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In OLEDs, recombination of injected electrons and holes generates excitons in a ratio 

of 25% singlets to 75% triplets based on the laws of spin statistics. Thus, the development of 

luminescent materials that can harvest triplets is important. However, if a large number of 

triplet excitons accumulates, which is prone to happen because of the generally long lifetimes 

of triplets, external quantum efficiency (ηEQE) tends to decrease because of TTA and 

singlet-triplet annihilation at high current densities. Therefore, it is necessary to develop 

luminescent materials that can efficiently and rapidly convert triplet excitons into emission to 

achieve a high photoluminescence quantum yield (ΦPL) and short triplet lifetime. 

Phosphorescent materials, which are able to utilize triplet excitons for emission, have 

been the focus of intense development since 2000, when Adachi et al. demonstrated an ηEQE 

of nearly 20% in the OLED using the phosphorescent emitter Ir(ppy)3.
13 Although 

phosphorescent materials can achieve ΦPL of nearly 100% with relatively short triplet 

lifetimes, they require the inclusion of a rare metal in the chemical structure to obtain a high 

rate constant of radiative decay from T1 to S0 (kp). Anthracene derivatives can be used as 

emitters to harvest triplets via TTA for emission without the need for rare metals, but the 

theoretical maximum internal quantum efficiency (ηIQE) based on such a strategy is limited to 

62.5%. In 2009, the potential to use TADF, which up-converts T1 to S1 through RISC, in an 

OLED under electrical excitation was first demonstrated, but these initial devices had a low 

efficiency.14 Uoyama et al. then reported a series of highly efficient TADF emitters that are 

based on carbazolyl dicyanobenzene and exhibit ΦPL of over 90%, allowing high ηEQE of 20% 

comparable to phosphorescence OLEDs.15 Thus, TADF materials eliminate the need for rare 

metals while also achieving ηIQE of nearly 100% and short triplet lifetimes.  

These triplet-harvesting emitters have also been adapted for use in other applications, 
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such as sensors,16 optical storage,4,12 photocatalysts, photon up-conversion,17 bio-imaging,18,19 

and reverse saturable absorption.20 In these applications, a long triplet lifetime is often more 

desirable than a short one. In the case of bio-applications, long-lived triplet excitons are useful 

because the emission by phosphorescence can be temporally separated from the excitation of 

the emitters by light, leading to lower-cost detectors such as charge-coupled devices 

(CCDs).18 To obtain reverse saturable absorption upon exposure to weak continuous 

incoherent light, the accumulation of a population of singlet or triplet excitons is important, so 

the long lifetimes of triplet excitons make triplets the superior candidate.20 In photon 

up-conversion, the probability of triplet-triplet fusion increases with the collision frequency of 

triplet excitons.17 Therefore, approaches to control triplet dynamics in molecules are 

important for these and new applications. 

The dynamics of triplet excitons are primarily determined by processes falling into 

four main categories: (1) ISC and (2) RISC between singlet and triplet states, (3) radiative 

decay from T1 to S0, and (4) nonradiative decay, which can be further divided into each 

processes such as thermal deactivation, concentration quenching, and energy transfer to other 

molecules. To rapidly harvest triplets for emission with a short lifetime, either the radiative 

decay of triplets (3) or the RISC of singlets to triplets (2) must be accelerated. The former is 

most commonly achieved through inclusion of heavy atoms in the chemical structure of an 

emitter or the environment surrounding the emitters, because heavy atoms can accelerate both 

the rate constant of ISC from singlets to triplets (kisc) and of radiative decay from T1 to S0 (kp) 

(1 and 3). On the other hand, minimization of the energy gap between S1 and T1 is essential to 

accelerate RISC (2) and attain emission through thermally activated delayed fluorescence, 

which has a shorter lifetime than phosphorescence from metal-free aromatic compounds. 
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If long-lived room-temperature phosphorescence is desired, nonradiative decay 

processes must be minimized because they generally far outpace the radiative decay of triplets. 

Two methods to reduce nonradiative decay and increase ΦPL, without increasing kp, are the 

introduction of emitters into rigid host matrices such as steroids21,22 and polymers23,24 and the 

encapsulation of emitters in clathrate compounds like cyclodextrin25,26 and cucurbituril.27 

Although these host matrices can be easily fabricated without necessitating the synthesis of 

new emitters, they have some serious problems. For example, the use of cyclodextrin or 

cucurbituril limits the available guest emitters to those that are small enough to fit in the 

encapsulating molecule, and steroids and polymers are thermally instable because of phase 

transitions and thermal decomposition. Therefore, I have considered metal-organic 

frameworks (MOFs) as an alternative option for suppressing nonradiative decay processes 

while solving some of the previously mentioned problems. 



1-2. Me

M

were fir

and S. K

clusters

between

MOFs, 

choice o

of MOF

metal io

M

applicat

designin

and mo

synthesi

sensors,

Figure 1

linkers.

etal-organic

Metal-organ

rst explored

Kitagawa et

 and organi

n the metal 

including th

of compone

Fs can be t

ons.35–38  

MOFs with

tions such a

ng organic l

odifying the

ized and st

,42 photovol

1-2. Example

c framewor

nic framew

d in the late 

t al. almost 

ic linkers he

cations and

he size and 

ents (Fig. 1-

tuned by fu

h a high se

as in gas se

linkers and 

eir surfaces

tudied with

ltaic cells,43

es of metal-o

rks (MOFs

works (also 

1990s as a

at the same 

eld together

d the functio

shape of th

2).30–34 Furt

unctionalizin

electivity a

eparationan

secondary 

. During th

h the aim o

3,44 thermoel

organic fram

 10

s) 

referred as

a new class 

 time.28,29 M

r by coordin

onal groups 

he pores and

thermore, th

ng the orga

and extreme

nd storage.39

building un

he past dec

of opening

lectric devi

meworks (MO

s porous co

of porous m

MOFs are co

nation bonds

of the linke

d windows, 

he photophy

anic linkers

ely large s

9–41 Such M

nits (SBUs)

ade, a wide

g new appli

ces,45 hydro

OFs) using di

oordination 

materials by

omposed of 

s formed at 

ers. The stru

can be cont

ysical and e

s or changin

urface area

MOFs have 

,36 tuning sy

e variety of

ications, su

ogen storage

ifferent meta

Ch

n polymers 

y O. M. Yag

f a network 

ambient co

uctural prop

trolled base

electronic pr

ng the sele

a have com

been devel

ynthetic con

f MOFs ha

uch as in c

e,41 and cata

 

al cations and

hapter 1 
 

(PCPs)) 

ghi et al. 

of metal 

onditions 

perties of 

ed on the 

roperties 

ection of 

mmercial 

loped by 

nditions, 

ave been 

chemical 

alysis.46  

d organic 



Chapter 1 
 

 11

1-3. Synthesis of MOFs 

A wide variety of synthetic methods are possible because MOFs can be constructed by 

coordination bonds between metal ions or clusters and carboxylate, phosphonate,47 and amino 

groups. Although MOFs can be synthesized through self-assembly at ambient condition 

without heating, single crystals and high crystalline samples are commonly formed using 

solvothermal reactions, which are defined as reactions taking place in closed vessels above 

the boiling point of the reaction solvents.48 Using the SBUs which were reported by O. M. 

Yaghi et al. systematized in 2008,49 a vast number of MOFs have been synthesized. Several 

other synthetic methods, such as microwave,50 electrochemical,51 and mechanochemical 

syntheses52 have been demonstrated with the aim of developing solvent-free, low-cost, 

environmentally friendly, and time-saving procedures. Developing ways to fabricate MOF 

thin films is also for application of MOFs to electronic devices such as photovoltaic 

cells43,44and thermoelectric devices. In 2007, a step-by-step fabrication method for MOF thin 

films, which is called the layer-by-layer method, was developed by C. Wöll et al.53 The MOFs 

are grown by soaking a substrate functionalized with amine- or carboxyl-terminated 

self-assembled monolayers in alternating solutions of metal or organic ligand. Using this 

method, highly oriented MOF films and a tunable thickness can be obtained by altering the 

temperature or the number of immersion cycles.  

Once MOFs are synthesized, an activation step of MOFs, which eliminates the 

residual organic linkers and reaction solvents within the pores of MOFs, must be performed. 

The residual organic compounds often cause undesired influence on their photophysical 

properties. Therefore, the activation step generally consists of the following steps: (1) 

washing with organic solvents such as dimethylformamide (DMF) several times, (2) soaking 
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1-4-1. Metal-based emission 

There are many MOFs that have metal-based emission originating from luminescence 

of lanthanide ions.64,65 In such MOFs, organic linkers absorb the excitation light and transfer 

their energy to the lanthanide ions. The emission spectra and lifetime of these MOFs are 

determined by the properties of the metal. Therefore, the MOFs having metal-based emission 

often exhibit narrow emission spectra and long luminescence lifetimes, making them 

promising for sensing applications.65 After Reineke et al. firstly reported a MOF based on 

terbium ions in 1999,66 lanthanide-based MOFs have been well developed with a focus on 

potential applications such as luminescence and chemical sensing.  

