBlue™ HS cell viability reagent; (negative)  

controls represent plate wells containing seeded cells, cell growth medium solution, 

and PrestoBlue™ HS cell viability reagent; and PB-blanks represent plate wells 

containing cell growth medium solution and PrestoBlue ™ HS cell viability reagent; 

all equalized to the same final volume per well by cell growth medium solution. 

Simultaneously, parallel technical replicates were prepared for the widefield 

fluorescence microscopy imaging under identical treatment, replacing the 

PrestoBlue™ HS cell viability reagent with Calcein-AM fluorescent cell marker dye 

with a concentration of 0.3 µL/well or a final plate well concentration of 1.5 µM. 

After dye addition, the cell plates were incubated for 20 minutes in the dark at 37 °C 

and 5% CO2. Cell visualization was performed using a Green Fluorescent Protein (GFP) 

long-pass filter on a Nikon Ti widefield microscope transmitting all emitted 

wavelengths ≥ 500 nm, under excitation of 470 nm. 

Table 4.4 Textural properties of prepared C-PMO and CP-PMO. 

4.3 Results and discussion 

4.3.1 Structural characteristics of PMO@dye@LB 

Precursor preparation was the first step in the development of the 

nanomaterials. Compound curcumin-Si (1b) had been synthesized utilizing IPTES for 

silylation on curcumin (1a). Curcumin (1a) was converted into curcumin-Pyrazol e  

Material SBET (m2 g−1) Pore diametera 

(nm) 

Total pore volume (cm3 

g−1) 

C-PMO 1254 3.2 0.63 

CP-PMO 1149 3.2 0.59 

C-PMO@RhB4@LB 721 3.2 0.33 

CP-PMO@RhB1@LB 806 3.1 0.37 

acalculated from NLDFT, N2 at 77K, using the kernel of silica cylindrical pore, adsorption branch.  
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(1c) analog by the addition of hydrazine, then curcumin-pyrazole-Si (1d) was 

produced using further reacting compound curcumin-pyrazole (1c) with IPTES 

(Scheme 4.1). Using a co-condensation technique with BTESE, curcumin-Si or 

curcumin-pyrazole-Si was finally covalently incorporated into the PMO framewor ks .  

 

Figure 4.1 (a) FTIR spectra of PMO@RhB@LB; (b) PXRD patterns of PMOs@RhB@LB; (c) N2 adsorption–

desorption isotherms and pore size distributions of PMO@RhB@LB.  
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According to earlier research by Joseph et al. and Muddassar et al. on the 

vibrational spectra of curcumin and curcumin-pyrazole, respectively,28, 29 FT-IR 

spectra were used to determine the synthesis of 1c and the formation of C-PMO and 

CP-PMO (Figure 4.1a). Firstly, when compared to 1a, several typical variations in the 

1c spectrum may be seen. The overlap of C-OH and C-NH bond vibration may cause 

a strong, and broad peak at 3488/3322 cm-1. For 1c, because of the C=N stretchi ng 

frequencies, a band can be seen at 1633 cm-1. 

Moreover, stretching vibrations of the C=C bonds were represented by a strong, 

intense band at 1514 cm-1, while a second, similar band at 1280 cm-1 represente d 

the C-N bond. Secondly, a new band at 1041 cm−1 represented the stretchi ng 

vibrations of the Si–O–Si frameworks. Thirdly, the characteristic absorption peaks of 

the 1a (νC=C, C=O = 1650 cm−1, νC=O, C-O = 1511, 1272 cm−1) and 1c moieties (νC=N = 1650 

cm−1, νC=C = 1513 cm−1, νC-N = 1276 cm−1) remained after removal of the surfactant 

(CTAB), with showing the stable immobilization of curcumin and curcumin-pyrazol e 

units into the silica framework. The FTIR spectra of the samples containing RhB 

showed negligible variations, and the distinctive absorption peaks of RhB could not 

be identified in the spectra. This is because the mass fraction of RhB in the material 

is considerably lower than that of the matrix materials. As a result, the IR 

absorptions of RhB have been concealed by the matrix materials, particularly when 

the characteristic absorption peaks are close to those of the matrix.30 SAXRD and N2 

adsorption measurements were carried out to investigate the structural response of 

the materials to functionalization. The SAXRD profiles of the surfactant -free C-PMO 

and CP-PMO were shown in Figure 4.1b. The diffraction peak was observed at 

around 2θ = 2° for these two samples, indicative of a mesoscopically ordered 

structure.31 Figure 4.1c depicts the N2 adsorption-desorption isotherm of these two 

materials. By comparing the isotherm of C-PMO with that of CP-PMO, it was 
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observed that the shape remained the same. Both materials had the type IV 

isotherm, indicating that the ordered mesoporous structure had successfully been 

formed.32 Brunauer–Emmett–Teller (BET) surface area for C-PMO and CP-PMO were 

1254 m2 g−1 and 1149 m2 g−1, respectively, and the total pore volumes were 0.63 cm3 

g−1 and 0.59 cm3 g−1
, respectively. In addition, the pore size of PMOs calculated using 

the non-local density functional theory (NLDFT) method were both 3.2 nm (Table 

4.1). Therefore, the resulting material's mesostructure is coincident with the results 

of XRD patterns. Additionally, the confirmation of a lipid bilayer on the surface of 

