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 Introduction 

1.1 Motivation  

The scientific advancement in the field of optics and photonics has greatly improved 

human life. The applications of light-based technologies are very broad and have 

found a place in day-to-day life e.g. spectacles for vision, light bulbs, or the sensors 

used in smartwatches, etc. It has played a pivotal role in the advancement of various 

scientific fields e.g. LiDAR for environmental research or microscopy for biological 

research. The impact of this field has such tremendous influence on society that, the 

United Nations (UN) recognized the year 2015 as the International Year of Light and 

Light-based Technologies. The United Nations Educational Scientific and Cultural 

Organization (UNESCO) announced May 16th as the International Day of Light in the 

memory of first successful operation of the laser by Physicist Theodore Maiman in the 

year 1960 and conducted outreach programs to raise awareness on the advancement 

of the light-based technologies and reached over a hundred million people in the year 

2015 [lightday.org]. 

Optical spectroscopy is the field of study describing the interaction (e.g. absorption, 

emission, reflection, refraction, etc.) of UV, visible or infrared electromagnetic 

radiation by matter.1 It has found wide applications at the interface of optics, 

chemistry and biology. In optical spectroscopy, matter interacts with the excitation 

photons and may emit photons of energy lower or higher than the excitation photons. 

The emission of higher energy photons has attracted much attention and found 

application in the development of lasers,2,3 photovoltaics,4,5 light-activated drug 

release6 etc. There are two major pathways of forming a higher energy photon from 

two lower energy photons (i) harmonic generation2,7 (ii) triplet-triplet-triplet 

annihilation upconversion (described in detail in section 1.2).8–10 The harmonic 

generation needs coherent radiation with excitation power density near 100 mW cm-2 

whereas triplet-triplet annihilation upconversion (TTAUC) requires incoherent 

photons with excitation power density as low as a few mW cm-2 to generate a higher 

energy photon,10 due to low excitation power density TTAUC can harness solar 

energy.4  

TTAUC has been used to generate green to blue,11 red to green,12 red to yellow,13 NIR 

to blue,14 photons. Although, the TTAUC has tremendous advantages and numerous 

applications; it is a bimolecular diffusion-controlled process, hence most efficient in 

liquids where its constituents are free to diffuse and to participate in intermediate 

https://www.lightday.org/
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processes (vide infra).8–10 Despite its potential, practical applications of TTAUC which 

need the upconversion process to occur in solid-state media remain difficult to 

execute.  

I found strong motivation to contribute to the incoherent, low excitation density 

upconversion process (TTAUC) and make developments beyond state of the art. 

There are several scientific questions on this topic, which originate from the 

application of TTAUC in solid-state media and in lipid bilayer membranes, which 

need to be answered for the further development and application of the TTAUC 

process. Some of the important questions which lead to the objectives of this thesis are 

discussed in section 1.3. 

 

1.2 Triplet-Triplet Annihilation Upconversion (TTAUC) 

 

Figure 1.1: Jablonski diagram of TTAUC. Green upward arrows depict absorption by the 

sensitizer, and red downward arrow represents the phosphorescence of the sensitizer. 

Dashed downward arrows from 3A* depict the nonradiative decay of the triplet annihilator, 

the bidirectional dashed arrow represents TTA and the blue downward arrow depicts the 

emission of an upconverted photon. 

Discovered by Parker and Hatchard,15 TTAUC is a bimolecular diffusion-controlled 

process, where a long wavelength photon is absorbed by a sensitizer or donor 

molecule. Upon excitation of the sensitizers to its first singlet excited state (1S*) 

intersystem crossing (ISC) populates the sensitizer’s lowest energy triplet state (3S*). 

Triplet-triplet energy transfer (TTET) transfers the triplet excited state energy from the 

sensitizer to an annihilator or acceptor molecule (3A*). If two 3A* annihilate by triplet-

triplet annihilation (TTA), a single high-lying first singlet excited state in one of the 

acceptors (1A*) is formed, which decays radiatively. If the molecular system is 

designed correctly, the 1A* is higher in energy than the 1S* and consequently, the 

observed emission is of higher energy (blue-shifted) compared to the absorbed 

photons.8,9,15  
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The TTAUC mechanism is schematically depicted in the Figure 1.1. Two of the 

intermediate processes TTET and TTA are diffusion controlled. Thus, TTAUC is most 

suited in solutions where the sensitizer and annihilator can freely diffuse to participate 

in energy transfer. In addition, the solution media need to be deoxygenated, since 

oxygen molecules quench the triplet states (3S* and 3A*) and interfere with the energy 

transfer processes.  

The intermediate processes involved in TTAUC can be understood with the following 

equations:9,16,17 

Absorption/excitation 𝑆1 + ℎ𝜈𝑒𝑥𝑒 → 𝑆1 ∗ Equation 1.1 

ISC of sensitizer (rate: kISC) 𝑆1 ∗ → 𝑆3 ∗ Equation 1.2 

TTET (rate: kTTET) 𝑆3 ∗ + 𝐴1 → 𝐴3 ∗ Equation 1.3 

Intrinsic decay of the sensitizer (rate: kT) 𝑆3 ∗ → 𝑆1  Equation 1.4 

Oxygen quenching of sensitizer 𝑆3 ∗ +  𝑂2
3 → 𝑆1 +  𝑂2

1 ∗
 Equation 1.5 

Oxygen quenching of annihilator 𝐴3 ∗ + 𝑂2
3 → 𝐴1 +  𝑂2

1 ∗
 Equation 1.6 

TTA (rate: kTTA) 𝐴3 ∗ +  𝐴3 ∗ → 𝐴1 ∗ +  𝐴1  Equation 1.7 

Intrinsic decay of the annihilator (rate: k’T) 𝐴3 ∗ → 𝐴1  Equation 1.8 

Emission (rate: kf) 𝐴1 ∗ → 𝐴1 + ℎ𝜈𝑒𝑚 Equation 1.9 

ISC of annihilator (rate: k’ISC) 𝐴1 ∗ → 𝐴3 ∗ Equation 1.10 

 

Here 3O2 and 1O2* are ground state and excited state oxygen molecules respectively, 

hvem is the energy of the emission photon. 

 

1.3 The Applications and the Obstacles 

There are two most promising applications of TTAUC: first, the application in solar 

cells to harness the solar radiation out of the absorption window of photovoltaics.4,5,18–

22 Using the TTAUC process, long wavelength photons (> 1 m) from solar radiation 

can be upconverted into the absorption window of photovoltaics and efficiency to 

harness solar energy can be enhanced.4,18–24 Second, light-activated drug release, in 

which liposomes are reconstituted with sensitizer, annihilator and drug molecules. 

The excitation light, which is also in phototherapeutic window initiates the TTAUC 
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mechanism to generate blue photons (400 nm), the upconverted blue photons trigger 

the drug release.6,25 Both of the aforementioned applications exhibit great potential 

and are currently in the developmental stage. The current state of art and scientific 

problems which leads to objectives of this thesis are discussed below.     

    

1.3.1 TTAUC in Solid-State Media 

Despite the great potential, implementation of TTAUC within the solar cells is 

challenging; since, TTAUC is most efficient in liquid due to free diffusion of sensitizer 

and annihilator molecules. Practical application in solar cells requires the process to 

occur in solid-state media, which is exposed to the open environment and molecules 

are not entirely free to diffuse. As described in section 1.2, TTET and TTA are two 

diffusion-controlled energy transfer mechanisms in TTAUC. Since oxygen molecules 

quench the triplet states of sensitizer and annihilator, the TTAUC systems require 

inert conditions to work, including the exclusion of oxygen. Since deoxygenation is 

essential for effective TTET and TTA, significant modifications are still needed for the 

TTAUC systems to transfer effective concepts that work well in fluidic solutions to 

functionalized solid-state mediums e.g. gel, polymer or rubbery hosts. In this context, 

the TTAUC has been implemented in solid-state or gel environments and fully 

integrated polymer systems.26-27  

Several approaches have been developed and adopted for integrating sensitizers and 

annihilators to a polymer host, that is optically inert to excitation and emission 

photons. Islangulov et al. used an ethylene oxide-epichlorohydrin P(EO-EP) as a 

rubbery host to integrate the sensitizer and annihilator in a solid-state environment.28–

30 The molecules integrated into the rubbery host can diffuse and participate in TTET 

and TTA because of the low crystallinity and glass transition temperature.28 To 

overcome the quenching of triplet states by oxygen, Durandin et al. incorporated 

sensitizer and annihilator into poly(ethylene glycol)26 doped with oleic acid (PEG-

OA).31 Lee et al. investigated the upconversion using methacrylate and 

methylmethacrylate (MMA)-linked annihilators with monomeric sensitizers in glassy 

material, the upconversion was observed at 32 mW cm-2, which considered as 

upconversion at low power density in solid-state environment.32 To achieve 

upconversion in a novel metal-free all-polymer system, Sittig et al. covalently 

integrated both sensitizer and annihilator to poly(methacrylate)s.33 Edhborg et al. 

polymerized the annihilator molecule while sensitizer molecules were monomers.34  

However, the impact of covalently linking only the sensitizer molecule into a polymer 
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backbone while the annihilator molecule remains monomer has not been yet 

investigated. Notably, such a strategy has proven to be advantageous for the 

photochemical generation of singlet oxygen (1O2) i.e. the polymerization of the 

sensitizer molecule enhanced the 1O2 yield.35,36  Because the triplet-triplet energy 

transfer (TTET) is a vital intermediate process of upconversion, polymerization could 

benefit the upconversion emission in a TTAUC system. This leads to the first objective 

of this thesis work to investigate the upconversion system in which the sensitizer has 

been polymerized while the annihilator molecules are monomers.  