 

1-4-2. Ligand-based emission 

Ligand-based emission includes metal-to-ligand and ligand-to-metal charge transfer 

(MLCT and LMCT, respectively) and luminescence directly from the organic ligands 

themselves, such as anthracene67 and pyrene derivatives.68 The design and synthesis of 

organic molecules with specific functional groups for linking, such as carboxyl or amine, are 

needed to construct new MOFs with ligand-based luminescence. This restriction of chemical 

functionality makes it difficult to develop their photophysical properties and applications. 

There are also many reports describing aggregation,69 excimer formation,70 or self-quenching 

of organic ligands,70 which lead to low ΦPL, shifted emission colors, and decreased exciton 

lifetimes. In 2014, H.-C. Zhou et al. reported PCN-94 (a Zr-based MOF), which uses the 

fluorescent linker 4′,4′′′,4′′′ ′′,4′′′ ′′′ ′′-(ethene-1,1,2,2-tetrayl)tetrakis(([1,1′-biphenyl]-3-carbo- 

xylic acid)) (H4ETTC). The aromatic core tetraphenylethylene in H4ETTC is well-known for 

its aggregation-induced emission (AIE) characteristics.71 Because the formation of MOFs 
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rigidifies AIE emitters, the nonradiative decay process caused by molecular motion is 

suppressed. As a result, PCN-94 exhibited a ΦPL of almost 100% compared to 30% for 

H4ETTC at the solid state. Therefore, if we carefully consider predicted MOF structures 

based on new luminescent organic linkers and SBUs, it is possible to avoid undesired 

photophysical effects such as self-quenching. 

 

1-4-3. Guest-related emission 

Guest-related emission is also divided into emission from the guest itself 57,72–75 and 

emission from charge transfer or interaction between the guest and the organic linkers or 

metal clusters.56,76,77 Introduction or encapsulation of guest molecules into MOFs is an 

attractive strategy to acquire novel optical properties. The rigid frameworks of MOFs can 

immobilize organic ligands or encapsulate emitters, leading to the suppression of molecular 

diffusion and nonradiative decay. Moreover, molecular orientation can be expected because of 

the well-ordered structures of MOFs. Encapsulation of emitters in individual pores of MOFs 

can prevent the guest emitters from aggregating with each other. Both MOFs and guest 

emitters can be selected from a long list of existing ones, which means that synthesis of new 

luminescent organic ligands is not necessary. Although the introduction of guest emitters 

within MOF cavities reduces the MOF’s porosity, the concentration of guest emitters can be 

easily tuned by reducing the amount of emitter in the reaction solution used to fabricate the 

MOF (Table 1-1). 

Table 1-2 illustrates that the history of emitters used in the pores of MOFs for 

guest-related emission. Encapsulation of fluorescent aromatic guests in the pores of a MOF 

was first demonstrated by M. J. Zaworotko et al. in 2002.78 In this report, exciplexes were 
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formed between the organic linker Bipy (4,4’-bipyridyl) and the aromatic guest pyrene. Ten 

years after this report, G. Qian et al. achieved second-order nonlinear optical activity by 

introducing 4-(4-(diphenylamino)styryl)-1-dodecyl-pyridinium bromide (DPASD) in the 

pores of an anionic indium-based MOF named ZJU-28.79 ZJU-28 has two types of one 

dimensional (1D) channels along the a and c axes of about 6.1 × 6.1 and 7.1 × 8.5 Å, 

respectively, in which DPASD can be uniformly aligned. As a result, second harmonic 

generation was achieved when excited at 1,064 nm. They then continuously accomplished 

two-photon-pumped lasing in 2013.72,80 The aligned organic emitters 

4-[p-(dimethylamino)styryl]-1-methylpyridinium (DMASM) in the 1D channels of 

bio-MOF-1 (Zn8(Ad)4(Bpdc)6O·2Me2HN2 (Ad: adeninate, Bpdc: 4,4’-biphenyldicarboxylic 

acid)) lead to the enhancement of ΦPL from 1.5% (DMASM at solid state) to 25.9% 

(DMASM@bio-MOF-1). Two-photon-pumped red lasing was observed when excited with a 

1,064 nm near-infrared pulse laser. Furthermore, three-photon-pumped lasing and whispering 

gallery modes were realized in DMASM@ZJU-68 (ZJU-68: H2[Zn3O(C17H9NO4)3]) 

hexagonal prism crystals because of the highly orientation of DMASM as well as 

DMASM@bio-MOF-1 in 2016.75 A lasing threshold of ~224 nJ centered at 642.7 nm on 

excitation at 1,380 nm was achieved. Suppression of nonradiative decay processes including 

self-quenching and molecular orientation were accomplished owing to the well-ordered 

structures and isolation of emitter pores. 

White luminescence is useful for lighting applications and white LEDs. However, it is 

difficult to acquire white luminescence because monochromatic emitters rarely emit in the 

entire visible region. Thus, dichromatic approaches have been mainly used because 

color-rendering properties can be easily tuned by changing emitter concentrations. 
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Luminescent MOFs are of great interest to attain efficient white emission because MOFs can 

encapsulate aromatic guests as an extra emitting molecule even after their synthesis. Highly 

efficient white-light-emitting solid-state materials were demonstrated by encapsulating a 

yellow phosphorescent Ir complex, Ir(ppy)2(bpy)+ (ppy: 2-phenylpyridine, bpy: 

2,2’-bipyridyl) into a mesoporous blue fluorescent cadmium-based MOF (Cd-MOF) with a 

ΦPL of 20.4% and Commission International de I’Eclairage (CIE) coordinates of (0.31, 

0.33).73 In 2015, A. Douhal et al. encapsulated two different aromatic guests coumarin 153 

and nile red in the pores of Zr-NDC (NDC: 2,6’-naphthalenedicarboxylic acid).69 In this case, 

the highest ΦPL of 33.2% with CIE coordinates of (0.32, 0.34) was achieved.  

In these ways, a method of encapsulating luminescent aromatic guests into MOF pores 

is effective to explore a new class of luminescent materials and photophysical properties that 

are not successfully realized by aromatic guests or organic linker themselves. 

Table 1-1. Advantages and disadvantages of metal-based emission, guest-related emission and 

ligand-based emission in MOFs. 

 Advantages Disadvantages 

Metal-based 

emission 

Narrow emission 

Long-lived emission (Ln) 

High surface areas 

Need to manage triplet energy 

level of organic linkers 

Ligand-based 

emission 

Maintain high porosity 

Reduce nonradiative decay 

Molecular orientation 

Suppress molecular diffusion 

Need to synthesize organic linkers

Aggregation 

Excimer formation 

Self-quenching 

Guest-related 

emission 

Suppress self-quenching 

Suppress aggregation 

Suppress molecular diffusion 

No need to synthesize new emitters 

Reduce nonradiative decay 

Molecular orientation 

Reduce porosity 

Size matching 
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1-4-4. Triplet excitons in MOFs 

Just like with organic emitters, triplets can be used for emission from MOFs. The 

inclusion of heavy atoms to accelerate phosphorescence can be accomplished in several ways. 

Rare metals such as Ru, Ir, and Re have been incorporated in MOFs as the metal cluster, or 

metals can be included in the chemical structure of the organic linkers or MOF-entrapped 

guest molecules.56,73,81–88 However, triplet excitons in purely aromatic molecules that are used 

as the organic linkers or that are trapped in a MOF as guest molecules have barely been 

investigated despite the unique environment that a MOF provides.67 Following the history of 

triplet excitons in MOFs (Table 1-3), in 2014, [Cd2(TIPA)2Cl4]·6DMF was the first MOF to 

exhibit phosphorescence from a pure aromatic linker, tri(4-imidazolylphenyl)amine (TIPA).89 

However, phosphorescence cannot be observed at room temperature. X.-M. Ren et al. 

reported the first room temperature phosphorescence (RTP) from a Mg-based MOF consisting 

of 1,1′-ethynebenzene-3,3′,5,5′-tert-racarboxylic acid (H2EBTC) without any heavy atoms in 

2016.90 Long-lived RTP (τp = 0.47 s) was demonstrated in Zn(BDC)(DMF)·(1-DMF) (BDC: 

1,4-benzenedicarboxylic acid) by D. Yang et al. in the same year.91 They also synthesized 

Cd(m-BDC)(BIM) (m-BDC: 1,3-benzenedicarboxylic acid, BIM: benzimidazole) exhibiting 

the long lifetime of 0.75 s at room temperature.92 Although they mentioned that this Cd-based 

MOF exhibited reversible pH-responsive phosphorescence for pH values from 3 to 11, X-ray 

diffraction pattern (XRD) showed the structural changes occurred, indicating that the MOF 

decomposed under a high pH value. Subsequently, they achieved reversible full color RTP of 

an anionic MOF (AMOF-1), CdLi(m-BDC)2(Me2NH2) (Me2NH2: dimethylamine), by a 

cation exchange with Mn2+ at different concentrations.93  

In total, less than 5 papers demonstrating RTP without heavy atoms have been 
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reported to date. Moreover, the dynamics of triplet excitons in MOFs have not been deeply 

discussed. Since I expect that the separation and rigidity offered by a MOF can potentially 

help suppress the nonradiative deactivation of triplets by self-quenching, thermal deactivation, 

and energy transfer while not affecting kp, introduction of triplet-based emitters as organic 

linkers or encapsulated guest molecules is considered as an attractive option for controlling 

and realizing triplet exciton dynamics. This strategy could provide a new platform not only 

for investigating basic photophysical properties but also developing advanced applications for 

luminescence. 
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1-5. Outline of this thesis 

The goal of this thesis is to develop new ways to control the harvesting of triplet 

excitons for luminescence by exploiting the rigid environments provided by MOFs. This 

thesis is organized as follows.  