PMO particles was carried out using BET analysis. After the introduction of dyes 

inside the pores of PMO, the pristine C-PMO and CP-PMO particles were coated with 

a lipid bilayer (Scheme 4.2), resulting in a reduction in surface area to 901 and 979 

m2/g, respectively. The observed reduction in surface area implies that the lipid 

bilayer, along with the incorporated dyes, partially obstructs the pores of the PMO 

particles, while also wrapping around the particle structure. To confirm the 

feasibility of the sensing application, we compared the particle morphologi es of 

these two materials by utilizing TEM. As shown in Figure 4.2b and 4.2d, both possess 

representative spheres with an average diameter of 69±13 and 153±11 nm, 

respectively. Regarding the TEM observations, we recognize the noted difference s 

in particle size and aggregation between CP-PMO and C-PMO. This discrepancy can 

indeed be attributed to the differing chemical interactions and steric hindranc e 

presented by the pyrazole moiety in CP-PMO, which may affect particle  nucleati on 

and growth. Besides higher concentration in precursors ratio of CP-PMO, the distinct 

interactions of functional groups in C-PMO and CP-PMO with solvents, surfactant 

can modulate the kinetics of polymerization or condensation reactions, impacting 

particle nucleation and growth.33 
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Figure 4.2 TEM images of (a) (b) C-PMO and (c) (d) CP-PMO. 

4.3.2 Temperature-Related Fluorescence of PMO@dye@LB 

4.3.2.1 Fluorescence of the prepared PMO@dye@LB.  

 Figure 4.3 presents the solid-state excitation and emission spectra of PMOs at 

room temperature. The excitation bands of the materials are broad, spanning from 

250 nm to over 480 nm. All prepared materials exhibit strong visible emission, which 

can be observed with the naked eye (Figure S4.3a).  

 

Figure 4.3 Combined RT excitation-emission spectrum of the (a) C-PMO and (b) CP-PMO in water (excited 

at 417 nm and observed at 525 nm).  
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π* electron transition of the curcumin linker.23 Compared similarly, the CP-PMO 

material shows a slight blue-shifted spectrum and exhibits a broad emission band 

ranging from 430 to 750 nm, with a peak maximum at 509 nm, which may be 

attributed to the change in the rigidity of the curcumin-pyrazole linker. The 

fluorescence emission spectrum of RhB in water exhibits a prominent emission peak 

at approximately 641 nm when excited at 385 nm, as shown in Figure S4.4a. 

Additionally, its UV-Vis absorption spectrum shows broad absorbance in the range 

of 450-600 nm (Figure S4.4b). Notably, there is a spectral overlap between the 

emission spectrum of PMOs and the absorption spectrum of RhB, as depicted in 

Figure S4.4b. This indicates the possibility of efficient energy transfer from PMO to 

RhB upon excitation at 417 nm. Further insight is offered through Figure S4.5, which 

elucidates the luminescence decay profiles of the individual emissions within the 

PMOs.34 It is notable that the observed decay times for the curcumin functionali ze d 

PMOs appear to be extremely prolonged, comparing with existing literature.35 The 

photoluminescence quantum yield of curcumin exhibits low values across various 

solvents, with a pronounced decrease observed in aqueous environments . 

Consequently, the fluorescence lifetime of curcumin in liquid phase at ambient 

temperature is notably short, typically less than 1 nanosecond.36 The shortene d 

fluorescence lifetime of such dyes in the picosecond range is hypothesized to stem 

from internal barrierless rotation within the excited state.37 Given that rotational 

motions around double bonds are known to decrease fluorescence lifetime, it 

follows that restricting such rotations—by embedding the fluorophores within a 

rigid matrix (PMOs), reducing ambient temperature, or stabilizing the molecule 's 

flexible segments—would mitigate nonradiative decay channels, thereby enhanci ng 

both fluorescence intensity and lifetime.38, 39 These profiles effectively demonstra te 
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a decrease in decay time of PMO’s emission as the quantity of added RhB solution 

increases. 

To enhance the performance of PMO@dye@LB, various composites of 

PMO@dye@LB with differing dye concentrations were synthesized, adhering to the 

ratios delineated in Table S4.1. Figure S4.6 and S4.7 present the emission spectra of 

PMO@dye@LB with different dye contents dispersed in water at room temperatur e. 

As anticipated, the PMO@dye@LB composite exhibits simultaneous emission 

profiles of the rigidified linker and RhB under the same conditions as PMO. The 

emission peak profile of RhB in PMOs (596 nm) is blue-shifted compared to that of 

the RhB water solution (641 nm) and is attributed to pore confinement of RhB within 

PMO due to strong interaction between curcumin/curcumin-pyrazole linker of PMO 

and RhB dye.5 It also suggests that RhB is uniformly accommodated as isolated 

molecules in the pores of PMO, avoiding the formation of excimers or aggregates in 

the solid phase.17 By decreasing the RhB content in the pores of the host framework, 

the emission color of PMO@dye@LB can be tuned, with the color depending on the 

combination of emissions from PMO and RhB, as well as the energy transfer process 

between the two. With decreasing RhB content, the orange emission (596 nm) of 

RhB is attenuated while the emission of PMOs is enhanced, resulting in a color 

change from orange to yellow. The observed blue shift in the emission peak of RhB 

with decreasing dye concentration is related to the confinement effect within the 

PMO's porous structure. This effect limits the RhB molecules' spatial orientation and 

their potential to aggregate. As RhB concentration decreases, spatial confinem e nt 

becomes more significant, leading to an increased presence of isolated RhB 

molecules. These isolated molecules have emission characteristics distinct from 

those in aggregated states, causing the noted blue shift.40 The CIE chromatici ty 
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diagram for PMO@dye@LB was depicted to show the color changes from orange to 

red (Figure S4.8). 