 

1.3.2 The Estimation of Viscosity of Lipid Bilayer  

As described in the previous sections, diffusion plays a vital role in TTET and TTA 

processes. If the viscosity of a medium is high, diffusion of sensitizer and annihilator 

molecules will be slow; hence, energy transfer rates will also be slow;10 however, if the 

viscosity of the medium reduces, energy transfer processes will be faster.37  Therefore, 

it is vital to know the viscosity of the medium. The Stokes-Einstein model38,39 

describing the relation between rotational diffusion coefficient (DR) and rotational 

relaxation times (rot) is given in Equation 1.11 below:  

 𝐷𝑅 =
1

6τrot
=

𝑘𝐵𝑇

6𝜂𝑉
 Equation 1.11 

Where kB represents the Boltzmann constant, T is the temperature,  the viscosity and 

V refer to the hydrodynamic volume of the molecule. It is evident that, the viscosity 

of the medium and rotational diffusion are inversely proportional to each other.  

The rotational diffusion coefficient, rotational relaxation times as well as 

microviscosity of the mediums (lipid bilayer or biological cells) have been extensively 

investigated using time-resolved emission anisotropy (TEA).38,40–57 However, this 

method provides information on the rotational diffusion of the molecule, if the 

rotational diffusion occurs within the timescale of the fluorescence lifetime (). If the 

fluorescence lifetime is much shorter than the depolarization timescale, then emission 

will decay to zero prior to depolarization; hence, emission anisotropy decay will not 

be able to reveal the full timescale of the depolarization i.e. rotational relaxation times. 

Similarly, when the emission timescale is much longer than the depolarization 

timescale then any change in depolarization will occur prior to fluorescence (decay of 

molecules from excited state), hence fluorescence decay will not be able to provide 

information on the anisotropy decay i.e. rotational relaxation times. For acquiring true 
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information on rotational relaxation times from fluorescence decay, the fluorescence 

lifetime and rotational relaxation time (depolarization time) have to be in the similar 

order of magnitude.58,59  

In addition to the above-mentioned reasonings, many fluorophores might have 

reduced or quenched emission in specific environments,60–62 e.g., some of the BODIPY-

derivatives are hydrophobic and non-emissive in aqueous environments.63 The TTET 

and TTA processes, which occur in the triplet state of the molecule might also be non-

emissive; therefore, TEA is not suitable to investigate the diffusion rates of the 

sensitizer and annihilator molecules in its triplet state.  

In the above-mentioned situations, time-resolved absorption anisotropy (TAA) can be 

useful, since TAA is based on the absorption of the molecule, it can probe emissive as 

well as non-emissive molecules, hence complementing time-resolved fluorescence 

anisotropy (TEA) measurements to study rotational relaxation times. This leads to the 

second objective of this thesis to develop a transient absorption anisotropy setup and 

to investigate the rotational relaxation times of a fluorophore and microviscosity of 

the respective medium (discusses in the next section 1.3.3).  

 

1.3.3 TTAUC in Light Activated Drug Release 

In the context of light-activated drug release, Askes et al. synthesized sensitizer and 

annihilator reconstituted liposomes to generate blue light (in situ) by excitation of 

green or red light. Using a clinical-grade photodynamic laser source generating red 

light (630 nm), the liposomes produced blue light to activate ruthenium polypyridyl 

drug molecules from PEGylated liposomes. However, the drug release mechanism 

contained two-types of liposomes, one consisting of upconversion constituents and 

another light-activatable drug molecules, which caused the low efficiency of the drug 

activation.6 In a following study to improve the efficiency of the drug release process, 

Askes et al. reconstituted liposomes with three components, porphyrin fluorophore as 

sensitizer, perylene dye as annihilator and light-triggered Ruthenium prodrug, which 

releases drug by sensing blue light. The sensitizer and annihilator molecules 

performed the upconversion process and produced a singlet excited state perylene 

species which transferred the energy to a nearby ruthenium-drug complex by 

fluorescence resonance energy transfer (FRET). The activation of the drug by FRET in 

a liposome consisting all three constituents made the process highly efficient.25 Apart 

from the context of light-activated drug release, several other studies on TTAUC in 

lipid bilayer membranes are performed by the group of Prof. Sylvestre Bonnet, 
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University of Leiden; such as temperature-dependent upconversion studies on lipid 

bilayer membrane and three-dimensional imaging of a giant unilamellar vesicle 

(GUV).37,64,65   

In all of the above-mentioned studies, TTAUC was performed in liposomes; however, 

the triplet state properties of the sensitizer and annihilator molecules in liposomes 

remained unknown. The triplet states are of vital importance since the energy transfer 

processes (TTET and TTA) take place in triplet states of sensitizer and annihilator.9,10 

The time-resolved study provides the characteristics of triplet states and energy 

transfer rates;10 therefore, it is essential to perform time-resolved studies on liposomes 

reconstituted with sensitizer and annihilator molecules. The time-resolved study will 

also open the path to design the most efficient upconversion system in liposomes. This 

leads to the third objective of this thesis work to perform time-resolved studies on the 

liposomes reconstituted with sensitizer and annihilator molecules.     

This objective leads to perform TTAUC in 1,2-dioleoyl-sn-glycero-3-phosphocholine 

(DOPC) lipid bilayer medium; therefore, rotational relaxation times of a relevant 

fluorophore (discussed in Chapter 4) and microviscosity of the DOPC lipid bilayer are 

chosen to be investigated using TTA for the aforementioned second objective. 

      

1.4 Research Aims and Objectives 

The scientific problems discussed in the context of TTAUC in section 1.3 leads to three 

main objectives summarized below:  

(i) To understand the effect of confining sensitizer molecules into a 

macromolecule (polymer) where annihilator molecules are monomers in a 

triplet-triplet annihilation upconversion system.  

(ii) To develop a transient absorption anisotropy setup and to measure the 

rotational relaxation times of a fluorophore using transient absorption 

anisotropy and to describe the application of the technique in solution and 

lipid bilayer membranes.  

(iii) To investigate the excited state properties (emissive as well as non-emissive) 

of TTAUC constituents from solution to lipid bilayer membrane. To 

investigate the triplet formation in sensitizer molecules.  

Based on the three objectives mentioned above, three chapters of the thesis are 

dedicated to each objective. (i) Chapter 3: Triplet-Triplet Annihilation Upconversion 

by Polymeric Sensitizer. (ii) Chapter 4: Investigation of Rotational Dynamics of 
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Fluorophores in Lipid Bilayer Membrane. (iii) Chapter 5: Triplet-Triplet Annihilation 

Upconversion in Lipid Bilayer Membrane. 

The transient absorption anisotropy spectroscopy setup was developed to measure 

the ultrafast rotational dynamics of fluorophores in solution and lipid bilayer 

membrane.  The development of the setup and instrumentation are described in 

Chapter 2.  Three objectives are illustrated in Figure 1.2. 

 

Figure 1.2: Schematic of the research aims and objectives. 

 

1.5 The Characteristics of a TTAUC System 

To investigate objectives 1 & 3, an in-depth understanding of a TTAUC system is 

required. For instance, what are the criteria for the selection of suitable sensitizer and 

annihilator molecules in a TTAUC system? How to determine the upconversion 

efficiency of a TTAUC system? What are the parameters to make an efficient TTAUC 

system? How to determine the triplet-triplet annihilation rate (kTTA) in a TTAUC 

system? In this section, these questions about a TTAUC system are described. The 

characteristics of molecules for the selection as sensitizer and annihilator are described 

in this section. The upconversion efficiency to determine the efficiency, threshold 

power density (Ith) to examine the effectiveness of a TTAUC system and mixed kinetic 

analysis to determine the kTTA are described in this section and its values for respective 

upconversion systems are discussed in Chapter 3.  

1.5.1 Optimal Characteristics of the Sensitizer and Annihilator Molecules 

The sensitizer needs to have qualities to perform efficient absorption, ISC and TTET 
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processes. Ideally, sensitizer should absorb in red to NIR region to fulfill the practical 

need of the TTAUC process. To maximize the absorption, the extinction coefficient (, 

mol-1 . cm-1) should be high over a broad range of wavelengths. For application in solar 

cells, the absorption of the sensitizer should ideally be beyond 900 nm where 

absorption of the commonly used Silicon (Si) solar cells reduces drastically.18,20,21 For 

application in light-driven drug release, the absorption of the sensitizer is expected to 

be in the near-infrared (NIR) wavelength range which can penetrate deeper into the 

tissue.6,25 To produce a large number of triplets, the sensitizer should have a high ISC. 