In Chapter 2, I utilize triplet excitons via TADF originating from ligand-based 

emission. A Zr-based MOF (namely UiO-68-dpa) is synthesized based on the newly designed 

organic linker with TADF properties (H2tpdc-dpa). The linker consists of diphenylamine as 

an electron-donating moiety and carboxyl groups as both electron-accepting moieties and 

linkers that bond to the Zr clusters. From this new MOF, TADF characteristics are obtained at 

room temperature. The interactions among organic linkers, neighboring organic linkers, and 

metal clusters are discussed in terms of their effects on the emission spectrum, self-quenching, 

and ΦPL.  

In Chapter 3, I obtain long-lived room-temperature phosphorescence from MOFs 

having guest-related emission. Long-lived phosphorescence is demonstrated with an emission 

lifetime of 22.4 s at room temperature from coronene-d12 encapsulated in the zeolitic 

imidazolate framework ZIF-8 (coronene-d12@ZIF-8). The guest emitter coronene-d12 is well 

isolated in the rigid framework of ZIF-8, enabling long-lived triplet excitons even at 

temperatures higher than 300 K. Thermally activated delayed fluorescence is also 

demonstrated at temperatures over 300 K.  

In Chapter 4, I demonstrate a new strategy to control the dynamics of triplet excitons 

in organic emitters by using gases to influence emitters encapsulated in a metal organic 

framework. Because MOFs intrinsically have a large number of pores that can accommodate 

gases and aromatic molecules, the heavy-atom gas xenon (Xe) can be introduced into 
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coronene-d12@ZIF-8 to influence the emission properties of coronene. Triplet excitons 

accumulated by photoexcitation of coronene-d12 under vacuum can be rapidly converted into 

emission immediately after introduction of Xe. I can easily regulate the timing and speed of 

extraction of the accumulated triplet excitons as emission by introducing gas mixtures with 

various concentrations of Xe.  

In Chapter 5, the thesis is summarized, and future prospects are discussed.  
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2-1. Introduction 

Organic molecules exhibiting TADF are being actively developed for highly efficient 

OLEDs.1 Capable of harvesting 100% of excitons, TADF molecules produce delayed 

fluorescence when singlet excitons produced by the reverse intersystem crossing of triplet 

excitons radiatively decay. Delayed fluorescence is also useful for bioimaging applications 

because the delayed emission can be temporally separated from the excitation light.2,3 

However, most organic emitters needed to be dispersed into solvents or host molecules to 

avoid concentration quenching of the emission. Furthermore, the charge-transfer emission of 

TADF molecules is strongly affected by the polarity of solvents or host molecules and often 

quenched in polar solvents like water, complicating film optimization and hindering 

biological applications. 

The high surface area, porosity, thermal stability, chemical stability, and structural 

tunability of MOFs possibly offer a way to modify some of these effects.4 MOFs are hybrid 

porous materials composed of metal-clusters and organic linkers. Because their rigid 

frameworks inhibit nonradiative deactivation5,6 and prevent aggregation of emitters,7,8 

solid-state emission can be observed by introducing luminescent organic molecules into 

MOFs as linkers or guests.9 Such solid-state luminescent MOFs are useful for bioapplications, 

including bioimaging10 and drug delivery11, photocatalysts12 and chemical sensors13. Although 

a wide variety of luminescent MOFs have been demonstrated to date and I previously showed 

that guest molecules within MOF pores can exhibit TADF,7 a MOF exhibiting intrinsic TADF 

has never been reported. MOFs exhibiting TADF could be an avenue to achieving higher 

thermal and chemical stability than in conventional TADF molecules and may offer new ways 

to tune TADF properties, such as delayed lifetime and emission spectrum, by varying the 
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selection of metals and size of pores. 

Here, I design a new linker with TADF properties for use in MOFs. The linker, 

H2tpdc-dpa, has both electron-donating and electron-accepting moieties with a large dihedral 

angle between them. Based on this TADF linker, I developed a zirconium-based MOF that is 

the first to exhibit intrinsic TADF at room temperature.  

 

2-2. Calculation and design of organic linker 

Most TADF molecules consist of electron donor and acceptor units separated by a 

large dihedral angle to effectively separate the highest occupied molecular orbital (HOMO) 

and the lowest unoccupied molecular orbital (LUMO) of the molecule. The resulting small 

spatial overlap between the HOMO and the LUMO leads to a small energy gap between the 

lowest singlet excited state and the lowest triplet excited state (ΔEST).  

Organic linkers used in MOFs often contain a carboxyl unit as the functional group 

that coordinates with the metal center. Since a carboxyl group acts as an electron acceptor, 

TADF emission might be obtained by adding an electron-donating unit to the linker to induce 

the spatial separation of the HOMO and LUMO. For example, the organic linker H2tpdc-NH2, 

which was used in the MOF (UiO-68-NH2), contains an electron-accepting carboxylic acid 

and an electron-donating amino group.14 The ΔEST of this linker was calculated to be as high 

as 0.66 eV using density functional theory (B3LYP/6-31G level). This large value is the result 

of a small dihedral angle between the donor and acceptor moieties (Fig. 2-1a) and is too high 

to enable the efficient conversion of triplet excitons to singlet excitons at room temperature. 

To obtain a smaller ΔEST, I designed the novel linker H2tpdc-dpa, which consists of carboxyl 

and diphenyl amino moieties. A large steric hindrance between the donor and acceptor 
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Lambda 950-PKA UV–vis spectrophotometer. Photoluminescence quantum yields were 

obtained from an absolute photoluminescence quantum yield measurement system 

(Quantaurus-QY C11347-01, Hamamatsu Photonics). The photoluminescence decay 

characteristics of the solution samples were recorded using a fluorescence lifetime 

measurement system (Quantaurus-Tau, Hamamatsu Photonics). The photoluminescence decay 

characteristics of the film samples were recorded under vacuum using a streak camera (C4334, 

Hamamatsu Photonics) equipped with a N2 gas laser (KEN-X, Usho, λ = 337 nm, pulse width 

≈ 500 ps, repetition rate = 20 Hz) as the excitation source. Low-temperature measurements 

were conducted using a cryostat (CRT-006-2000, Iwatani Industrial Gases). X-ray diffraction 

patterns were obtained using a Rigaku Ultima IV diffractometer with CuKα radiation. 

Thermogravimetric analysis data were measured with a rate of 10 °C/min using a Bruker 

TG-DTA2400SA analyser. 

 

2-3-3. Calculation 

All quantum chemical calculations were performed using the Gaussian 09 program 

package Geometry optimization was carried out using the B3LYP functional with the 

6-31G(d) basis set. Low-lying excited singlet and triplet states were computed using the 

optimized structures with time-dependent density functional theory (TD-DFT) at the same 

level.  
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4,4”-Dicarboxyl-2’-diphenylamino-[1,1’:4’,1”]terphenyl (H2tpdc-dpa) 

To a dioxane (20 mL) solution of 2 (0.20 g, 0.4 mmol), KOH (0.17 g, 3.0 mmol) in 

aqueous solution (10 mL) was added and refluxed overnight. The resulting clear solution was 

cooled to room temperature and treated with hydrochloric acid (concentrated HCl) through an 

addition funnel with ice bath until the solution reached a pH of 1. Then, the mixture was 

stirred for another 1 hour. Finally, the precipitate was filtered and dried under vacuum to give 

H2tpdc-dpa as a yellow powder (0.18 g, 93%). 