4.3.2.2 Ratiometric temperature sensing properties of PMO@dye@LB 

To assess the potential of PMO@dye@LB as a ratiometric thermometer, a 

detailed investigation was conducted on its temperature -depende nt 

photoluminescent properties. Initially, the host PMOs were excited at a waveleng th 

of 417 nm, and the emission spectra were analyzed across a temperature range of 

293 to 323 K (refer to Figure S4.9). A notable decrease in luminescence was observe d 

for both the curcumin and curcumin-pyrazole linkers with increasing temperature , 

showing reductions of 0.74% and 1.29% per K, respectively (as depicted in Figure 

S4.9). This decline in fluorescence can be attributed to the thermal activation of 

nonradiative decay pathways and relaxation.18 Given the complexity of these 

processes and their dependence on the molecular structure and environme nt, 

pointing out the exact pathways without extensive additional studies can be 

challenging. Our current analysis was based on observed trends consistent with the 

general understanding of thermally induced nonradiative decay in similar systems.  

Additionally, Figure S4.10 presents the luminescence decay profiles for these 

emissions at varying temperatures, highlighting their temperature-responsi ve 

characteristics. The luminescence lifetime, which signifies the average duration of 

the excited state, is observed to decrease with rising temperatures due to the 

increased rate of nonradiative decay. 

Subsequently, the temperature-dependent emission spectra of PMO@dye @LB 

were examined under identical conditions, extending the temperature range to 343 

K (as shown in Figures S3b, S11, and S12). The intricate temperature -depende nt 

changes in various emission bands are succinctly quantified by stating percentag e 

changes per Kelvin (% K-1). The intensity of the curcumin linker in C-PMO@RhB @L B 
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was found to decrease by 0.43% per Kelvin over the range of 293 to 343 K (Figure 

S4.11), a rate significantly higher than that in pristine C-PMO (0.74% K−1). Conversel y, 

the peak intensity of the curcumin-pyrazole linker in CP-PMO@RhB@LB displayed a 

decrease of 1.18% K−1 (Figure S4.12), marginally lower than its rate in CP-PMO (1.29% 

K−1). Detailed analysis of these materials and their CIE coordinates at different 

temperatures is presented in Figure S4.13. Within the C-PMO framework, the 

emission intensity of the curcumin linker remains stable with temperature increase, 

indicating minimal impact from thermal activation of nonradiative decay or 

relaxation processes. However, Figure S4.11 demonstrates that the luminescence of 

RhB is more susceptible to temperature-induced changes compared to the curcumin 

linker. It is acknowledged that rhodamine B (RhB) is highly sensitive to temperatur e 

variations.15 In contrast, the emission from the curcumin-pyrazole linker in CP-

PMO@RhB@LB shows a marked intensity decline with increasing temperature , 

even more pronounced than the decrease observed for RhB (Figure S4.12). This 

suggests that the interaction between the CP-PMO host and the dye enhances the 

temperature sensitivity of the CP-PMO compared to RhB. Based on their clear 

intensity changing trends between curcumin PMO and RhB, we specifically focuse d 

on the spectra of C-PMO@RhB4@LB and CP-PMO@RhB1@LB. Figure 4.4 illustrates 

the temperature dependence by displaying the normalized intensities of their  

corresponding emissions. The PMO@dye composites effectively retain the 

emissions of both RhB and organic linkers, which exhibit distinct thermal 

dependencies. As a result, the intensity ratio between these emissions is highly 

sensitive to temperature, providing a self-calibrated thermometric parameter for 

accurate temperature sensing. 
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Figure 4.4 Temperature-dependent normalized emission spectra of (a) C-PMO@RhB4@LB and (b)CP-

PMO@RhB1@LB dispersed in water recorded from 293.15 to 343.15 K, when excited at 417 nm.  

Ratiometric luminescence temperature measurement involves utilizing the 

emission intensities of two distinct luminescence centers. This measurem e nt 

technique utilizes an intensity ratio parameter (Δ = Ipro/Iref), which represents the 

emission intensity of the probe (Ipro) relative to that of the reference (Iref) in the 

PMO@RhB@LB system. The temperature dependence of the parameter Δ was 

analyzed using the well-known Mott−Seitz model,41, 42 which takes into account the 

interplay between radiative and nonradiative decay processes of each emitting     

center. In summary, the temperature dependence of Δ can be described by eq 1. 