Organic sensitizers which have low ISC are substituted with heavy atoms (e.g. iodine 

and bromine) to achieve high triplet efficiency.33,66,67 Metal complexes have high ISC 

(close to unity), hence used widely as sensitizers for many upconversion studies.10,25,68–

71 To efficiently transfer the triplet energy of the sensitizer to a nearby annihilator, the 

triplet lifetime of the sensitizer should be long ca. several microseconds. The singlet to 

triplet state energy gap should be small to minimize the energy loss by ISC.8,9 The 

absorption band of the sensitizer should not overlap with the emission band of the 

annihilator to minimize the reabsorption losses.8   

The annihilator should possess the virtue to participate efficiently in the TTET, TTA 

and fluorescence processes. For efficient TTET, the triplet energy level of the 

annihilator should be marginally lower than the triplet energy of the sensitizer. The 

triplet lifetime should be long (> 10 s) to achieve high TTA, which is a pre-step to 

produce a singlet excited state annihilator needed to produce an anti-Stokes photon.8,9 

The first singlet state energy (ES1) should be smaller than twice the first triplet state 

energy (ET1) level. The difference between the first singlet state energy of the 

annihilator and sensitizer determines the blue shift of the upconversion process. To 

avoid forming quintet states, twice the first triplet state energy (ET1) should be lower 

than the first quintet state energy (EQ1). The fluorescence quantum yield (ΦF) should 

be high (ideally near unity) to produce an anti-Stokes photon from its singlet state.8,9  

 

1.5.2 Upconversion Efficiency 

The absolute upconversion quantum yield (𝜙UC) of the TTAUC depends on a series of 

processes (ISC, TTET, TTA, fluorescence) that occurs to produce an anti-Stokes shifted 

photon. Hence the upconversion efficiency depends on the efficiency of all the 

intermediate processes. The emission of an anti-Stokes shifted photon is achieved by 

the absorption of two low energy photons, hence the upconversion efficiency can be a 

maximum of 50%.16 Equation 1.12 describes the upconversion yield: 
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𝜙𝑈𝐶 =
𝜙𝐼𝑆𝐶𝜙𝑇𝑇𝐸𝑇𝜙𝑇𝑇𝐴𝜙𝐹

2
 Equation 1.12 

Where 𝜙ISC is the intersystem crossing yield, 𝜙TTET is the triplet-triplet energy transfer 

yield, 𝜙TTA is the triplet-triplet annihilation yield and 𝜙F is the fluorescence quantum 

yield of the annihilator.  

The intersystem crossing yield 𝜙ISC, which is close to unity for many of the sensitizers 

depends upon the ratio of sensitizers in the first triplet excited state (3S*) to sensitizers 

in its first singlet excited state (1S*), the maximum number of sensitizer molecules in 

singlet and triplet excited state is to be considered for the calculation of yield (𝜙ISC). It 

is described using Equation 1.13, given below: 

𝜙𝐼𝑆𝐶 =
𝑛𝑢𝑚𝑏𝑒𝑟𝑠 𝑜𝑓 𝑆∗3

𝑛𝑢𝑚𝑏𝑒𝑟𝑠 𝑜𝑓 𝑆∗1  Equation 1.13 

The triplet-triplet energy transfer yield 𝜙TTET depends upon the quenching rate of the 

sensitizer in the presence of annihilator (kTTET) and the intrinsic decay rate of the 

sensitizer (kT),16 it is described using Equation 1.14, given below: 

𝜙𝑇𝑇𝐸𝑇 =
𝑘𝑇𝑇𝐸𝑇[ 𝐴1 ]

𝑘𝑇𝑇𝐸𝑇[ 𝐴1 ] +  𝑘𝑇

 Equation 1.14 

When the decay kinetics of the triplet sensitizer is first order, then the triplet-triplet 

energy transfer yield depends on the concentration of annihilator. With the increase 

of annihilator concentration, the lifetime and emission intensity of the sensitizer 

decreases, this change in intensity or lifetime with respect to annihilator concentration 

is plotted as Stern-Volmer plot.16,59 The lifetime and emission intensity of the sensitizer 

decrease due to energy transfer from sensitizer to annihilator molecule; 16,59 hence, the 

𝜙TTET can be obtained using information from the Stern-Volmer plot described using 

Equations 1.15 and 1.16: 

𝜙𝑇𝑇𝐸𝑇 = 1 −
 𝐼

𝐼0
 Equation 1.15 

𝜙𝑇𝑇𝐸𝑇 = 1 −
𝜏

𝜏0
 Equation 1.16 

 

Where I and I0 are the phosphorescence intensity of the sensitizer with and without 
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the presence of an annihilator or quencher respectively,  and 0 are the lifetimes of 

the sensitizer with and without the presence of annihilator. Equation 1.15 can also be 

used to calculate the fluorescence quenching of fluorophores by a quencher, as 

explained in Chapter 2 (see Equation 2.4).  

The triplet-triplet annihilation yield (𝜙TTA) is the efficiency of 1A* generation from 

available 3A*, this step determines the maximum upconversion yield (𝜙UC) to be 0.5. 

It depends on two factors, the proportion of 3A* that participate in the second-order 

annihilation process and the efficiency of the annihilator pair yielding an excited 

singlet 1A*, this factor is also known as f (statistical probability).16,72 To calculate the 

𝜙TTA, maximum number of the 1A* and 3A* generated are considered; it described 

using Equation 1.17:  

𝜙𝑇𝑇𝐴 =
𝑛𝑢𝑚𝑏𝑒𝑟𝑠 𝑜𝑓 𝐴∗1

𝑛𝑢𝑚𝑏𝑒𝑟𝑠 𝑜𝑓 𝐴∗3  Equation 1.17 

 

The fluorescence quantum yield of annihilator (𝜙F) molecules is the ratio of photons 

generated to number of singlet excited 1A* present in the medium,16,72 described as 

Equation 1.18 below: 

𝜙𝐹 =
𝑛𝑢𝑚𝑏𝑒𝑟𝑠 𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑛 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑

𝑛𝑢𝑚𝑏𝑒𝑟𝑠 𝑜𝑓 𝐴∗1  Equation 1.18 

 

There are a few more factor that affects the overall upconversion yield of the TTAUC 

process, such as reverse intersystem crossing which can reduce the number of triplet 

sensitizer participating in the energy transfer process. The presence of oxygen is a 

crucial factor in the efficiency of upconversion, since the triplet species (both sensitizer 

and annihilator) are quenched by the presence of oxygen, hence the medium should 

be oxygen-free to obtain a high yield.67,73–75 The generated anti-Stokes shifted photons 

may be reabsorbed by the ground state sensitizer molecule,72 these photons are 

generated but not observed by the detector. The excited singlet annihilator (1A*) may 

transfer its energy to ground state sensitizer, hence appear as a loss; it may be utilized 

in applications, such as light-activated drug release.25 Minimizing the mutual overlap 

of absorption spectra of sensitizer and emission spectra of annihilator can significantly 

reduce the loss by reabsorption and energy transfer.10,33 Two annihilators in the first 

excited triplet state (3A*) may form one higher excited triplet state (3An*) by TTA; but 

dissociation of the higher triplet state leads to only one triplet excited state (i.e., 3A* + 
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3A* = 3An* + 1A and 3An* → 3A*); the process of forming one higher triplet state (3An*) 

by two 3A* but dissociation to only one 3A* also appears as a loss in the TTAUC 

mechanism, see the next section for details. Any other impurity present in the medium 

may participate in absorption or scattering of the excitation photons, which brings 

down the light-harvesting by sensitizer hence, the medium under study should be free 

of impurities to obtain high upconversion quantum yield, details are depicted in the 

Figure 1.3.72    

 

Figure 1.3: Loss mechanism of TTAUC. The red arrows (dashed lines and curved arrows) 

depict nonproductive and loss mechanisms.  

 

1.5.3 Spin Statistics of TTA 

The TTA of two 3A* provides a singlet 1A* that fluoresces an anti-Stoke-shifted photon. 

However, the encounter of two 3A* may form singlet (spin multiplicity = 1), triplet 

(spin multiplicity = 3), or quintet (spin multiplicity = 5) species due to tensor product 

(3×3) of the initial spin multiplicity (3). The probability of forming each spin state is 

according to the ratio of their spin i.e. 1:3:5 for singlet, triplet and quintet 

respectively.76–79 This indicates that only one of nine 3A* will form 1A*, hence, the 

efficiency can be a maximum 1/9. However, the experimental results show that the 

maximum efficiency can be much higher than 11.1%.80,81  

      

  1[3A3A]* →  1A* + 1A Equation 1.19 

3A* + 3A* ⇌ 3[3A3A]* →  3A**+ 1A Equation 1.20 

  5[3A3A]*  Equation 1.21 

The upconversion efficiency higher than the spin statistical limit becomes possible 

because the formed quintet complex breaks away into two triplet species (3A*), which 
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can again participate in forming 1A*. The dissociation of the quintet complex takes 

place due to its very high energetic condition.79,82 The annihilator molecule at its 

second excited triplet state (3A**) also relaxes back to the first triplet excited state, 

where the triplet molecule can again participate in forming a singlet (1A*). Therefore, 

the dissociation and internal fast relaxation populate the triplets, which enhances the 

overall upconversion efficiency of the process. Taking the energy level consideration 

of the annihilator molecule, the efficiency can be achieved beyond the spin statistical 

limit by making (i) twice its first triplet excited state energy level greater than the 

energy level of its first singlet excited state, i.e. ET1 ≥ ES1/2 (ii) twice of its first triplet 

excited state energy level should be always smaller than its second triplet excited state 

energy level or quintet state, i.e. 2 × ET1 <  ET2 and 2 × ET1 <  Equintet.16,83–85 

 