1H NMR (500 MHz, DMSO, 25 °C): δ (ppm) = 12.9 (br, 2H), 8.01 (d, J = 8.5 Hz, 2H), 

7.75 (m, 5H), 7.57 (d, J = 8.7 Hz, 1H), 7.53 (d, J = 8.0 Hz, 1H), 7.36 (d, J = 8.3 Hz, 2H), 7.13 

(t, 4H), 6.85 (t, 6H). 13C NMR: (125 MHz, CDCl3, 25 °C): δ (ppm) = 167.53, 167.50, 147.26, 

145.45, 143.46, 140.97, 138.81, 133.00, 130.55, 129.65, 129.51, 129.44, 128.78, 127.98, 

127.25, 122.27, 122.23. MS (MALDI-TOF-MS): m/z 484.69 [M]+ Elemental analysis: calcd. 

for C32H23NO4: C, 79.2; H, 4.74; N, 2.88; found: C, 79.0; H, 4.87; N, 2.87 
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Synthesis of UiO-68-NH2 and UiO-68-dpa 

In a 6-dram vial, a DMF solution (10 mL) of H2tpdc-NH2 (67 mg, 0.2 mmol) or 

H2tpdc-dpa (97 mg, 0.2 mmol), ZrCl4 (57 mg, 0.2 mmol), benzoic acid (UiO-68-NH2: 488 

mg, 4.0 mmol; UiO-68-dpa: 122 mg, 1.0 mmol) and water (18 μL) was heated to 70 °C for 3 

days. After cooling to room temperature, the precipitates were isolated by centrifugation. The 

solids were suspended in DMF (20 mL). After standing at room temperature for 1 day, the 

suspensions were centrifuged and the solvent was decanted off. This treatment was repeated 

five times to remove the unreacted organic linker. Afterwards the same procedure was 

performed with ethanol (20 mL × 3). The solids were dried at 120 °C for 12 h under reduced 

pressure.  

Elemental analysis of UiO-68-dpa: calcd. for Zr6O5(OH)3(H2tpdc-dpa)5.5·11H2O: C, 

59.8; H, 3.98; N, 2.18; found: C, 59.3; H, 3.70; N, 2.31 

 

2-4. Characterization of UiO-68-dpa 

Both H2tpdc-NH2 and H2tpdc-dpa linkers and their Zr-based MOFs (UiO-68-NH2 

and UiO-68-dpa, respectively) were synthesized and characterized (Scheme 2-1). The powder 

X-ray diffraction pattern of UiO-68-dpa reveals the crystallinity of the MOF, and the 

diffraction peaks are similar to those of UiO-68-NH2, which has two different-shaped cavities 

in the structure (Figs. 2-1 and 2-4).14 The nitrogen isotherms of UiO-68-dpa, with a step at 

P/P0 of 0.2, are also consistent with the presence of two types of cavities (Fig. 2-5). The BET 

surface area of UiO-68-dpa was calculated to be 1455 m2/g, which is smaller than that of 

UiO-68-2CH3 (2470 m2/g)15 because the diphenylamine of H2tpdc-dpa partially occupies the 

cavities. Scanning electron microscopy images reveal an octahedral morphology for 
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2-5. Results and discussion 

2-5-1. Photophysical properties of H2tpdc-dpa and UiO-68-dpa 

UV-vis absorption and emission spectra of H2tpdc-dpa in tetrahydrofuran (THF) 

solution and UiO-68-dpa dispersed in THF are shown in Fig. 2-8a, and the photophysical 

properties are summarized in Table 2-1. The absorption spectrum of H2tpdc-dpa shows two 

absorption peaks at 291 and 370 nm, which are attributable to π-π* and charge-transfer 

transitions, respectively. The H2tpdc-dpa linker exhibits broad charge-transfer emission with 

a peak at 481 nm in THF solution. The phosphorescence spectrum of H2tpdc-dpa in THF was 

observed at 77 K (Fig. 2-8b), and the ΔEST was estimated to be 0.24 eV from the offset 

between the fluorescence and phosphorescence spectra, which is good agreement with the 

calculation results. 

Although H2tpdc-dpa also exhibits charge-transfer emission when doped in a 

solid-state film of PMMA, the emission peak maximum (Fig. 2-9) was red-shifted from 461 

nm to 500 nm by increasing the concentration from 2 wt% to 50 wt%, indicating that 

H2tpdc-dpa aggregates at higher concentrations. We investigated the emission decay of 

H2tpdc-dpa doped at different doping concentrations (2 wt%, 5 wt%, and 10 wt%) into 

PMMA (Fig. 2-10). All films exhibit double exponential decay corresponding to prompt 

fluorescence and the delayed fluorescence. These results indicate that H2tpdc-dpa exhibits 

TADF characteristics in both the isolated and aggregated states. Although the prompt 

emission decay is almost constant at all concentrations, the delayed emission lifetime 

decreases with increasing doping concentration because of concentration quenching. 

The photophysical properties of UiO-68-dpa were measured after activation of 

UiO-68-dpa at 400 K under vacuum. The emission spectrum of UiO-68-dpa obtained from a 
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2-5-2. Thermally activated delayed fluorescence of UiO-68-dpa 

The emission decay curves of UiO-68-dpa were obtained under vacuum condition at 

temperatures ranging from 30 K to 300 K (Fig. 2-11a). UiO-68-dpa clearly exhibited green 

emission with both the prompt and delayed components (Fig. 2-11b). The lifetime of the 

delayed component at room temperature is 180 μs, much lower that of a 2wt% H2tpdc-dpa 

doped PMMA film (199 ms) (Table 1). The spectrum shift and decreased lifetime of the 

delayed component may be due to the coordination interaction between the carboxylic acid 

and the Zr ion16 or the interaction between two adjacent organic linkers in the MOF.5,17 The 

increase of delayed emission intensity from UiO-68-dpa with temperature is consistent with 

TADF. Moreover, the delayed emission intensity is proportional to the excitation intensity, so 

the delayed fluorescence of UiO-68-dpa can be attributed to TADF and not triplet-triplet 

annihilation (Fig. 2-12). 

The delayed emission spectrum of UiO-68-dpa is slightly red-shifted from that of the 

prompt emission (Fig. 2-11b). This emission spectrum change may originate from the 

structural relaxation of ligands in the MOF, because the benzene ring at a center position of 

the terphenyl group of H2tpdc-dpa can rotate even at low temperatures according to the 

single-crystal data of UiO-68-NH2.
14 In contrast, UiO-68-NH2 shows no delayed 

fluorescence at room temperature (Fig. 2-13), which is consistent with the large calculated 

ΔEST of 0.60 eV for H2tpdc-NH2. 
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2-6. Conclusion 

I designed the new organic linker H2tpdc-dpa, which shows blue thermally activated 

delayed fluorescence with the CIE coordinates of (0.16, 0.18) when doped in a PMMA film. 

Based on this linker, I developed the first MOF to exhibit TADF, the Zr-based MOF 

(UiO-68-dpa) emitting green TADF with a  of 30% under vacuum. Since this MOFs has 

good thermal stability and high responsivity to guest molecules such as gases and aromatic 

compounds encapsulated in the pores, this approach could open a new platform for 

bio-applications and photo-catalysts. Unlike conventional TADF emitters, the TADF 

characteristics can potentially be controlled by changing the metal ions or the 

three-dimensional structure of the MOF. Further development of thin-film MOFs deposited by 

layer-by-layer methods provides a path toward the realization of electroluminescent devices 

using TADF-emitting MOFs as the emitters.18 
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3-1. Introduction 

An ability to create long-lived triplet excitons in organic molecules could create new 

applications in optoelectronics such as photovoltaics,1 OLEDs,2 persistent luminescence,3 

reverse saturable absorption,4 and high-resolution bioimaging.5 Triplet excitons are generated 

indirectly by conversion from a short-lived singlet exciton via intersystem crossing or directly 

by recombination of electrically injected charge carriers.6 However, triplet excitons are easily 

deactivated by nonradiative decay processes or phosphorescence. To realize long-lived triplet 

excitons (> 1 s), both the knr(T) and kp must be very small (< 1 s−1). Consequently, long-lived 

excitons are typically found only in pure organic aromatic compounds that have small kp. 

Nonradiative decay is highly accelerated by temperature; as a result, long-lived triplet 

excitons and related long-lived phosphorescence can normally be observed only at very low 

temperature such as 77 K. To realize long-lived phosphorescence at room temperature, the 

nonradiative decay processes derived from vibration and rotation of emitters and host 

molecules, energy transfer to other molecules (host matrices and oxygen), and TTA of 

emitters need to be suppressed by host matrices. For this purpose, a host matrix requires a 

higher triplet energy level than that of the guest emitter, along with a rigid structure and the 

ability to isolate guest emitter molecules. Several host matrices that can suppress nonradiative 

decay processes have been reported, such as cyclodextrin,7 transparent and rigid plastic of 

PMMA,8–10 and hydroxyl-steroid derivatives.11 However, serious unsolved problems remain, 

particularly regarding thermal instability caused by phase transitions and thermal 

decomposition, which is an issue for all existing host matrices. Limited pore size is a problem 

for cyclodextrins, low solubility and dispersibility of guest emitters limits PMMA and 

hydroxyl-steroids, and aggregation of guest emitters over time is common. 
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Here, I propose MOFs as host materials to suppress nonradiative decay processes 

because of their rigid porous structure and pore structures that can trap and stabilize emitter 

molecules. MOFs are crystalline materials composed of metal ions and organic ligands and 

are attracting considerable interest because of their thermal and chemical stability and ability 

to encapsulate a wide variety of guest species in their cavities, including gases,12–14 

nanoparticles,15–17 enzymes,18,19 and organic molecules.20–22 The individual pores of MOFs 

can isolate guest emitters and restrict molecular motion by their rigid frameworks. There are a 

few reports describing the suppression of molecular motion or concentration quenching in 

MOFs, such as the inhibition of cis-trans isomerization of stilbene,23 amplification of 

fluorescence quantum yield,24 and demonstration of a two-photon pumped laser.25 However, 

these are not realizing long-lived organic triplet excitons and related phosphorescence of 

guest molecules. Although a number of phosphorescent MOFs are known, most of these emit 

only at low temperatures (77 K), indicating that nonradiative deactivation is dominant at room 

temperature.26,27 In contrast, in all of the MOFs that exhibit room-temperature 

phosphorescence the well-known heavy-atom effect is used. Heavy atoms such as I, Br, Pb 

and Ir28–33 incorporated in the structure of the framework itself or encapsulated within the 

pores enhance the rate of radiative decay from the triplet state kp, rather than reducing the rate 

of nonradiative deactivation knr(T). As a result, the phosphorescence lifetime of these MOFs is 

quite short (10−3 s ~ 10−6 s), significantly less than the lifetime desired for many applications. 