∆=
𝛥0

1+𝛼exp(−∆𝐸 𝑘𝐵𝑇⁄ )
                                          (1) 

where Δ0 is the ratiometric parameter Δ at T = 0 K, the parameter α represents 

the ratio between the nonradiative and radiative probabilities of the deactivati on 

channel. kB refers to the Boltzmann constant, and ΔE represents the activation 

energy of the nonradiative process (thermal quenching). The differential 

temperature sensitivity of C-PMO and RhB leads us to designate the emission 

intensity of C-PMO as Iref, reflecting its lower temperature responsiveness compare d 

to RhB. Conversely, due to CP-PMO's heightened temperature sensitivity, surpassi ng 

that of RhB, the emission intensity of CP-PMO is denoted as Ipro. In accordance with 

eq 1, the experimental values of the parameters Δ for C-PMO@RhB4@LB and CP-

PMO@RhB1@LB can be well fitted using the eq 1 with the correlation coefficient 

(R2) of 0.997 and 0.992, respectively (Table S4.2). 
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The results obtained are in alignment with the predictions of equation 1, 

indicating the presence of a single pathway for thermally induced non-radiati ve 

deactivation in both compounds. The temperature calibration curves (depicted as 

red solid lines) in Figure 4.5a and 4.5c demonstrate the nature of the thermally 

activated channel in C-PMO@RhB4@LB and CP-PMO@RhB1@LB, respectively. The 

fitted α value for CP-PMO@RhB1@LB is higher than that of C-PMO@RhB4@LB , 

indicating a stronger nonradiative deactivation in the latter composite. Of particular 

importance, the S-shaped fitting of the calibration curves yielded two activation 

energies: ΔEC-PMO = 3065.4 cm−1 for C-PMO@RhB4@LB and ΔECP-PMO = 2936.5 cm−1 

for CP-PMO@RhB1@LB. A smaller activation energy typically indicates that the 

temperature-dependent process, such as a nonradiative decay pathway or an 

energy transfer mechanism, occurs more readily with changes in temperature. This 

means that the transition between different emitting states or energy levels within 

the material happens more easily, leading to a more pronounced change in the 

intensity or ratio of emission bands used for temperature sensing.18 In conclusion, it 

indicates that the curcumin-pyrazole linker is more sensitive to temperatur e 

changes compared to curcumin linker, even higher than RhB in CP-PMO@RhB@LB . 

These findings align with the earlier assessment of the temperature dependence of 

the luminescent intensity and lifetime. 
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Figure 4.5 (a)(c) Delta calibration curve for C-PMO@RhB4@LB and CP-PMO@RhB4@LB when eq 1 is 

employed. The points show the experimental Δ parameters and the solid line shows the best fit of 

experimental points. (b)(d) Sr values at varying temperatures (293-343 K). The data is obtained based on 

the peak maxima. 

The relative thermal sensitivity (Sr) is a commonly used figure of merit to 

evaluate and compare the performance of different dual-emitting thermometers.4 2  

By comparing the Sr values of various thermometers, we can assess their  

effectiveness in accurately measuring temperature variations. Higher Sr values 

indicate a higher sensitivity to temperature changes, making a thermometer more 

suitable for precise temperature measurements. It can be defined as 

 𝑆𝑟 =
1

∆
|𝜕∆

𝜕𝑇
|                                             (2) 

where Δ is the ratiometric parameter of our composites and T is the absolute 

temperature. In accordance with the aforementioned definition, the relative 

thermal sensitivity (Sr) values of C-PMO@RhB4@LB and CP-PMO@RhB1@LB were 

(a) (b) 

(c) (d) 
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calculated and presented in Figure 4.5. It can be observed that within the range of 

293 to 343 K, the maximum Sr values for C-PMO@RhB4@LB and CP-

PMO@RhB1@LB were determined to be 1.69% K−1 and 2.60% K−1, respectively. It is 

evident that the composite CP-PMO@RhB1@LB exhibit superior relative 

sensitivities compared to its respective counterpart, C-PMO@RhB4@LB. The 

enhanced sensitivity of CP-PMO@RhB1@LB can be attributed to the stronger 

interaction and reduced nonradiative decays between RhB and the CP-PMO 

framework. Since it is a novel concept to utilize PMO@dye composite as ratiometric 

thermometry system in biomedical applications, there are few reported analogous 

compounds for comparison. Within the spectrum of dye-embedded MOF-derive d 

luminescent materials, our studies reveal that C-PMO@RhB4@LB and CP-

PMO@RhB1@LB stand out for their good maximum relative sensitivity (Srm) within 

the physiological temperature range, as detailed in Table S4.3. Notably, these 

composites exhibit enhanced sensitivities at elevated temperatures, underscori ng 

their promising applicability for temperature sensing in higher temperatur e 

environments. Consequently, the RhB-doped PMO composites emerge as 

candidates for precise temperature monitoring applications under such conditions.  

The temperature resolution (δT) is a crucial parameter for evaluating 

luminescent thermometers and can be defined as follows:43 

𝛿𝑇 =
1

𝑆𝑟

𝛿∆

∆
                                                 (3) 

where δΔ/Δ is the relative standard deviation of the Δ.44 The temperature 

uncertainty (δT) of the composites were calculated using eq 3, and the results 

indicate that it remains below 0.07 K across the entire temperature range under 

investigation (Figure S4.14). 
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To assess the reversibility of the luminescent thermometer, a series of 

temperature-dependent emission measurements were conducted over four 

consecutive cycles within the temperature range of 293 to 343K. The results 

demonstrate that the emission intensity ratio remains nearly constant at various 

temperatures throughout each cycle (Figure S4.15), indicating the excellent 

reversibility of the system.3 

4.3.3 PrestoBlue™ HS cell viability assay conducted on NHDF 

cell line. 