1.5.4 Threshold Power Density 

The upconversion emission intensity of the TTAUC depends on the excitation power 

density. The upconversion emission photon is a product of two excitation photons, 

hence, with an increase of the excitation intensity the emission intensity rises 

quadratically. However, beyond a certain threshold value of excitation power density, 

the relation between the excitation power density and emission intensity becomes 

linear. This threshold value is known as threshold power density (Ith).86 The region 

below Ith is called weak annihilation regime and beyond Ith is called strong annihilation 

regime. This is because the triplet annihilators (3A*) in the weak annihilation regime 

decay predominantly via triplet intrinsic decay (𝑘𝑇
𝐴, first-order decay) but in strong 

annihilation regime, triplet annihilators decay predominantly via triplet-triplet 

annihilation (kTTA, second-order decay).85–89 The efficiency of triplet-triplet 

annihilation (𝜙TTA) reaches 50% of its maximum at Ith, hence the TTAUC system is 

designed to have a low value of Ith to provide high efficiency of the system at low 

excitation power density.17,86,88 The low value of Ith is vital when TTAUC is 

implemented in solar cells, the TTAUC system with low Ith implemented in the solar 

cell will harness photons efficiently at low excitation power density comparable to 

radiation received by solar cells since the AM 1.5 one-sun illumination (475-575 nm 

region) is ca. 10 mW·cm-2.90–93  

The linear relationship between the excitation power density and upconversion 

emission intensity (IF) can be further understood using the triplet decay rate equation 

suggested by Bachilo and Weisman:79,83 
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ⅆ√𝐼𝐹(𝑡)

ⅆ𝑡
∝  

ⅆ[ 𝐴3 ∗]
𝑡

ⅆ𝑡
= −𝑘𝑇

𝐴 [ 𝐴3 ∗]
𝑡

− 𝑘𝑇𝑇𝐴[ 𝐴3 ∗]
𝑡

2
 Equation 1.22 

 

The triplet annihilator molecule decays by two distinct pathways (i) the second-order 

bimolecular decay by triplet-triplet annihilation, kinetically characterized by the 

second-order rate constant kTTA and (ii) the unimolecular decay, kinetically 

characterized by the first-order rate constant 𝑘𝑇
𝐴. It consists of all pseudo first-order 

processes such as triplet quenching by oxygen molecules and intrinsic decay of the 

excited triplet annihilator (k’T).17,83 The analytic solution to Equation 1.22 is given 

as:9,79,94  

[ 𝐴3 ∗]
𝑡

= [ 𝐴3 ∗]
0

 
1 − 𝛽

𝑒𝑘𝑇
𝐴·𝑡 − 𝛽

 Equation 1.23 

𝛽 =
𝑘𝑇𝑇𝐴[ 𝐴3 ∗]

0

𝑘𝑇
𝐴 + 𝑘𝑇𝑇𝐴[ 𝐴3 ∗]

0

 

 

Equation 1.24 

 

[3A*]0 is the initial excited triplet concentration of the annihilator, [3A*]t is time 

dependent excited triplet concentration of the annihilator which decays due to 

pathways kTTA and 𝑘𝑇
𝐴. The dimensionless parameter  is the fraction of [3A*]0 that 

decays through triplet-triplet annihilation.79,83 When the upconversion system is in the 

weak annihilation regime, first-order processes are dominating in the decay of 3A*, 

then 𝑘𝑇
𝐴 > kTTA [3A*], substituting in the Equation 1.23 reveals 

[ 𝐴3 ∗]
𝑡

= [ 𝐴3 ∗]
0

𝑒−𝑘𝑇
𝐴·𝑡 Equation 1.25 

 

The upconversion emission intensity (IF) is proportional to the square of the excited 

triplet annihilator concentration [3A*] and can be written17 as  

𝐼𝐹 = ∫ 𝐼𝐹(𝑡) ⅆ𝑡

∞

0

= ∫ 𝜙𝐹𝑘𝑇𝑇𝐴[ 𝐴3 ∗]
𝑡

2

∞

0

 Equation 1.26 

Where 𝜙F is the fluorescence quantum yield of the annihilator.  

Substituting Equation 1.25 in Equation 1.26, resulting integration yields  
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𝐼𝐹 =  
𝜙𝐹𝑘𝑇𝑇𝐴[ 𝐴3 ∗]

0

2

2𝑘𝑇
𝐴  Equation 1.27 

It is clear from Equation 1.27 that upconversion emission intensity is proportional to 

the square of the excited triplet concentration of annihilator ([3A*]2), hence the 

relationship between excitation power density and upconversion fluorescence 

intensity is quadratic dependent in weak annihilation regime.  However, if the 

upconversion system is in strong annihilation regime, second-order decays are 

dominating in the decay of 3A*, hence, 𝑘𝑇
𝐴 < kTTA [3A*],17,79 substituting in Equation 

1.23 reveals  

[ 𝐴3 ∗]
𝑡

=  
[ 𝐴3 ∗]

0

1 + 𝑡 ×  𝑘𝑇𝑇𝐴[ 𝐴3 ∗]
0 

 Equation 1.28 

Substitution of Equation 1.28 in Equation 1.26 and integration over time simplifies the 

upconversion fluorescence intensity (IF) to  

𝐼𝐹 =  𝜙𝐹 [ 𝐴3 ∗]
0

 Equation 1.29 

It is clear from Equation 1.29 that, the upconversion emission intensity is proportional 

to the concentration of the excited triplet annihilator [3A*], which successively makes 

upconversion fluorescence intensity linearly dependent on the excitation power 

density.17,84,86,95 

The threshold power density Ith (photons· s-1· cm-1) can be described using Equation 

1.30, given below:  

𝐼𝑡ℎ =  
(𝑘𝑇

𝐴)2

2𝜙𝑇𝑇𝐸𝑇 𝛼[ 𝑆1 ] 𝑘𝑇𝑇𝐴

 Equation 1.30 

Where ϕTTET is the efficiency of energy transfer from triplet sensitizer to ground state 

annihilator, α[1S] is the absorption cross-section of the sensitizer in cm-1 at the 

excitation wavelength.8,17,86,96  

 

1.5.5 Mixed Kinetic Analysis 

There are several processes in a TTAUC system and the rate governing each of the 
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processes is described using a rate constant, the ISC is denoted as kISC, the intrinsic 

decay of the sensitizer molecule is denoted as kT, triplet-triplet energy transfer is 

denoted with kTTET, unimolecular decay of the annihilator molecule is denoted with 

𝑘𝑇
𝐴 and bimolecular decay of the annihilator via triplet-triplet annihilation (TTA) is 

denoted with kTTA. The kISC is determined using femtosecond transient absorption 

measurement (fs-TA), since S1→T1 takes place in sub-nanosecond to a few nanosecond 

timescales. The kT is determined using nanosecond transient absorption (ns-TA) or 

nanosecond transient emission (ns-TE) measurement; since the triplet lifetime of the 

sensitizer molecule is expected to be several microseconds. The kTTET is determined 

using the Stern-Volmer plot made from the quenching experiments performed using 

ns-TA or ns-TA. The 𝑘𝑇
𝐴 and kTTA are obtained using the ns-TA or ns-TE measurements 

but involve kinetic modeling called mixed kinetic analysis described below.     

The triplet annihilator molecules decay by two distinct pathways as described using 

Equation 1.22 in the previous section. Substituting Equation 1.24 in Equation 1.25 

reveals Equation 1.31 for the time-dependent triplet concentration of the 

annihilator.83,97–99 

[ 𝐴3 ∗]
𝑡

= 
𝑒−𝑘𝑇

𝐴·𝑡

1+[ 𝐴3 ∗]
0

 × 
𝑘𝑇𝑇𝐴

𝑘𝑇
𝐴  × (1−𝑒−𝑘𝑇

𝐴·𝑡)
 Equation 1.31 

Using the nanosecond transient absorption decay kinetics of the annihilator and fitting 

into Equation 1.31, the rate of unimolecular decay (𝑘𝑇
𝐴) and bimolecular decay (kTTA) 

can be obtained. The transient emission decay kinetics can also be used to obtain both 

the rates using the rewritten Equation 1.23  and Equation 1.31 below:  

[ 𝐴3 ∗]
𝑡

[ 𝐴3 ∗]
0

=  
𝑒−𝑘𝑇

𝐴·𝑡

1 + [ 𝐴3 ∗]
0

 ×  
𝑘𝑇𝑇𝐴

𝑘𝑇
𝐴  ×  (1 − 𝑒−𝑘𝑇

𝐴·𝑡)
 Equation 1.32 

The normalized square of the transient emission decay kinetics can be fitted into 

Equation 1.32 to obtain both rate constants.83,99   

 

1.6 Anisotropy of Fluorophores 

To investigate the rotational dynamics of a fluorophore (aforementioned objective 2) 

time-resolved emission anisotropy (TEA) and transient absorption anisotropy (TAA) 
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measurements are employed. Therefore, an in-depth understanding of anisotropy and 

its interpretation is essential. In this section, the anisotropy in an isotropic medium 

and its analysis methods are described; which is used to analyze the anisotropy 

measurements of the investigated molecules given in Chapter 4.  