Moreover, since the origin of the photoluminescence is not a pure guest emitter but a 

metal-coordinated ligand or an exciplex between ligand and guest molecule, careful design of 

both the linker and MOF is necessary to achieve efficient room-temperature phosphorescence.  

In this work, I demonstrate that long-lived emission from triplet excitons can be 
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achieved even at high temperature by encapsulating organic emitter in MOFs. In addition, I 

show that TADF34 can be achieved from MOF-encapsulated emitters at temperatures >300 K. 

TADF is an efficient process to harvest triplet excitons for light emission especially in 

OLEDs; however, it requires careful molecular design of the emitter to enable thermal 

up-conversion from triplet exciton to singlet exciton. Our method realizes TADF from 

common aromatic molecules without any chemical modification. As proof of concept I used 

the well-known long-lived phosphorescent emitters coronene (kp ~ 0.1 s−1)8 and its deuterated 

analog (coronene-d12; kp ~ 0.05 s−1) as guests because their triplet emission is highly sensitive 

to the competitive nonradiative decay constant knr(T). As a result, these molecules emit 

phosphoresce only in frozen solution at low temperatures. Moreover, coronene has a planar 

structure that easily aggregates in other common host matrices, leading to a broad excimer 

emission at longer wavelength that is unfavourable to light-emitting applications. The 

thermally and chemically stable zeolitic imidazolate framework ZIF-835 was selected as the 

host. This MOF, which consists of Zn ions linked by imidazole ligands, was selected as the 

host matrix because its pore diameter (1.16 nm) corresponds to the molecular size of coronene 

(1.17 nm) taking into account its van der Walls radius. I also expected that the small pore 

windows of ZIF-8 (0.34 nm) would securely hold guest coronene molecules within its cavities 

(Fig. 3-1). The encapsulation of guest molecules into ZIF-8 pores has been reported on the 

several size of guests such as caffeine,36 fluorescein37 and porphyrin.38 In the case of 

fluorescein and porphyrin, the guest molecules were not released because their molecular 

sizes are much larger than the pore window size.  
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3-2. Experimental 

3-2-1. Synthesis 

Coronene-h12 and coronene-d12 were obtained from Wako Chemicals Inc. (Tokyo, 

Japan) and Cambridge Isotope Laboratories Inc. (Tewksbury, USA), respectively, and purified 

by sublimation before use. ZIF-8 was synthesized following a literature procedure.32 A DMF 

of 45 mL solution of coronene-h12 (19 mg, 6.28 × 10−5 mol) or coronene-d12 (15 mg, 6.28 × 10

−5 mol), Zn(NO3)2·6H2O (597 mg, 2.01 × 10−3 mol) and 2-methylimidazole (HMeIM) (150 

mg, 1.83 × 10−3 mol) was heated at a rate of 5 °C/min to 140 °C in a programmable oven, held 

at 140 °C for 24 h and then cooled to room temperature at a rate of 0.4 °C/min. The resulting 

polyhedral crystals were filtrated, washed with chloroform and DMF, and soaked in methanol 

for 2 days. Then coronene-h12@ZIF-8 and coronene-d12@ZIF-8 were washed with PVP in 

methanol (14 wt%) to remove coronene adsorbed on the surface of the crystals. Even after 

these washing processes, coronene molecules still remained in ZIF-8, indicating coronene 

molecules were encapsulated within the ZIF-8 pores and were not able to be released because 

the aperture size of ZIF-8 (0.34 nm) is much smaller than coronene size (11.7 nm). The 

loading efficiency of coronene was adjustable by controlling the initial amount of coronene; 

however, loading efficiency was low because of the aggregation of coronene at high 

concentrations. The products were characterized by XRD, FT-IR spectroscopy, BET surface 

area analysis and elemental analysis.  
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3-2-2. Film preparation 

Coronene-h12@ZIF-8 and coronene-d12@ZIF-8 films were fabricated for the optical 

measurements. Films were formed on indium tin oxide (ITO)-coated glass substrates 

functionalized with 3-aminopropyltrimethoxysilane (3-APTMS) by immersing the substrate 

in the reaction solution. A PMMA film containing coronene was fabricated on an ITO 

substrate by spin coating a solution of DMF containing coronene-h12 (0.6%) and PMMA 

(10%) at 1000 rpm for 60 s at room temperature. 

 

3-2-3. Equipment 

XRD patterns were obtained using a Rigaku Ultima IV diffractometer with CuKα 

radiation. TGA data were measured with a rate 10 °C/min using a Bruker TG-DTA2400SA 

analyzer. 1H NMR spectra were recorded on a Bruker AVANCE III 500 MHz spectrometer. 

Coronene-h12@ZIF-8 (10 mg) was dissolved in DMSO-d6 (5 mL) containing HCl (100 �L) 

to form a clear solution. Elemental analyses (C, H, N) were carried out using a Yanaco MT-5 

CHN corder. IR spectra were recorded on a JASCO FT/IR-6100 spectrometer. 

 

3-2-4. Diffuse reflectance UV-vis measurements 

Diffuse reflectance UV-vis spectra of ZIF-8 and coronene-h12@ZIF-8 were recorded 

on a Cary 5000 spectrophotometer equipped with a reflectance sphere. The Kubelka-Munk 

conversion, F(R) vs. wavenumber, of the raw diffuse reflectance spectrum (R vs. 

wavenumber) was obtained by applying the formula: 

F(R) = (1-R)2 / 2R 
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3-2-5. Photoluminescence measurements of coronene-h12@ZIF-8 and d12@ZIF-8 and 

PMMA-doped films 

The total (RT) of coronene-h12@ZIF-8 and coronene-d12@ZIF-8 were measured 

with a Hamamatsu Photonics absolute photoluminescence quantum yield spectrometer 

C11347 (Quantaurus-QY) at room temperature under a vacuum (10−3 Pa) generated by an 

Edwards T-station turbo molecular pump. The temperature dependence of time-resolved 

photoluminescence spectra were recorded on a Hamamatsu Photonics multichannel analyzer 

(PMA-12) under a vacuum (>10−3 Pa) generated by an Edwards T-station turbo molecular 

pump. Sample temperatures were controlled using a cryostat (Oxford Ltd. Optistat DN-2 and 

Sumitomo Heavy Industries, Ltd. Opticool). Samples were excited at 380 nm by a Xe lamp 

coupled with a monochromator (Fig. 3-3). Here, the flu (RT) and delay (RT) were calculated 

from the emission intensity at all wavelength obtained by the PMA-12. [8] The total emission 

intensity {Itotal (RT)} of fluorescence {Iflu (RT)} and delayed emission {Idelay (RT)} at RT were 

measured by integrating the emission intensity for 40 ms under continuous photo excitation. 

The delayed emission intensity {Idelay (RT)} was measured from the accumulation of emission 

intensity for 40 ms after stopping the photo excitation since the Idelay does not change in the 

first 40 ms because of very long delayed emission.  

 total (RT) = flu (RT) + delay (RT) (1) 

 delay (RT) = {(Idelay (RT) / Itotal (RT)) total (RT) (2) 

The delay (RT) consists of phos (RT) and TADF (RT); however, it was difficult to separate 

them. Therefore, I presume the integrated emission intensity between 400-510 nm is TADF 

and 510-700 nm is phosphorescence, respectively. The delay (T) at each temperature was 

calculated from the integrated emission intensity obtained by the PMA-12. 
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were measured to determine the relationship between the intensity of luminescence and 

concentration of coronene in DMF solution. Coronene-h12@ZIF-8 or coronene-d12@ZIF-8 

(25 mg) was dissolved in DMF (5 mL) containing HCl (30–50 �L, 12 mol/L) to form a clear 

solution, which was then diluted 100-fold with DMF. The luminescent intensity of each 

solution was measured, and the concentrations of coronene-h12 and coronene-d12 were 

calculated using Equation 3-6 and 3-7, respectively. 

 y1 = 2.18823 × 106 x1 + 192542 (3-6) 

 y2 = 2.49285 × 106 x2 + 419232 (3-7) 

Here, y is the luminescent intensity, and x is concentration. The contents of 

coronene-h12 and coronene-d12 in ZIF-8 were calculated to be 1.46 wt% and 1.03 wt%, 

respectively. 