From the obtained graph (Figure 4.6), it can be observed that overall, all three 

materials generally manifest a slight cytotoxic effect across the investigate d 

concentration range. The C-PMO and the C-PMO@RhB@LB materials are negligibly 

toxic to the NHDF cells in the entire investigated concentration range, especially in 

the first portion of the range (up to a concentration of 1.667 mg/mL which includes 

and coincides with the targeted values that may be readily and successfull y 

exploited for the thermometric measurements (proposed in the literature as a 

maximum of 1 mg/mL). Increasing the concentration of C-PMO from 1.667 mg/mL 

to 2.778 mg/mL decreases the NHDF cell viability from ~88 to 60%, therefore it can 

be concluded that C-PMO is significantly toxic to the cells only at the highest tested 

concentration, which exceeds practical concentration limits for thermome tr y 

applications. However, for the C-PMO@RhB@LB material, even at the highest 

tested concentration the cell viability is determined to be ~80%, displaying that 

compared to the C-PMO, the C-PMO@RhB@LB material maintains non-toxicity in a 

wider range, indicating that incorporation of the lipid bilayer has a favorable 

influence contributing to the enhanced compatibility of the material with the 

healthy human fibroblast cells. 
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Figure 4.6 Cumulative grouped bar graph (mean + SD) of cytotoxicity test results obtained for the three 

tested materials. A nonparametric statistical analysis was conducted, employing the Mann-Whitney-

Wilcoxon test to investigate for significant differences between the control median and any other 

concentration group median of a tested sample, where * represents p < 0.05 and ** represents p < 0.01, 

and ns stands for statistically non-significant differences. 

The widefield microscopy images (Figure 4.7, Figure S4.16) also show the 

increasing aggregation of the sample in the same range of increasing sample 

concentration, making the spindle-shaped morphology of the NHDF cells less visible 

to entirely undetectable at the highest tested concentration because of the topical 

fluorescence emission from the aggregated particles themselves and not because of 

complete cell death (Figure S4.16). Because the particles fluoresce inherently, their  

emission is also detected on the widefield microscope, while the excitation 

wavelength of the cell labeling dye and the PMOs coincide. Since the stain emission 

readout for the cytotoxicity and microscopy replicates is collected at different 

emission wavelengths (635 nm and ≥500 nm respectively) it can be concluded that 

there are still viable cells in the wells treated with the highest concentration even 

though they are not visually detectable in the microscopy images since the 
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aggregations obstruct the visual field of the microscope. This can be attributed to 

the relatively high concentrations of sample added in a suspension to the seeded 

cells. For the CP-PMO material, the toxic effect is slightly more pronounced with cell 

viability decreasing from ~60 to ~30% in the concentration range from 0.278 to 

2.778 mg/mL, resulting overall in a very steep toxicity slope at the higher portion of 

the concentration range. The fluorescence microscopy images show less 

aggregation for the CP-PMO sample as compared to the other two samples at the 

same concentrations, making it evident that the cell viability does decrease going 

from 0.278 to 2.778 mg/mL, depicted visually too (Figure S4.16). To conclude , 

comparatively, the C-PMO@RhB@LB material is the least toxic among the three 

tested, with cell viability decreasing down to ~80% for the highest tested 

concentration of 2.778 mg/mL even though some sample aggregation is evident at 

higher concentrations. This highlights the suitability and beneficial compatibility of 

this material to be exploited successfully in thermometry applications in optimal 

doses. The statistically significant differences between the control mean and the 

means of the other columns (shown on the bar graph) could be due to the notable 

aggregates with different dimensions present in the plate wells at much higher 

concentrations of the materials. Additionally, it's worth noting the comparative 

lower toxicity and higher applicability of the C-PMO@RhB@LB system in 

bioapplications, highlighting its potential as a safer alternative for biomedical use. 

While acknowledging that the CP-PMO@RhB@LB system remains a viable option 

for other applications, the selection between these systems should be guided by the 

specific requirements of the application in question, balancing factors such as 

toxicity, biocompatibility, and functional performance. 
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Figure 4.7 Fluorescence microscopy images of the technical replicates with stained NHDF cells for the three 

samples (C-PMO, CP-PMO, C-PMO@RhB4@LB). Calcein-AM was used as the cell stain at a final well 

concentration of 1.5 µM. All scale bars are set to 100 µm. 

Here, we underscore the advantages of utilizing RhB dye-incorpor ate d 

curcumin PMOs for ratiometric dual-emitting thermometry. Our selection of the 

soaking post-functionalization technique underscores its simplicity, versatility, and 

adaptability for optimized dye integration and a broader dye selection, aligning well  

with diverse application needs and scalability for mass production. We acknowle dg e 

the existence of an alternative synthetic strategy, where dyes are integrated during 

the PMO synthesis, potentially offering more uniform dye distribution.45 However , 

this alternative could introduce challenges, such as a narrower dye selection and 

increased synthesis complexity. It is crucial to note that our investigation was 

deliberately focused on the post-functionalization approach, without exploring the 

comparative merits of the in-synthesis dye incorporation, hence a direct comparison 

remains outside the scope of this study.  
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Furthermore, despite the excitation and emission wavelengths' limitation to 

the visible range potentially limiting some biomedical applications, the unique 

properties of these materials open up possibilities, particularly in precise cellular 

temperature measurements within laboratory settings. The ability to accurately 

track and comprehend intracellular temperature fluctuations is vital for delving into 

cellular functions, metabolic activities, and reactions to external stimuli. Employi ng 

ratiometric dual-emitting thermometry facilitated by RhB dye-incorpora te d 

curcumin PMOs offers a novel way for exploring cellular temperature dynamics. This 

information can contribute to advancements in cellular biology, drug delivery 

systems, temperature imaging, and the development of targeted therapies.46 

4.4 Conclusions 

In conclusion, our research has successfully developed two novel ratiometric 

thermometers: curcumin-functionalized PMOs (C-PMO) and curcumin-pyrazole -

functionalized PMOs (CP-PMO), both incorporating RhB as a model dye. The C-PMO 

serves as an excellent host matrix for RhB, ensuring efficient encapsulation and 

stability of the dye within its structure. This combination results in dual-emitti ng 

properties, leveraging the fluorescence emissions of both the curcumin linker and 