 

1.6.1 Photoselection of Molecules 

The probability that a molecule absorbs a photon to reach its first excited state, is 

proportional to cos2θ, θ being the angle between the electric field vector of the 

incoming photon and the absorption transition dipole moment of the molecule. When 

a sample consisting of a large number of molecules is excited with a light of definite 

polarization, the molecules within the excitation focal volume of the incident light 

having their absorption transition dipoles aligned to the electric field vector of the 

excitation light are more prone to get excited and to reach its excited state. This 

selective excitation of the molecules is called photoselection, illustrated in Figure 

1.4.40,58,100,101 Due to excitation by the polarized light and selective excitation 

(photoselection) of the molecules, the emission from the molecules is also partially 

polarized.41,59 

 

Figure 1.4: Photoselection of the random population of molecules by vertically polarized 

light, followed by rotational Brownian diffusion 

 

1.6.2 Fluorescence Anisotropy 

The emitted light from molecules is measured by passing it through an analyzer 

placed between the sample and the detector. The emission intensity measured by the 
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detector when the analyzer angle is identical to the excitation polarization light is 

called Ill, and when the detector angle is perpendicular to the excitation polarization 

light is I⊥., depicted in Figure 1.5. Using the emission intensity in parallel and 

perpendicular directions, fluorescence anisotropy is calculated using Equation 1.33, 

given below:59  

𝑟 =
Ill   −  I⊥

Ill   +  2 × I⊥ 
 Equation 1.33 

When the molecules are immobile in the medium i.e. Brownian diffusion is restricted, 

then the anisotropy of the molecule remains constant to initial anisotropy (r0) and is 

calculated using Equation 1.34, given below: 

𝑟0  =
3cos2ξ  −  1

5 
 Equation 1.34 

Where ξ is the angle between absorption and emission dipole moments.  

However, when the molecules are free to diffuse in the medium, the rotational 

diffusion of the molecule happens on a similar timescale as the fluorescence lifetime, 

which causes a gradual displacement of the emission dipole, consequently 

depolarizing the emission light. Due to gradual depolarization of the emitted light, 

the anisotropy starts decaying from its maximum value (r0). This can be used to extract 

information about the rotational diffusion of the molecules under observation.58,100,102–

104 

 

Figure 1.5: The measurement of anisotropy using an analyzer at parallel and perpendicular 

to the excitation polarization.  
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The fluorescence anisotropy is analyzed using steady-state and time-resolved 

anisotropy techniques. The steady-state anisotropy is obtained by exciting the sample 

continuously and emission is collected until a good signal-to-noise ratio is obtained.  

It provides a time-average of the anisotropy and is helpful in quantitative and 

qualitative analysis of the orientation, shape and size of the molecule.59 This technique 

has found application in the investigation of binding and folding of the protein.59  The 

time-resolved emission anisotropy (TEA) tracks the changes in the orientation of the 

molecules occurring to the rotational diffusion. When a molecule is attached to a large 

protein or polymer, the steady-state and time-resolved anisotropy provide the same 

details but time-resolved anisotropy analysis can distinguish the intramolecular 

motions. The time-dependent magic angle fluorescence intensity (I(t)), steady-state 

anisotropy (r), time-resolved anisotropy (r(t)) are described using equations given 

below:59 

𝐼(t) =
Ill (𝑡)  +  2 × I⊥(𝑡)

3
 Equation 1.35 

𝑟 =
∫ 𝑟(𝑡) 𝐼(𝑡) ⅆ𝑡

∞

0

∫ 𝐼(𝑡) ⅆ𝑡
∞

0

 Equation 1.36 

𝑟 (𝑡) =
Ill (𝑡)  −  I⊥(𝑡)

Ill (𝑡)  +  2 × I⊥ (𝑡)
 Equation 1.37 

The decay of time-resolved anisotropy for a rigid spherical molecule having one 

rotational relaxation time-constant (c) is modeled using Equation 1.38, given below:  

                                                    𝑟 (𝑡) =  𝑟0 ⅇ−𝑡∕𝜏𝑐 Equation 1.38 

However, when a molecule is non-spherical (e.g. ellipsoid or macromolecules) or has 

more than one rotational relaxation time, the decay of time-resolved anisotropy can 

be modeled using Equation 1.39, given below: 

  𝑟 (𝑡) = ∑ 𝑟0𝑗

5

𝑗=1

 ⅇ−𝑡∕𝜏𝑐𝑗  Equation 1.39 

Here r0j and cj are the preexponential coefficients and rotational relaxation times of jth 

anisotropy decay to the overall anisotropy of the molecule. These are complex 
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functions of the rates of rotation around the nonsymmetric body's molecular axes as 

well as the relative angle of the absorption and emission transition dipoles to these 

axes. As a result, anisotropy decay contributions are a useful method to study multi 

segmental mobility of a macromolecule or to obtain the multiple rotational 

characteristics of an ellipsoid. For an asymmetric body, a maximum of five rotational 

relaxation times can be present. But, due to the close similarity between two pairs of 

rotational relaxation times, only three can be resolved by an experimental 

measurement criterion. Molecules resembling the shape of an ellipsoid can be 

modeled as elongated (prolate) or flattened (oblate) ellipsoids, which have two 

identical axes and one distinct axis.  Such models can have a maximum of three 

rotational relaxation times.41,59,105     

 

1.7 Structure and Outline of this Work 

In Chapter 1, triplet-triplet annihilation upconversion (TTAUC) and its potential 

applications are described. The scientific problems in the application of TTAUC lead 

to the objectives of this thesis work, which are described in section 1.3. The 

background theory of TTAUC is described in section 1.5. The anisotropy, which is the 

background of objective 2 is described in section 1.6. In the next chapters, 

spectroscopic methods and objectives of the thesis are investigated. The content of the 

chapters is described below.  

Chapter 2: Spectroscopic Methods 

To investigate the objectives mentioned in section 1.4 both steady-state and time-

resolved spectroscopic techniques are required, hence both techniques were 

employed. In this chapter, a brief details of UV-Vis absorption spectroscopy, emission 

spectroscopy are given. Time-resolved spectroscopic methods such as transient 

absorption spectroscopy and transient emission spectroscopy to measure processes 

occurring from sub-picosecond to millisecond timescales were employed for the 

experiments; therefore, briefly described. To measure the rotational relaxation times 

of non-emissive states and non-emissive molecules transient absorption anisotropy 

set up was developed.  

Chapter 3: Triplet-Triplet Annihilation Upconversion by Polymeric Sensitizer 

In Chapter 3, the first objective “the effect of confining sensitizer molecules into a 

macromolecule (polymer) on the triplet-triplet annihilation upconversion” has been 

investigated. The steady-state and time-resolved properties of polymer-bound 
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sensitizers are compared with their monomeric counterpart with and without 

annihilator molecules. The effect of confinement on the energy transfer processes has 

been investigated and applications of the polymeric sensitizers have been suggested. 

The schematic representation of the objective is shown in Figure 1.6. The excitation 

wavelength in green and emission wavelength in blue depicts excitation by longer 

wavelength with respect to emission.   

 

 

Figure 1.6: The schematics of the objective of Chapter 3: TTAUC using polymeric sensitizers.  

Chapter 4: Investigation of Rotational Dynamics of Fluorophore in Lipid Bilayer Membranes  

In Chapter 4, the second objective “to measure the rotational relaxation times of a 

fluorophore using transient absorption anisotropy” and “to describe the application 

of the technique in solution and lipid bilayer membranes” have been investigated. The 

development of the transient absorption anisotropy is described in Chapter 2. The 

advantage of transient absorption anisotropy over transient emission anisotropy is 

discussed. The rotational relaxation times of BODIPY-molecule in solution and lipid 

bilayer membrane have been obtained using transient emission and transient 

absorption anisotropy. The schematic representation of the objective is shown in 

Figure 1.7. 
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Figure 1.7: The schematics of the objective of Chapter 4: investigation of the rotational 

dynamics by transient absorption anisotropy. Para: parallel, Perp: perpendicular. The 

circular arrow depicts the rotation of the BODIPY-fluorophore in the lipid bilayer.  

Chapter 5: TTAUC in Lipid Bilayer Membrane  

 

Figure 1.8: The schematics of the objective of Chapter 5: TTAUC in the lipid bilayer 

membrane. Singlet to triplet formation pathway: SOCT-ISC- spin-orbit charge transfer 

intersystem crossing or SO-ISC- spin-orbit coupling intersystem crossing or RP-ISC- 

radical-pair intersystem crossing. Investigation of triplet lifetime of sensitizer and 

annihilator molecules in solution and lipid bilayer. S: sensitizer and A: annihilator. 
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In Chapter 5, the third objective “to investigate the excited state properties (emissive 

as well as non-emissive) of the TTAUC constituents (sensitizer and annihilator) from 

solution to lipid bilayer membrane” and “to investigate the triplet formation in 

sensitizer molecules” have been investigated using femtosecond transient absorption 

spectroscopy and nanosecond transient absorption spectroscopy, as well as using 

computational simulations. The schematic representation of the objective is shown in 

Figure 1.8. 



 
 

 

 



 
 

 Spectroscopic Methodology 

In a TTAUC system, initiating from absorption of red photons to generation of blue 

photons several photophysical processes take place, which vary on a time-scale from 

sub-picosecond to hundreds of microseconds. The photophysical processes (e.g. 

absorption, fluorescence, intersystem crossing) are described using Equations 1.1-1.10 

in Chapter 1. These processes can be investigated using measurement techniques 

described in this chapter. First, a brief overview of these processes is given; thereafter 

the measurement techniques, steady state, time-resolved spectroscopic methods, 

polarization resolved confocal microscopy, synthesis of lipid bilayer and 

computational methods are described. 

 

2.1 Photophysical Processes  

The photoexcitation of a molecule leads to several energy transfer and dissipation 

processes, which can be easily understood using the Jablonski diagram shown in 

Figure 2.1. 