 

3-2-8. BET surface are analysis 

50 mg of ZIF-8 or coronene@ZIF-8 were loaded into a pre-weighed glass sample cells 

and degassed at ambient temperature for 5 h, then, evacuated at 300 °C for 2 h on the 

Quantachrome MasterPrep degasser at the specified temperature and time. Typical ending 

pressure after degassing is around 0.004 Torr. Once degassed the samples are purged with 

nitrogen and weighed again. The difference between this weight and the empty cell weight 

gives us the degassed sample weight. The cell is the placed on the Quantachrome Quadrasorb 

SI micropore porosimeter for surface area analysis. The weight of the sample is input into the 

starting program and used by the program when determining the surface area. BET surface area 

(m2/g) measurements were collected at 77 K by N2 (67 adsorption points from 0.005 to 0.99 

P/Po and 46 desorption points from 0.99 to 0.005 P/Po) 
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 3-3. Characterization 

As coronene is too large to pass through the ZIF-8 pore windows, I incorporated the 

coronene-h12 and coronene-d12 emitters into the cavities of ZIF-8 during the synthesis of the 

framework according to the fabrication method of fluorescein encapsulated ZIF-8.  

To confirm the encapsulation of coronene inside ZIF-8 pores, coronene@ZIF-8 

samples were analyzed by several methods. Powder XRD reveals that the ZIF-8 structure is 

unaffected by the incorporation of coronene (Fig. 3-4a). Thermogravimetric analysis indicates 

that these molecules are securely contained by the MOF; a comparison between 

coronene@ZIF-8 and ZIF-8 itself indicates no substantial weight loss originated from 

coronene at temperatures above 180 °C, even though coronene sublimes at 180 °C (Fig. 3-4b). 

The FT-IR spectrum of coronene-h12@ZIF-8 exhibits peaks at 3058 and 855 cm-1 

corresponding to vibrations of coronene-h12 (Figs. 3-4c and d). Furthermore, I quantified the 

amount of coronene@ZIF-8 adsorbed within the crystals by dissolving them in acidic DMF 

solution and measuring their photoluminescence intensity. The concentration of coronene 

determined from the fluorescence intensity–concentration relationship (Fig. 3-5) of was 1.46 

wt%, from which I obtain a loading efficiency of coronene-h12 into ZIF-8 pores of 0.067 

coronene molecules per pore. The concentration of coronene is adjustable by varying the 

amount of coronene used in the solvothermal synthesis. However, the excimer of coronene 

was partially formed when the solution concentration exceeded 6.25 mol% because the 

phosphorescence spectrum became broader and red-shifted (Fig. 3-6). The presence of 

encapsulated coronene-h12 was also confirmed by 1H NMR (Fig. 3-7). Finally, the BET 

surface area decreases to 1182 m2/g in coronene-h12@ZIF-8 from 1954 m2/g for ZIF-8 itself 

(Fig. 3-8). Together, these results indicate that coronene is encapsulated in the pores and not 
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3-4. Results and discussion 

3-4-1. Photophysical properties of coronene@ZIF-8 

Coronene@ZIF-8 exhibits both fluorescence and long-lived phosphorescence at room 

temperature. The phosphorescence lifetime (τphos) of coronene-h12@ZIF-8 at 300 K (7.4 s) is 

similar to that at 5 K (8.8 s). Coronene-d12@ZIF-8 exhibits an even longer τphos (22.4 s) at 

300 K because the vibrational energy of the C-D stretching mode is lower than that of the 

C-H stretching mode.39 This long-lived phosphorescence results from the reduced 

nonradiative decay rate of the guest emitter, without any charge-transfer interaction with host 

which causes absorption and emission shifting.40–42 To determine whether there is a 

charge-transfer interaction between ZIF-8 and guest molecule coronene-h12, the optical 

properties of ZIF-8 and coronene-h12@ZIF-8 were characterized by diffuse reflectance 

UV-vis, excitation and emission spectroscopy (Fig. 3-9). Coronene-h12@ZIF-8 crystal 

exhibits blue fluorescence that originates from coronene-h12 under ultraviolet (UV) light 

irradiation and green long-lived emission after UV irradiation was turned off. The UV-vis 

spectrum of coronene-h12@ZIF-8 shows absorption up to 450 nm with four peaks at 300, 

335, 379 and 403 nm attributable to the �-band (302 nm), p-band (339 nm), and �-band (384 

and 409 nm) absorption from coronene-h12 (Fig. 3-9a).43 Vibronic peaks of the p-band (341 

nm) and �-band (375 - 410 nm) clearly observed in the excitation spectrum of 

coronene-h12@ZIF-8 confirm that absorption of coronene-h12 is unchanged within ZIF-8 

pores. These absorption and excitation spectra indicate that there is no strong interaction 

between coronene-h12 and Zn ions or 2-methyl imidazole in the ground state. The fluorescent 

decay profiles (τflu) of coronene-h12@ZIF-8, ZIF-8 and coronene-h12 dissolved in CHCl3 also 

indicate the lack of charge transfer interactions. To avoid the effect of delayed emission, τflu 
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Not only are the coronene molecules isolated from one another by the MOF pore 

geometry, their motion is restricted by the close similarity of the pore diameter and size of 

coronene. This complete isolation and restriction of coronene without charge transfer 

interaction dramatically decreases the molecular vibration of coronene, enabling the 

room-temperature phosphorescence. The fluorescence and phosphorescence spectra of 

coronene-h12@ZIF-8 and coronene-d12@ZIF-8 were obtained under vacuum (>10−3 Pa) 

because ZIF-8 has a high affinity for oxygen,44 which acts as a triplet quencher. The 

fluorescence peaks of the coronene-h12@ZIF-8 are located at 427, 433, 445, 453, 474, 483 

and 506 nm, and the phosphorescence peaks are located at 509, 529, 551, 558, 564, 577, 595 

and 610 nm (Fig. 3-9b). The fluorescence spectrum was consistent with the π-π* transitions of 

coronene-h12.
45 Although solid-state coronene readily forms an excimer that exhibits a broad 

emission centered at 498 nm,46 the fluorescence spectrum of coronene-h12@ZIF-8 is 

identical to that of coronene-h12 in dilute CH2Cl2 solution (10−4 M), confirming that the 

coronene-h12 molecules are isolated in ZIF-8. In contrast, the phosphorescence spectrum is 

broader than that of coronene-h12 dispersed in a frozen 2-methyltetrahydrofuran (2MeTHF) 

matrix at 77 K because of the presence of delayed fluorescence as well as lower signal/noise 

ratio and higher measurement temperature. The intensity of the delayed emission between 500 

nm and 550 nm is increased by the contribution of delayed fluorescence of coronene-h12 at 

300 K. The phosphorescence / fluorescence intensity ratio of coronene-h12@ZIF-8 at 300 K 

is ~10 times weaker than that of CH2Cl2 solution of coronene-h12 at 77 K. A sharp 

phosphorescence spectrum for coronene-h12@ZIF-8 could be obtained at 77 K (Fig. 3-11). 
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was not observed above 320 K. It is known that when PMMA is used as the matrix, the 

β-relaxation of the side chain increases above 240 K and the α’-relaxation of the main CH2 

chain is dominant above 300 K,47,48 which cause knr(T) to increase to 0.058 s−1 (Figs. 3-12b, 

3-13, and Table 3-2). Although τphos of coronene-h12@ZIF-8 gradually decreased above 300 

K, because of the thermal activation from long-lived triplet excitons to short-lived singlet 

excitons, it still exhibits long-lived emission (τphos = 0.4 s) even at 460 K. This result is in 

good agreement with the TGA data indicating that the coronene molecules are encapsulated in 

the pores of ZIF-8. 

In addition to these favourable luminescence properties of coronene@ZIF-8, I 

identified several other advantages of using this MOF as a host material. Notably, high 

loadings of guest molecules can be achieved without aggregation. Coronene loadings as high 

as 1.46 wt% were achieved in coronene@ZIF-8, without excimer emission, indicating that 

the encapsulated coronene molecules are not able to aggregate in the individual pores of 

ZIF-8. In contrast, because coronene tends to aggregate during spin coating, I could not obtain 

a coronene loading in a PMMA film higher than 0.6 wt% without forming aggregates. A 

second advantage of ZIF-8 over other host matrices such as PMMA is its high stability in air; 

coronene@ZIF-8 exhibits no change in its photophysical properties after one month of air 

exposure.  