RhB for a temperature-dependent response. The C-PMO@RhB demonstrates a 

higher relative sensitivity compared to previous thermometers within the 

physiological temperature range and exhibits the least toxicity among the materials 

tested, making it particularly suitable for biomedical applications. Furthermore, the 

CP-PMO represents an advanced step in this research, introducing a modified 

curcumin-pyrazole linker. This modification enhances the temperature sensitivity of 

the composite, as indicated by its good maximum relative sensitivity. The 

incorporation of the curcumin-pyrazole linker in CP-PMO not only contributes to a 

diverse emission profile but also suggests potential for even broader applications 
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due to its enhanced thermal response. The synthesis of both C-PMO and CP-PMO, 

and their incorporation with RhB, mark an advancement in the realm of luminesce nt 

thermometry. These dual-emitting ratiometric thermometers offer innovative and 

promising approaches for accurate temperature sensing. The successf ul 

demonstration of these composites underscores their potential for practical 

applications and sets a precedent for future explorations in luminesce nt 

temperature sensing technologies. 
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4.5 Supporting information 

Table S4.1 Preparation of PMO@dye. 

Material (x=) C-PMO@RhBx@LB CP-PMO@RhBx@LB 

Rhb (mg) Water (mL) Rhb (mg) Water (mL) 

1 0.1 2 0.1 2 

2 0.1 4 0.1 10 

3 0.1 10 0.1 20 

4 0.1 20   

 

Table S4.2 Fitting parameters of prepared C-PMO and CP-PMO. 

Material Δ0 α ΔE (cm−1) 

C-PMO@RhB3@LB 3.47 3.13*105 3065.4 

CP-PMO@RhB1@LB 0.41 5.89*105 2936.5 

Δ0 is the thermometric parameter at T = 0 K.; α = W0/WR is the ratio between the nonradiative rates (W0 is at T = 0 K) and radiative rates (WR); ΔE is 

the activation energy of the nonradiative process.  

 

Table S4.3. Comparison to the maximum relative sensitivities of several previously reported luminescent 
host-guest MOFs for temperature sensing. 

Materials 
Temperature 

range 
Max Sr Tm Ref. 

DSM@ZnPZDDI 

DSM@ZJU-56 

298-338 K 

298-343 K 

0.44 %·K-1 

1.11 %·K-1 

298 K 

298 K 

18 

Rh101@UiO-67 293-333 K 1.30 %·K-1 333 K 5 

ZJU-88⊃perylene 293-353 K 1.28 %·K-1 293 K 47 

TbTATAB⊃C460 100-300 K 4.484 %·K-1 300 K 48 

CsPbBr3@Eu-BTC 20-100 oC (293-373 K) 3.9 %·K-1 20 oC (293 K) 49 

RhB@IRMOF-3 

FL@IRMOF-3 

20-70 oC (293-343 K) 

20-80 oC (293-353 K) 

0.87 %·K -1 

0.66 %·K -1 

70 oC (343 K) 

80 oC (353 K) 
50 

Dye0.01@Eu-BTC 

Dye0.005@Eu-BTC 

Dye0.001@Eu-BTC 

283-363 K 

0.50 %·K -1 

0.45 %·K -1 

0.30 %·K -1 

363 K 

363 K 

363 K 

51 

RhB@ZnNDPA 30-90 oC (303-363 K) 0.42 %·K -1 30 oC (303 K) 16 

ZJU-21⊃DMASM 20-80 oC (293-353 K) 5.20%·K -1 20 oC (293 K) 17 

C-PMO@RhB@LB 293-343 K 1.69%·K -1 343 K 
This work 

CP-PMO@RhB@LB 293-343 K 2.60%·K -1 343 K 

Sr is relative sensitivity; Tm is temperature when Sr is maximum. 
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Figure S 4.1 1H NMR of (a) curcumin-pyrazole analog, 1c; ; (c) curcumin-pyrazole-Si, 1d; (d) curcumin- Si, 1b 

(e)curcumin, 1a; (f) (3-Isocyanatopropyl) triethoxysilane (IPTES), and 13C NMR of (b) curcumin-pyrazole 

analog, 1c. 

 

Figure S 4.2 Histograms showing the particle size distribution of: (a) C-PMO; (b) CP-PMO. The particle size 

is based on collected TEM images. 