 

Figure 2.1: Jablonski diagram of energy transfer processes. The straight arrows represent 

radiative processes, while the dashed arrows represent nonradiative transitions. Upward 

arrows in violet and blue represent absorption. The acronyms are S0: singlet ground state, 

S1: first singlet excited state, S2: second singlet excited state, T1: first triplet excited state, T2: 

second triplet excited state, ESA: excited state absorption, VR: vibrational relaxation (shown 

in brown), ISC: intersystem crossing (yellow), IC: internal conversion (grey). 

Absorption is a very fast (~ 10-18 to 10-15 s) process, originating from the lowest 

vibrational state since most molecules remain in the lowest energy level (electronic 
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ground state) at room temperature. Upon absorption, molecules reach upper 

vibrational levels of the electronic excited state. The vibrational levels of the two 

electronic states are chosen by the most significant overlap of the two vibrational wave 

functions and this is also known as the Frank-Condon principle.59,106  

According to Kasha’s rule, radiative emission of a given spin-multiplicity will always 

occur from the lowest excited state of the same spin-multiplicity. Hence, nonradiative 

relaxation from upper vibrational levels to the lowest vibrational level occurs within 

the same electronic state and is known as vibrational relaxation (VR). The energy 

dissipated in the vibrational relaxation results in heat transfer to the environment 

(surrounding molecules) by collisional interactions. This process can range from ~ 10-

14 to 10-12 s and depends on the phase of the medium.106    

The relaxation from an electronic state's vibrational level to another electronic state's 

vibrational level of the same spin-multiplicity manifold is known as internal conversion 

(IC). This process depends on the energy gap between excited electronic states; if the 

gap is small between two electronic states, then an overlap of vibrational levels from 

two electronic states occurs, which facilitates the internal conversion. This process 

occurs in a similar time scale as vibrational relaxation.59   

The radiative emission from a molecule, due to the transition from the lowest excited 

state to the ground state without a change in the spin-multiplicity (S1→S0) is known 

as fluorescence. This is relatively a slow process with respect to vibrational relaxation 

and internal conversion and ranges from 10-9 to 10-7 s, hence at higher electronic energy 

levels vibrational relaxation and internal conversion will take place first to bring the 

molecule to its lowest electronic excited state, where fluorescence takes place. The 

wavelength of an emitted photon depends on the difference in the energy gap between 

excited and ground-state energy levels. Due to vibrational relaxation and internal 

conversion, some energy is lost prior to fluorescence, hence the emitted photon is of 

lower energy or longer wavelength (red-shifted / Stokes-shifted) with respect to the 

absorbed photon. There are numerous vibrational levels within an electronic energy 

level, hence emitted photons are distributed over a wavelength range accordingly.59  

The average time a molecule spends in an excited state before returning to the ground 

state is known as the lifetime of the excited state ().59     

𝜏 =
1

𝑘𝑟 + 𝑘𝑛𝑟
 Equation 2.1 

Here, kf is the radiative decay rate constant, knr is the nonradiative decay rate constant, 
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which includes the rate of internal conversion (kIC), rate of intersystem crossing (kISC) 

and nonradiative quenching.  

The fluorescence quantum yield (ΦF) is the ratio of the number of photons emitted to 

the number of photons absorbed.59 The relative quantum yield (𝜙𝑓
𝑆) obtained 

experimentally using quantum yield, absorbance and emission spectrum of a 

reference; the ΦF and 𝜙𝑓
𝑆 are described using Equations 2.2 and 2.3 respectively:107 

𝛷𝐹 =
𝑘𝑓

𝑘𝑓 + 𝑘𝑛𝑟
 Equation 2.2 

𝜙𝑓
𝑆 = 𝜙𝑓

𝑅 ×
𝑛𝑆

2

𝑛𝑅
2 ×  

𝐼𝑆  ×  (1 − 10−𝐴𝑅
)

𝐼𝑅  ×  (1 − 10−𝐴𝑆
)
 Equation 2.3 

When the radiative rate constant is much higher than the nonradiative rate constant, 

the quantum yield approaches unity.59 𝜙𝑓
𝑅 is the quantum yield of reference, 𝜙𝑓

𝑆 is the 

relative quantum yield of the sample, IS and IR are emission intensity of the sample 

and reference respectively; AS and AR are absorbances of the sample and reference 

respectively at the excitation wavelength, nS and nR are the refractive indexes of the 

sample and reference respectively.107 

The radiative emission from a molecule due to the transition from the lowest triplet 

excited state to the ground state with a change in spin-multiplicity (e.g. T1→S0) is 

known as phosphorescence. This is a forbidden transition because it involves a change 

in spin multiplicity; therefore, it is a slow process occurring at a timescale of 10-6 to a 

few seconds.  

The non-radiative transition with a change in spin-multiplicity from a singlet excited 

state to a triplet excited state (e.g. S1→T1) is known as intersystem crossing (ISC). This is 

also a forbidden and slow transition due to changes in spin multiplicity. However, it 

occurs through spin-orbit coupling, the mixing of states from spin angular momenta 

and orbital angular momenta make this transition possible since both have the same 

total angular momentum. The ISC is poor in most organic molecules, the substitution 

of a heavy atom enhances the spin-orbit coupling strength, which reflects in higher 

intersystem crossing.108,109  

Energy transfer (ET) between two molecules takes place by molecular contact.59,110 The 

photoexcited molecule at its singlet excited state goes to its triplet state by ISC, where 

the molecule may participate in ET by transferring its spin and energy to a nearby 
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ground state molecule (Figure 2.2). The triplet-triplet energy transfer (TTET) is an 

analogous process to Dexter exchange coupling;111,112 it occurs with the exchange of 

spin and energy between two molecules. However, in Dexter exchange coupling only 

energy transfer takes place between electrons of the same spin (see Figure 2.2A).110,113  

The triplet-triplet annihilation (TTA) is also related to Dexter-type energy transfer, 

where two triplet molecules exchange energy and spin to form a singlet.   

 

Figure 2.2: Schematics of energy transfer. (A) singlet-singlet Forster type energy transfer (B) 

singlet-singlet Dexter type energy transfer; HOMO- highest occupied molecular orbital, 

LUMO- lowest unoccupied molecular orbital, 1D- singlet ground state donor molecule, 1D*- 

singlet excited state donor molecule, 1A- singlet ground state acceptor molecule, 1A*- singlet 

excited state acceptor molecule, 3D*- triplet excited state donor molecule, 3A*- triplet excited 

state acceptor molecule. 

In a system containing sensitizer and quencher, the rate of energy transfer from 

sensitizer to quencher is experimentally obtained using measurement of emission 

intensity of sensitizer with and without the presence of the quencher and fitting into 

the Stern-Volmer equation given in Equation 2.4:10,59,114 

𝐼0

𝐼
= 1 + 𝐾 [𝑄] = 1 + 𝑘𝑞𝜏0[𝑄] Equation 2.4 

Here, I and I0 are the emission intensity of the sensitizer with and without the presence 
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of a quencher, K is the Stern-Volmer quenching constant, kq is the rate of energy 

transfer from the sensitizer to quencher, 0 is the intrinsic lifetime of the sensitizer 

molecule under study and [Q] is the quencher concentration.  

 

2.2 Steady State Spectroscopy  

2.2.1 Steady-State Absorption Spectroscopy 

The spectroscopic investigation of any molecule or sample begins with steady-state 

absorption measurement. This measurement gives the absorption spectra of the 

sample i.e. the band of wavelengths where the molecules absorb.    

A sample is illuminated with a light beam, which gets absorbed by the sample and its 

molecules reach its excited state. A schematic diagram is illustrated in Figure 2.3 

below:  

 

Figure 2.3: Schematic of UV-Vis absorption spectroscopy.  

The light source is a UV-Visible light source, which can produce light of wavelengths 

from 200 nm to 900 nm. The monochromator is an optical device that separates a 

narrow wavelength of light from a wide range of wavelengths coming from a light 

source like the sun or white light source. The cuvette is a sample container made of 

glass, plastic or quartz, since the glass and plastic absorb the UV light, quartz made 

cuvettes have been used for all standard experiments in this thesis. The I0 is the 

intensity of the light falling on the sample (inside the cuvette) and I is the intensity of 

the transmitted light which is detected by the detector. The relationship between the 

absorbance A(), molar extinction coefficient of the sample (), concentration (c) and 

path length (d) is given by Beer Lambert’s Law described in Equation 2.5:115,116 

 𝐴(𝜆) = 𝑙𝑜𝑔 (
𝐼0(𝜆)

𝐼(𝜆)
) = 𝜀(𝜆) ⋅ 𝑐 ⋅ 𝑑 Equation 2.5 
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Where () is a property of the molecule that indicates how intensely a molecule 

absorbs light of a particular wavelength, its unit is L·mol-1·cm-1. The concentration is 

denoted with c and the unit is mol·L-1. The path length of the cuvette or the length of 

the light path is denoted with l and its unit is cm.  

The measurement of the UV-vis spectrum presented in this work was done with a 

JASCO V780 UV/VIS/NIR spectrophotometer, which has a double beam setup. In a 

double beam setup, cuvette with sample is placed in one path and cuvette with pure 

solvent is placed in another path and the measurements are performed 

simultaneously.  