At temperatures exceeding 300 K, the colour of the coronene@ZIF-8 long-lived 

emission changes from yellow to blue, which occurs because the long-lived triplet excitons 

are thermally activated to singlet excitons that exhibit delayed fluorescence (Fig. 3-14). The 

delayed fluorescent lifetime (delayed) is almost equivalent to phos (Fig. 3-15a) and its emission 

intensity increases linearly with increasing excitation power (Fig. 3-15b). These results 
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Figure 3-13. Temperature dependence of knr(T) of coronene-h12 in PMMA (black), 

coronene-h12@ZIF-8 (red), and coronene-d12@ZIF-8 (green). 

 

 

 

 

Table 3-2. Temperature dependence of delay, phos, and TADF of coronene-d12@ZIF-8. 

 300 K 320 K 340 K 360 K 380 K 400 K 420 K 440 K 460 K 

delay (%) 3.70 4.29 4.95 5.30 5.74 5.94 6.45 5.17 4.55 

TADF (%) 0.42 0.63 1.04 1.62 2.57 3.25 4.09 3.77 3.60 

phos (%) 3.28 3.66 3.91 3.68 3.17 2.69 2.36 1.40 0.95 
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3-5. Conclusion 

I demonstrated that the nonradiative deactivation of a guest emitter can be 

dramatically reduced by encapsulation within a MOF, allowing long-lived phosphorescence 

(up to 22.4 s lifetime) to be observed even at temperatures as high as 460 K. This is 

accomplished without emitter aggregation and yields materials that are air-stable, two 

problems that inhibit the use of other host materials. Moreover, the small pore windows of 

ZIF-8 trap the emitting molecule, eliminating the possibility of thermal diffusion or leaching. 

Spectroscopy shows that coronene is completely isolated within the pores of the MOF and the 

rigidity of the MOF suppresses the molecular motion of the guest emitters. Finally, I also 

determined that the long-lived triplet excitons produced in coronene@ZIF-8 allow TADF to 

be observed, an unexpected but important result that allows the colour of the long-lived 

emission to be controlled by increasing temperature. Because MOFs can be tailored with a 

wide variety of organic linkers and metal ions to optimize photophysical properties of guest 

emitter, this concept opens a promising new path to obtaining long-lived triplet excitons at 

high temperature. 
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4-1. Introduction 

Triplet excitons of organic molecules used as phosphors1,2 and photo-absorbers3,4 play 

an important role in the physics of optoelectronic devices such as OLEDs5–7 and 

photovoltaics.8 Devising new ways to control triplet excitons will help advance the 

development of a wide variety of emitters,7 photo reactions,9,10 and organic semiconductor 

devices.11–13 In a simple system undergoing photoluminescence, the key processes affecting 

triplet excitons are the generation process of ISC from a singlet excited state to a triplet 

excited state and the deactivation processes of radiative (phosphorescence) and non-radiative 

transition from a triplet excited state to the singlet ground state. The kisc and kp are strongly 

influenced by the chemical structure of the emitting molecules and can be tuned from 10−2 to 

106 s−1 by exploiting spin-orbit coupling through the inclusion of heavy atoms like bromine,14 

iridium,15–17 and platinum.18,19 The knr(T) is affected by factors related to the environment 

surrounding the emitters such as the host matrix,20,21 emitter concentration,22 and temperature 

(T) through processes such as energy transfer to other molecules23 and thermal deactivation.24 

Minimization of knr(T) by using rigid host matrices like steroids,21 polymers,25 clathrate 

compounds,20,26 mixed crystals,14 and MOFs27–29 has been reported. 

Because of the competing radiative and non-radiative recombination processes, 

precisely designed molecules and optimized molecular environments are required to obtain 

efficient RTP from organic molecules. RTP can easily be reduced by increasing temperature,24 

introducing triplet quenchers,23 or enhancing molecular motion to increasing knr(T). However, 

no effective way exists to enhance RTP by increasing kp via simple external triggers. Although 

several approaches, such as the use of photochromic emitters30 and pH-sensitive molecules31 

and the introduction of potassium iodine32 or xenon (Xe)33 to induce an external heavy-atom 
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effect, have been reported, these systems exhibit very slow responsivity and poor reversibility. 

Here, I report a rapid and reversible enhancement of kp in emitters encapsulated in 

MOFs by introducing heavy-atom gases as an external trigger (Fig. 1a). Recently, I 

demonstrated long-lived RTP with an observed τphos of 22 s under vacuum by embedding 

coronene-d12 into the zeolitic imidazolate framework ZIF-8.27 The large surface area of ZIF-8 

and low doping concentration of coronene-d12 in ZIF-8 allow for gas adsorption and 

desorption. In this study, I exposed coronene-d12@ZIF-8 to the gas argon (Ar) mixed with 

various concentrations of Xe, which has a large spin-orbit coupling constant, at room 

temperature, and investigated the dependence of the emission spectra, Φphos, and τphos on the 

concentration of Xe and the timing of the gas exposure. Both kp and knr(T) could be tuned by 

introducing Xe and air, allowing for the full control of long-lived triplet excitons.  

 

4-2. Experimental 

4-2-1. Film preparation of coronene-d12@ZIF-8 

A coronene-d12@ZIF-8 film was prepared by using ship-in-a-bottle synthesis 

following the procedure in Chapter 3.27 

 

4-2-2. Measurement system 

The long-lived photoluminescence spectra and decay profiles under various conditions 

were obtained using a measurement system with the configuration shown in Fig. 4-1. A 

coronene-d12@ZIF-8 film was first activated by the turbo molecular pump (HiPace80, 

Pfeiffer vacuum), then a gas mixture, the concentration of which was controlled by a gas 

mixer (Kofloc, PMG-1A), was introduced into the sample chamber. Notably, this system 
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windows of ZIF-8 and interact with the coronene-d12 because the window size can be 

expanded by the rotation of the imidazole linkers.36 Since there is no strong encapsulation 

effect between the Xe atoms and the pores of ZIF-8, Xe atoms can be removed by exposing 

the film to a different gas or placing the film under vacuum. Therefore, the effects of the 

external gases on coronene-d12@ZIF-8 are highly reversible. 

To demonstrate this reversibility, the steady-state phosphorescence intensity of the 

coronene-d12@ZIF-8 film was observed over multiple cycles of sequential exposure to 

vacuum, Xe, and air (Fig. 4-6). Each environment had a distinct phosphorescence intensity 

that was nearly constant over the multiple cycles. Moreover, the phosphorescence intensity 

did not change even after I stored the film in air for several months. These results indicate that 

the modification of the triplet dynamics is fully reversible. 

The response of the emission to the external gases is rapid and reversible, enabling the 

direct control of accumulated triplet excitons via the external heavy-atom effect. The emission 

of the film under vacuum exhibited a clear response within 1 s of introducing Xe after 

stopping the photo-excitation, and the response time was largely determined by the time it 

takes to manually open and close the gas valves of the measurement system and not the 

migration speed of the gas (Figs. 4-7 and 4-1). The response of the emission decay of 

coronene-d12@ZIF-8 film to the introduction of Xe after stopping the excitation along with 

the decay in Xe and under vacuum are shown in Figure 4-8. 
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Long-lived phosphorescence from coronene-d12@ZIF-8 under vacuum is clearly 

visible more than one minute after stopping the excitation light (Fig. 4-8a). Because the Xe 

gas accelerates both kisc and kp, an initially more intense phosphorescence with a faster decay 

was observed in Xe (Fig. 4-8b). When I introduced Xe after stopping the excitation under 

vacuum, the phosphorescence intensity rapidly increased and the emission color became 

greener. (Figs. 4-8c, 4-9a, and 4-9b). 

Introduction of Xe accelerates kp, so the accumulated triplet excitons are more rapidly 

converted into phosphorescence, leading to a phosphorescence intensity that quickly increases 

before beginning to decay at a faster rate than under vacuum (Fig. 4-9b). Because introducing 

Xe increases kp without affecting knr(T), the integrated phosphorescence decay when exposed 

to Xe after being under vacuum was slightly larger than that in a constant Ar atmosphere (Fig. 

4-10). By contrast, the long-lived phosphorescence was completely quenched when I 

introduced air (Fig. 4-9b). The enhanced emission intensity and shorter τphos indicate that I can 

regulate the phosphorescence by the introduction of Xe at arbitrary times (Figs. 4-9c and 

4-11). The τphos can also be easily controlled by varying the concentration of Xe gas (Figs. 