 

Figure S 4.3 Photograph of the prepared PMO@RhB@LB samples at (a) daylight (up) and when placed 

under a laboratory UV lamp with an excitation wavelength of 365 nm (down); (b) 293 K (20 oC) in water 

(up), and 343 K (70 oC) in water (down) under a laboratory UV lamp of 365 nm excitation.  
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Figure S 4.4 (a) Excitation and emission spectra of RhB in water at room temperature (excited at 385 nm 

observed at 641 nm). (b) Emission spectra of the two PMOs – C-PMO AND CP-PMO (excited at 417 nm) and 

UV-vis absorption spectrum of RhB in water at room temperature. 

 

Figure S 4.5 Luminescence decay profiles of (a)C-PMO, and (b) CP-PMO in water upon added increasing 

concentrations of RhB water solution, ex = 417 nm, em = 525 nm (τ: average decay time). 
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Figure S 4.6 Emission spectra of C-PMO@RhB with different dye contents in water excited at 417 nm. 
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Figure S 4.7 Emission spectra of CP-PMO@RhB with different dye contents in water excited at 417 nm. 

 

Figure S 4.8 CIE chromaticity diagram for (a)C-PMO@RhBx@LB (x=1~4) and (b) C-PMO@RhBx@LB (x=1~3) 

with decreasing dye contents excited at 417 nm. 
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Figure S 4.9 Temperature-dependent emission spectra of (a) C-PMO and (b)CP-PMO dispersed in water 

recorded from 293.15 to 323.15 K, excited at 417 nm. 

 

Figure S 4.10 Luminescence decay profile of (a)C-PMO in water, ex = 417 nm, em = 539 nm; (b) CP-PMO in 

water, ex = 417 nm, em = 533 nm. 
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Figure S 4.11 Normalized Emission spectra of C-PMO@RHB@LB with different dye contents (C-

PMO@RhBx@LB, x = 1 - 4) in water recorded from 293.15 to 343.15 K, excited at 417 nm. 
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Figure S 4.12 Normalized Emission spectra of CP-PMO@RHB@LB with different dye contents (CP-

PMO@RhBx@LB, x = 1 - 3) in water recorded from 293.15 to 343.15 K, excited at 417 nm.  

 

Figure S 4.13 CIE coordinates diagram for (a) C-PMO@RhB@LB; (b) CP-PMO@RhB@LB at different 

temperatures (293–343 K). 
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Figure S 4.14 Temperature uncertainty for (a) C-PMO@RhB@LB; (b) CP-PMO@RhB@LB at varying 

temperatures (293-343 K). 

 

Figure S 4.15 Cycle tests for (a)C-PMO@RhB@LB, and (b) CP-PMO@RhB@LB (R - repeatability). 
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Figure S 4.16 Fluorescence microscopy images of the technical replicates with stained NHDF cells for the 

three samples (C-PMO, CP-PMO, C-PMO@RhB4@LB) in the range of 0.1-0.5 mg/well. Calcein-AM was 

used as the cell stain at a final well concentration of 1.5 µM. All scale bars are set to 100 µm.  
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CHAPTER 5. Conclusion and Perspectives 
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This dissertation has advanced the field of luminescent periodic mesopor ous 

organosilicas (LPMOs) by exploring their synthesis, functionalization, and 

application in sensing, catalysis, and temperature monitoring. 

Chapter 2 describes the development of a novel yolk-shell structure based on 

lanthanide periodic mesoporous organosilica (LnPMO) for luminescence turn-off 

sensing of Hg²⁺ ions. This innovative design combines the advantages of LnPMOs 

(broad detection range) with the high sensitivity of upconversion luminesce nt 

nanoparticles (UCNPs) to achieve efficient and selective detection of mercury ions 

in water. We successfully fabricated a well-defined yolk-shell structure with a Tb³⁺ -

complex grafted diureido-benzoicacid hollow PMO (shell) and NaYF4:Yb,Er (UCNP, 

yolk) exhibiting both downshifting (DS) and upconversion (UC) luminescence. This 

design allowed for the integration of the Hg²⁺-responsive Rhodamine B thiolactone 

(RBT) dye within the yolk-shell structure, enabling sensitive detection in the 

upconversion mode. Importantly, the downshifting sensing functionality of the Tb³⁺ 

complex grafted PMO was preserved even after UCNP incorporation. 

Chapter 3 presented the development and application of a novel platform: 

acac-functionalized periodic mesoporous organosilicas (acac-PMOs). These 

materials offer promise for diverse applications in luminescence ion sensing and 

catalysis. The successful synthesis of a new acac-bridged bissilane precursor (acac-

Si) enabled the creation of acac-PMOs capable of grafting metal complexes. This 

work demonstrates the potential of acac-PMOs for various applications. A new 

synthetic approach was established, providing a robust platform for incorporati ng 

acac functionalities within the PMO framework. Eu³⁺-grafted acac-PMO exhibite d 

initial promise for ion sensing applications, although further research is needed to 

optimize its selectivity and sensitivity towards specific target ions. Additionally , 

vanadyl (VO²⁺) grafted acac-PMO demonstrated catalytic activity in a model 
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Mannich-type reaction, highlighting the potential of acac-PMOs as recyclable and 

efficient catalysts for various organic transformations. 

Chapter 4 investigated the potential of PMOs and organic dyes for application 

in a novel ratiometric thermometry system. The miniaturization of technology has 

created a growing demand for nanoscale temperature sensing techniques , 

particularly in fields like biomedicine, where traditional contact thermometers have 

limitations. Luminescence-based thermometry offers a promising solution due to its 

simplicity, high sensitivity, and exceptional spatial and temporal resolution. This 

work focused on developing a ratiometric approach, which utilizes the intensity ratio 

of two distinct emission peaks for enhanced sensing performance. 