 

2.2.2 Steady-State Emission Spectroscopy 

The steady-state emission is a measurement of long-term average fluorescence when 

excited with UV, visible or near-infrared (NIR) light. Using this technique, steady-

state fluorescence spectra, excitation spectra, steady-state anisotropy and quenching 

experiments can be performed.59  

 

Figure 2.4: Schematic of the steady state upconversion emission measurement using a laser 

diode. ND: neutral density filter. D: detector. A planoconvex lens is used to increase the 

excitation power density at the focal point. The emission is measured in the perpendicular 

orientation to the excitation.   

The steady-state emission measurement technique consists of a UV-visible-NIR 

excitation source, a monochromator to individually select an excitation wavelength, a 

sample holder to accommodate the cuvette, a monochromator again to individually 

select the fluorescence wavelength and a detector. In this work, a FLS980 emission 

spectrophotometer (Edinburgh Instruments) has been used to measure the emission 
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spectra, it has a xenon lamp as an excitation source (ozone free 450 W). The integrated 

emission intensity vs. excitation power density curves shown in Chapter 3 has been 

measured with this spectrophotometer by replacing the excitation source with a laser 

diode (CW532-100) of 100 mW from Roithner LaserTechnik GmbH, the schematic of 

the measurement system is shown in Figure 2.4.  

 

2.3 Time-Resolved Spectroscopy 

2.3.1 Transient Absorption Spectroscopy 

Transient absorption spectroscopy is a pump-probe spectroscopy technique, where a 

sample is photo-excited by a light pulse (called pump pulse) to create thermodynamic 

nonequilibrium i.e. excites the sample to the excited state and a second light beam 

which can be continuous or pulsed called probe beam, follows the pump pulse to 

probe the excited state of the sample created by the pump pulse, the transmitted probe 

light from the sample is measured to observe the changes in the absorption as a 

function of wavelength and time.117,118 This technique is used to measure the 

photogenerated excited states such as singlet and triplet excited states,119 lifetimes of 

the states, intersystem crossing,108,120,121 electron transfer,122–124 energy transfer,125 

photoproduct kinetics.126,127 It has found application in the investigation of 

photosynthesis,128 photovoltaic conversion processes,129,130 ultrafast processes in thin 

films,131,132 photocatalysis and several other processes occurring at faster time 

scales.119,133,134    

Transient absorption spectroscopy involves two kinds of instrumental setup based on 

the investigation of timescale, although both the instrumentations are based on the 

same principle and are called pump-probe spectroscopy. The ultrafast processes like 

formation of singlet excited state, geometrical relaxation, vibrational relaxation, 

solvent relaxation, singlet to triplet formation, electron transfer are investigated using 

excitation by femtosecond pulses hence called fs-TA.128 Similarly, relatively slow 

processes like lifetime of the triplet states, bimolecular processes like triplet-triplet 

energy transfer and triplet-triplet annihilation, etc. are investigated using excitation by 

nanosecond pulses hence called ns-TA.135,136     

The work presented in this thesis involves both fs-TA and ns-TA. First, 

instrumentation of fs-TA is described thereafter instrumentation of ns-TA is 

explained. The fs-TA consists a mode-locked titanium doped sapphire (Ti:Sa) as the 

fundamental laser, it produces pulses of wavelength of 800 nm, pulse duration 80 fs, 

repetition rate 1 kHz and energy 1 mJ. The output beam is split into two beams using 
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a beam splitter to generate suitable pump and probe beams. The pump wavelength is 

generated from the split beam either using a second harmonic generation crystal or an 

optical parametric oscillator (OPA, TOPASwhite, LightConversion Ltd.). Since the 

output wavelength of the fundamental laser is 800 nm, the second harmonic 

generation through barium borate (BBO) crystal provides 400 nm as pump 

wavelength;137 whereas the OPA can generate a very broad wavelength, the OPA used 

for the experiments given in the thesis could generate wavelength ranging from 370 

nm to 760 nm.  

 

Figure 2.5: Schematic of the femtosecond transient absorption spectroscopy setup.  

t: is the delay time of the optical delay line. ND Filter: neutral density filter.  

The pump pulse energy is at least an order of magnitude higher than the probe pulse. 

The pump pulse excites the sample to its electronic excited states. The second split 

beam from the fundamental laser is used as a probe beam. For single wavelength 

kinetics measurements, a single wavelength of choice needed to investigate the kinetic 

process is selected as the probe beam. The probe beam traverses through two delay 

lines of 2 ns time window and 10 ns time window, of which only one is used at a time. 

The delay line provides the time delay between the pump and probe light pulses. In 

case of a white light probe, the probe part of the fundamental beam is focused on a 

calcium fluoride (CaF2) plate to generate a supercontinuum138,139 (white light) after 

traversing through two delay lines. The probe light intensity is controlled using an 

attenuator and focused on to the CaF2 plate using a lens to control the intensity and 

quality of the supercontinuum. The CaF2 plate rotates in a non-circular path to avoid 

degradation by light intensity. A fraction of the probe beam before falling on the 

sample is recorded as a reference beam (Iref). The relative polarization between the 

pump and probe polarization is kept at a magic angle (54.7°) to avoid signal 

contribution from rotational diffusion. A Berek compensator in the path of the pump 
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beam can realize the pump polarization at magic angle with respect to the probe 

polarization as well as controls the pump intensity. The pump and probe beams are 

spatially and temporally overlapped on the sample plane, which is placed in a 1 mm 

cuvette. The spatial overlap of the pump and probe beams is realized in a non-

collinear fashion to separate and block the pump beam after the sample excitation; 

whereas, the reference and transmitted probe beam from the sample are sent to the 

detector.   

A chopper is placed in the pump path before the sample position to chop the repetition 

rate to half of the fundamental laser source, while the probe beam has the repetition 

rate of the fundamental laser source. The chopper blocks every second pump pulse; 

hence, providing one pump pulse per two probe pulses. The detector measures two 

consecutive probe pulses transmitting from sample (i) after the pump excitation – Ip 

(ii) without the pump excitation – Inp. The measurement by the detector when both the 

pump and probe are blocked is denoted with Ioff, it is subtracted from the measured 

spectra to remove the signal contribution stemming from the ambient light and 

electronic noise. A signal is recorded when only pump is on, probe and reference 

remain off, this signal is accounted for the emission from signal and noise and denoted 

as Ipf.  

The differential absorption signal A(,t) which is dependent on the wavelength and 

delay time can be written in terms of the equation as given below in Equation 2.6:140 

 𝛥𝐴(𝜆, 𝛥𝑡) = 𝑙𝑜𝑔 (
𝐼𝑟𝑒𝑓(𝜆, 𝛥𝑡) − 𝐼𝑜𝑓𝑓(𝜆)

𝐼𝑝(𝜆, 𝛥𝑡) − 𝐼𝑝𝑓(𝜆)
) ⋅ (

𝐼𝑟𝑒𝑓(𝜆, 𝛥𝑡) − 𝐼𝑜𝑓𝑓(𝜆)

𝐼𝑛𝑝(𝜆, 𝛥𝑡) − 𝐼𝑜𝑓𝑓(𝜆)
) Equation 2.6 

The differential absorption signal A(,t) can also be written in terms of the sum of 

molar extinction coefficient j() and time-dependent molar concentration cj(t), 

where j is the number of transient species weighted by their time-dependent molar 

concentration. It is a straightforward representation of the Beer-Lambert law (given in 

Equation 2.5) in matrix notation, given in the Equation 2.7 below:118 

 𝛥𝐴(𝜆, 𝛥𝑡) = ∑ 𝜀𝑗(𝜆) ⋅ 𝑐𝑗(𝛥𝑡) ⋅ 𝑑

𝑗

  Equation 2.7 

The differential absorption signal A(,t) dataset can be modeled as a function of 

delay time t and probe wavelength . The model can be described as a function, given 

in the Equation 2.8 below:118 
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 𝛥𝐴(𝜆, 𝛥𝑡) = IRF ⊗ ∑ 𝐴𝑗(𝜆) ⋅ 𝑒
−𝑡
τ𝑗

𝑗

 Equation 2.8 

Where Aj() is the preexponential coefficient also known as decay associated spectra 

(DAS) associated with each probe wavelength; characteristic time constant (j) 

associated with each exponential decay, j is the number of species varied to find the 

best fit. This model is also known as global analysis.141 The quality of the fit is judged 

by the residual obtained from the fitting procedure. The data in the range of -250 fs to 

+250 fs are neglected in the analysis because of the contribution from coherent artifact 

signals due to the interaction of two short laser pulses in a polarized medium.142 Due 

to the ignored region of artifact, the deconvolution with impulse response function 

(IRF) is neglected in data analysis, because the IRF is smaller than the ignored region.  

The differential absorption signal (A) for a specific  and at a delay time t is 

calculated by the difference between the absorption signal of the sample in presence 

of pump and the absorption signal in absence of pump.128 The A signal can be 

positive or negative based on the contribution from the processes described 

below128,140,143:   

Ground state bleach (GSB): The pump pulse excites the molecules to the excites state, 

hence the number of molecules present in the ground state decreases. Consequently, 

the absorption of the probe photons in the excited sample is less than the sample in 

the ground state (i.e. without excitation). This results in a (-) negative contribution to 

the A signal. The GSB occurs in the steady state absorption region of the molecule, 

hence appear similar to inverted absorption spectra.   