4-9d and 4-11). All of these results indicate that both the phosphorescence intensity and τphos 

can be easily and rapidly regulated through the introduction of a controlled amount of heavy 

atoms. 
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4-4. Conclusion 

I demonstrated the use of the external heavy-atom effect to achieve fast, rapid, and 

reversible control of triplet excitons in organic semiconductors. A host matrix of ZIF-8 

provides not only a rigid environment for the guest emitter but also a high affinity for external 

gases. According to the combination of these functions, I can easily regulate the conversion of 

the accumulated triplet excitons into emission. The timing and speed of extraction of 

accumulated excitons as emission can be controlled by introducing gas mixtures with various 

concentrations of Xe. Alternatively, the accumulated excitons can be completely extinguished 

through non-radiative processes by introducing air. This fast and reversible control of triplet 

excitons in a MOF matrix could open a new platform for fast-response photo-switches, 

reversible optical storage, and molecular computers.
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5-1. Summary of this thesis 

In this thesis, suppression of nonradiative decay processes from T1 or S1 was 

investigated through both a general strategy of introducing emitter molecules into MOFs as 

organic linkers and a novel way of encapsulating guest emitters within the cavities of MOFs 

to realize high PLQY and long-lived triplet excitons. 

In Chapter 2, a MOF showing TADF characteristics was firstly demonstrated by 

designing a new organic linker that consists of both electron-donating and -accepting moiety. 

The MOF under vacuum exhibits relatively lower PLQY and broad and red-shifted emission 

than the linker itself in solution. This is caused by the interaction between organic linkers 

each other and organic linkers and metal clusters, indicating that an introducing strategy as 

organic linkers is ineffective to suppress nonradiative decay process of emitters.  

In Chapter 3, we proposed a novel concept of embedding emitters in the isolated 

cavities of MOFs to suppress self-quenching, nonradiative decay process, and molecular 

diffusion. The emitters trapped in MOFs have longest triplet exciton lifetime of 22.4 s at room 

temperature. Phosphorescence can be realized even at high temperatures up to 460 K because 

of thermal stability MOFs intrinsically have. Moreover, even though emitters have a large 

energy gap between S1 and T1 (0.42 eV), such long triplet exciton allowed us to achieve 

TADF.  

In Chapter 4, a host matrix of ZIF-8 provides not only a rigid environment for the 

guest emitter but also a high affinity for external gases. The accumulated triplet excitons by 

excitation light were rapidly extracted as emission by introducing heavy atom Xe. A new 

strategy to efficiently control triplet exciton dynamics was achieved by adsorbing external 

gases in MOFs encapsulating organic emitters in their cavities.  
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5-2. Future perspective 

When designing new luminescent MOFs, many type of charge-transfer interactions 

such as metal-to-linker, linker-to-metal, excimer formation, and aggregation of organic linkers 

need to be considered. According to the result in Chapter 2, a MOF having TADF-emitting 

organic linkers exhibited the red-shifted of emission than that of organic linker itself because 

the adjacent organic linker is closed distance less than 1 nm in the framework. This crowd 

condition of the linker-based luminescent MOF is not favorable for the conventional emitters. 

In contrast, this highly condensed condition could help to develop AIE and photon 

up-conversion based on TTA because the close packing of organic linkers reduces 

nonradiative decay processes and increases the collision frequency of triplet excitons.  

To develop highly efficient TADF-MOFs, I propose two strategies based on the 

guest-related luminescent MOFs (Figure 5-1). One is an encapsulation of existing TADF 

organic compounds within the cavity of MOFs. In this strategy, while it is required that MOFs 

have large enough pores and windows to encapsulate TADF compounds, concentration 

quenching and nonradiative decay of triplet excitons can be suppressed as demonstrated in 

Chapter 3. The other strategy is exciplex emission between an encapsulated donor (or 

acceptor) and a linker molecule having acceptor (or donor) property (Figure 5-2). In this 

strategy, large cavities or windows of MOF are not required because size of electron-donating 

or -accepting moieties is smaller than conventional TADF compounds. This advantage makes 

it easy to tune photophysical properties by altering guest aromatic compounds but most of 

organic linkers have low T1 level, causing the deactivation of triplet excitons through energy 

transfer from the triplets of the exciplex to the triplets of organic linkers. So that, selection or 

design of organic linkers that have high T1 level is required. Furthermore, if it is desirable to 
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can be detected by low cost CCDs, this approach would be suitable for imaging applications. 

In addition, since MOFs still have enough space to accommodate extra molecules such as 

gases and solvents, transition processes related to triplet excitons including TADF, 

phosphorescence, and nonradiative decay can be controlled by external stimuli. Based on this 

unique feature, optical applications can be developed such as photo-switches and optical 

storage because the on/off ratio of phosphorescence is quite high and response time is fast less 

than 0.1 s. The temperature dependence of triplet exciton dynamics and the recognition of 

extra adsorbents can give us the opportunity to detect temperature and analytes 

simultaneously by observing changes of phosphorescence intensity, spectrum, and lifetime. 

As of now, analytes that allows detection in the host-guest system are limited to oxygen, Xe, 

and halogen compounds. To spread a variety of analytes, encapsulation of multiple emitters 

into MOFs and functionalization of analyte-responsible group into organic linkers or 

encapsulated emitters are required. Because ZIF-8 used in Chapters 3 and 4 has quite small 

windows (0.34 nm) for analytes to go through, the strategy of using MOFs have larger 

windows and cavities is more desirable for multiple sensors. 
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Abbreviation list 

Keywords 

Aggregation-induced emission (AIE)  

Brunauer-Emmett-Teller (BET) 

Charge-coupled devices (CCDs) 

Commission International de I’Eclairage (CIE)  

Dimethylformamide (DMF)  

Electroluminescence (EL) 

Energy gap between the lowest singlet excited state and the lowest triplet excited state (ΔEST)  

Fourier transform infrared spectrometer (FT-IR) 

Highest occupied molecular orbital (HOMO) 

Intersystem crossing (ISC) 

Ligand-to-metal charge transfer (LMCT) 

Lowest singlet excited state (S1) 

Lowest triplet excited state (T1) 

Lowest unoccupied molecular orbital (LUMO)  

Metal-organic frameworks (MOFs) 

Metal-to-ligand charge transfer (MLCT) 

Organic light-emitting diodes (OLEDs) 

Porous coordination polymers (PCPs) 

Reverse intersystem crossing (RISC) 

Room temperature phosphorescence (RTP) 

Secondary building units (SBUs) 

Singlet excited state (S0) 

Thermally activated delayed fluorescence (TADF) 

Thermo gravimetric analysis (TGA) 

Time-dependent density functional theory (TD-DFT)  

Triplet excited state (T0) 

Triplet-triplet annihilation (TTA) 

Up-conversion (UC) 

X-ray diffraction (XRD) 
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Materials 

Adeninate (Ad) 

3-aminopropyltrimethoxysilane (3-APTMS)  

1,3-benzenedicarboxylic acid (m-BDC) 

1,4-benzenedicarboxylic acid (BDC) 

Benzimidazole (BIM) 

4,4’-bipyridyl (Bipy) 

4,4’-biphenyldicarboxylic acid (Bpdc) 

Acetonitrile (CH3CN) 

o-dichlorobenzene (DCB) 

4-[p-(dimethylamino)styryl]-1-methylpyridinium (DMASM)  

4-(4-(diphenylamino)styryl)-1-dodecyl-pyridinium bromide (DPASD)  

4′,4′′′,4′′′ ′′,4′′′ ′′′ ′′-(ethene-1,1,2,2-tetrayl)tetrakis(([1,1′-biphenyl] -3-carboxylic acid)) 

(H4ETTC)  

1,1′-ethynebenzene-3,3′,5,5′-tert-racarboxylic acid (H2EBTC)  

4,4”-Dicarboxyl-2’-diphenylamino-[1,1’:4’,1”]terphenyl (H2tpdc-dpa)� 

Tris(2-phenylpyridinato)iridium(III) (Ir(ppy)3) 

Bis(2-phenylpyridinato-)(2,2'-bipyridine)iridium(III) ion (Ir(ppy)2(bpy)+) 

Dimethylamine (Me2NH2)  

2,6’-naphthalenedicarboxylic acid (NDC) 

Polymethylmethacrylate (PMMA)  

Tri(4-imidazolylphenyl)amine (TIPA)  

 

Physical symbols 

External quantum efficiency (ηEQE) 

Fluorescence intensity (Iflu)  

Fluorescence lifetime (τflu) 

Fluorescence quantum yield (Φflu) 

Internal quantum efficiency (ηIQE) 

Maximum peak of fluorescence (λmax) 

Phosphorescence intensity (Iphos)  

Phosphorescence lifetime (τphos) 

Phosphorescence quantum yield (Φphos) 

Photoluminescence lifetime of prompt component (τdelayed) 
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Photoluminescence lifetime of prompt component (τprompt) 

Photoluminescence quantum yield (ΦPL) 

Photoluminescence quantum yield in air (Φair) 

Photoluminescence quantum yield in inert gas (Φinert) 

Photoluminescence quantum yield of delayed component (Φdelay) 

Photoluminescence quantum yield of TADF (ΦTADF) 

Rate constant of ISC from singlets to triplets (kisc) 

Rate constant of nonradiative decay from T1 to S0 (knr(T)) 

Rate constant of radiative decay from T1 to S0 (kp) 

Total emission intensity (Itotal)  
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