Organic dyes have emerged as attractive materials for ratiometric 

thermometry due to their advantageous properties. This study explored the use of 

curcumin, a natural polyphenol with well-known fluorescent properties. Curcumin-

functionalized PMOs (C-PMO) and a modified curcumin-pyrazole functionali ze d 

PMO (CP-PMO) system were successfully synthesized. PMO materials exhibite d 

highly temperature-dependent fluorescence. To create dual-emitti ng 

nanocomposites, RhB dye was encapsulated within the PMO pores. A lipid bilayer 

(LB) coating was then applied to enhance biocompatibility and prevent dye leaching.  

The resulting C-PMO@RhB@LB and CP-PMO@RhB@LB systems demonstra te d 

good maximum relative sensitivity (Sr) within the physiological temperature range. 

This finding highlights the effectiveness of incorporating organic dyes into the PMO 

framework, which enhances dye stability and reduces photobleaching. The addition 

of the lipid bilayer coating further strengthens the platform's suitability for 

biocompatible and sensitive temperature sensing applications. 

Perspectives 
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This dissertation has laid a base for advancements in LPMO research. Looking 

towards the next five years, several specific directions offer the potential for 

significant breakthroughs: 

Chapter 2: Yolk-Shell LPMOs for Hg²⁺ Sensing - Going Ultra-Sensitive and 

Multiplexed 

The current research on yolk-shell LPMOs for Hg²⁺ detection demonstra te s 

promising sensitivity. The next challenge is to achieve ultra-low detection limits 

(LODs) below 10 nM, competing with the performance of state-of-the-ar t 

techniques. Future research directions include exploring methods to improve 

sensitivity by optimizing the UCNP composition and RBT loading within the yolk-shell  

structure. Additionally, investigating the influence of different ancillary ligands on 

the performance of the Tb³⁺ complex grafted PMO in the downshifting mode would 

be beneficial. Evaluating the sensor's selectivity for Hg²⁺ ions in complex 

environmental and biological samples is crucial for real-world applications. Finally, 

developing a practical method for utilizing the yolk-shell sensor for real-time Hg²⁺ 

detection in water samples would be a contribution to environmental and industrial  

monitoring. 

A critical direction for the next phase of research is to expand the yolk-shell  

sensor's capabilities beyond single-analyte detection. By incorporating multiple 

responsive dyes within the yolk-shell structure and utilizing advanced signal 

processing algorithms, researchers can develop a versatile sensing platform capable 

of simultaneous detection of various heavy metal ions, including mercury, lead, and 

cadmium, in complex environmental samples. Achieving this milestone would 

revolutionize environmental monitoring practices, providing comprehensi ve 

insights into water quality and facilitating timely interventions to safeguard public 

health. 
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Chapter 3: Acac-Functionalized LPMOs for Sensing and Catalysis - Expanding 

the Horizons 

The potential of acac-PMOs extends beyond ion sensing. The next steps involve 

exploring their application for the detection of other crucial analytes such as 

biomolecules (glucose, cholesterol) or environmental pollutants (nitrates, 

phosphates). This can be achieved by incorporating specific recognition units like 

aptamers or antibodies within the PMO framework or by designing responsi ve 

organic fluorophores that interact selectively with the target analyte. 

Integrating transition metal complexes as functional molecules has the 

potential to create LPMOs with enhanced catalytic activity for various organic 

transformations, such as C-C bond formation reactions and selective oxidation 

processes. Furthermore, detailed mechanistic investigations are crucial to 

understand the role of acac functionalities in both ion sensing and catalysis 

processes within acac-PMOs. 

Recent research explores exciting new applications for lanthanide-based PMOs 

(LnPMOs) beyond their established role. These include nanoscale thermometry due 

to their unique luminescence properties, and solvent sensing through their  

responsiveness to environmental shifts. Additionally, LnPMOs hold promise for 

photodynamic therapy (PDT) by incorporating photosensitizers for light-activate d 

cancer treatment. Their inherent porous structure further allows for drug 

encapsulation and controlled release, with potential for targeted delivery throug h 

further functionalization. This research paves the way for LnPMOs to play a 

significant role in diverse fields. 

Chapter 4: PMO-Dye Nanocomposites for Thermometry - In vivo and Clinical 

Applications 
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The future of PMO-dye nanocomposites lies in in vivo temperature monitori ng 

within living organisms. This necessitates addressing biocompatibility concerns and 

developing strategies for targeted delivery of the nanocomposite to specific tissues 

using biocompatible polymers or functionalization with targeting moieties.  

Investigating the long-term stability of PMO-dye nanocomposites under 

physiological conditions is crucial. This involves studying potential degradati on 

pathways, dye leaching, and the performa nce of the lipid bilayer coating over 

extended timeframes. Finally, the development of clinical-grade PMO-dye 

nanocomposites for real-time temperature monitoring during minimally invasive 

surgeries or for monitoring localized inflammation within the body holds immense 

promise. However, this necessitates rigorous biocompatibility testing and navigating 

regulatory approval processes. 

By pursuing these specific directions, LPMO research can unlock their full  

potential for a multitude of sensing, catalysis, and thermometry applications, with 

significant implications for environmental monitoring, healthcare diagnostics, and 

technological advancements. 