Stimulated emission (SE): The pump pulse excites the molecules to the excites state, 

these excited molecules interact with the incoming probe photons and induce 

emission in the same direction to the probe photons144 and reach to the detector. It 

results in the detection of more photons at the detector with respect to no stimulated 

emission, consequently, resulting in a (-) negative contribution to the A signal. The 

SE occurs in the emission region of the excited molecule, hence appears similar to the 

inverted emission spectrum. When the Stokes shift is small, the GSB and SE overlaps 

and appear as one band.  

Excited state absorption (ESA): The pump pulse excites the molecules to the excited 

state, however, if any further higher excited states exist and the energy level matches 

with the wavelength of the incoming probe photons then the absorption of the probe 

photons by excited state molecules will occur. This results in fewer photons at the 

detector with respect to the sample in the ground state (i.e. without excitation); 
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consequently, appears (+) positive contribution in the A signal.   

Photoproduct absorption: The pump pulse excites the molecules to the excited state and 

if the molecules form a transient state such as a charge-transfer state or isomerized 

state, the absorption of probe photons by these transient states will lead fewer photons 

at the detector with respect to the sample without excitation; consequently, 

photoproduct absorption appears (+) positive contribution in the A signal.     

The A signal of a sample can contain an overlap of two or more bands from GSB, ES, 

ESA and photoproduct absorption, it may depend on the absorption and emission 

bands of the constituent of a sample.  

The nanosecond transient absorption spectroscopy (ns-TA) also works on the same 

principle as described above, however, its instrumentation varies significantly from 

the fs-TA, especially the pump pulse laser. It consists a fundamental Nd:YAG laser, 

which generates 5 ns pulses at a repetition rate of 10 Hz. The fundamental laser pumps 

an OPO to generate the excitation pump wavelength in the 410-800 nm range. The 

white light probe is generated using a 75 W xenon arc lamp. The probe beam is 

detected using a five-stage R928 Hamamatsu photomultiplier tube (PMT) placed at 

the exit slit of a monochromator.10,145  The electronics of the detection system and 

software programs to control the hardware for fs-TA, ns-TA, and TAA (vide infra) have 

been developed by Pascher instruments (Lund, Sweden).     

 

2.3.2 Transient Absorption Anisotropy  

In a transient absorption spectroscopy measurement, the relative polarization 

between pump and probe polarization is kept at magic angle (54.7°) to avoid 

contribution from the depolarization of the transition dipoles of the molecules.128 

However, the anisotropy measurement is performed to measure the depolarization 

time of the dipoles; the relative polarization between pump and probe is either 45° or 

probe is split in two beams and polarization of the two split beams are set to 0° and 

90° relative to the pump polarization. The transient absorption anisotropy (TAA) 

setup shown in Figure 2.6 was developed to investigate the objective 2 of this thesis.  

In the setup shown here, probe beam is split into two beams and polarization is set 

accordingly. This setup is used to measure the rotational relaxation times of molecules 

described in Chapter 4.   

While all other specifications of the instruments and devices used in the transient 

absorption anisotropy (TAA) setup remain the same as described in fs-TA setup, the 
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TAA involves a short delay line in the path of one the split probe to make both the 

probe paths exactly equal in length, as shown in Figure 2.6.     

 

Figure 2.6: Schematic of the transient absorption anisotropy setup. 

The TAA has a significant advantage over the time-resolved emission anisotropy 

(TEA) because the instrument response function of TEA58 is in order of 100 ps whereas 

the instrument response function of TAA is in order of 100 fs.146,147 As well as the 

electronics detection system of the TEA is not fast enough to detect the sub-picosecond 

timescales. Hence the transient absorption anisotropy is used which can resolve the 

sub-picosecond timescale since it involves an ultrafast laser pulse (80 fs) for the 

excitation and the step size of the delay time is determined by the step movement of 

the optical delay line. However, with the recent development of electronics and 

instrumentation of the time-resolved emission setup, timescales of several 

femtoseconds can be measured.148,149     

  

2.3.3 Time-Resolved Emission Methods 

Time-resolved emission spectroscopy provides the lifetime of the electronic excited 

state. This measurement is performed to determine the lifetime of the excited states 

and energy transfer process and to obtain the Stern-Volmer plot as described in 

Chapter 1.  In this thesis work, two kinds of setups have been used to obtain the time-

resolved emission measurement.    

The time-resolved emission of the upconversion processes is measured using the ns-

TA setup described (vide supra). The white light probe beam is blocked and the sample 

is excited with the 5 ns pulse laser and the emission is detected using the 

photomultiplier tube.  
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The time-resolved emission of the BODIPY molecules described in Chapter 4 is 

measured using a time-correlated single photon counting (TCSPC) setup with a 

fluorescence lifetime spectrometer (FluoTime 200, PicoQuant). An LED with an 

excitation wavelength 459 nm, 1 ns pulse width and a repetition rate of 10 MHz was 

used as the excitation source. A Glan-Taylor prism was used to select the polarization 

of the excitation and emission. The emission was recorded at 515 nm wavelength. The 

G-factor (= 1.34) which describes the polarization sensitivity of the detector was 

calculated using fluorescence decay of the Rhodamine 110 solution.   

The time-resolved emission data is analyzed using the exponential decay of the 

emission intensity fitted with the equation below:  

 𝐼 (𝑡) = 𝐼0 ⋅ 𝑒
−𝑡
τ𝑗  Equation 2.9 

The I0 is the emission intensity at time zero and j is the fluorescence lifetime of the 

molecule. In case of more than one decay component, the time constants can be the 

fluorescence lifetime along with the aggregation induced emission components  

 

2.4 Microscopy Methods 

The confocal fluorescence images of giant unilamellar vesicle (GUVs) presented in 

Chapters 4 & 5 were collected using a Leica TSP inverted (DMi8) confocal microscope, 

a 40x oil immersion objective was used. A white light LED with a monochromator to 

select 500-550 nm wavelength was used as an excitation source. The emission was 

collected in the spectral range of 510-570 nm without a polarizer.  The GUVs were 

incubated in 0.1% agarose solution for 10 minutes before imaging to keep the vesicles 

immobile. The unpolarized emission images of GUVs in Chapter 4 and steady-state 

upconversion emission from LUV samples in Chapter 5 were acquired by Ms. 

Amrutha Prabhakaran in the laboratory of Prof. Tia Keyes, Dublin City University, 

Dublin, Ireland.    

The polarization resolved confocal microscopy and fluorescence lifetime imaging of 

GUV shown in Chapter 4 were recorded using a confocal STED microscope 

(ExpertLine, Abberior Instruments, Göttingen, Germany). A linearly polarized pulsed 

picosecond laser of repetition rate 40 MHz at 488 nm was used as the excitation source. 

A 60x water immersion objective UPLSAPO60XW (NA = 1.2) from Olympus 

(Shinjuku, Japan) was employed as the objective lens. The fluorescence emission was 

measured in the range of 505-550 nm and split by a polarizing beam splitter cube to 
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record simultaneously by two single photon counting avalanche photodiodes (SPCM-

AQRH-14-TR, Excelitas, Mississauga, Canada) using synchronized TCSPC electronics 

comprising four synchronized SPC-150N cards with routers (Becker & Hickl, Berlin, 

Germany). The confocal anisotropy image analysis was performed by correcting the 

detector sensitivity and accounting for background intensity. The depolarization 

factor of the microscope objective was accounted for the calculation of the anisotropy 

of each pixel. The polarization resolved confocal microscopy and time-resolved 

emission anisotropy measurements were performed in the Single Molecule 

Microscopy laboratory of Prof Michael Börsch, Friedrich Schiller University, Jena.      

 

2.5 Synthesis of Lipid Bilayer Vesicles 

The giant unilamellar vesicles (GUVs) used for anisotropy measurements in Chapter 

4 were prepared using 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC) lipid of 5 

mM and 15 µM of the dye (BODIPY-Ar-Chol) in chloroform solution. The solution 

mixture of DOPC and dye was drop cast on a pair of indium tin oxide (ITO)-coated 

glass slides and kept in the desiccator and vacuum was applied to evaporate the 

chloroform. The dried ITO slides were inserted into the Vesicle Prep Pro (Nanion 

Technologies) and a greased O-ring was applied on the conductive side of one slide. 

Two slides were kept in the fashion to completely seal the 230 mM sucrose filled lipid 

drop casted area with conductive sides facing each other. The electroformation was 

started with a rising voltage ramp-waveform 0-3 V within 5 minutes, then 3 V was 

kept steady for 170 minutes at 10 Hz frequency, then a decaying ramp-waveform 3-0 

V in 5 minutes was applied to finish the electroformation. The GUVs were collected 

and stored in an Eppendorf tube. The entire process of electroformation was carried 

out at 37°C which is maintained by the Nanion device.63 The GUVs were placed in 1 

mm pathlength cuvettes for femtosecond transient absorption anisotropy 

measurement.       

The large unilamellar vesicles (LUVs) used for upconversion measurements in 

Chapter 5 were prepared by the hydration extrusion method. A sample mixture of 

lipid (DOPC), annihilator and sensitizer were prepared in the molar ratio 5088:10:1 

respectively in chloroform solution. The mixture was placed in a 1.5 mL glass vial and 

the solvent was evaporated by nitrogen flow, followed by evaporation under vacuum 

conditions in a desiccator for 60 minutes. The dried film of the mixture on the glass 

vial was rehydrated with 1 mL phosphate buffer saline (PBS) at pH 7.4 and the film 

was suspended into the PBS by vortexing for 60 s. The solution mixture was extruded 
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through a polycarbonate membrane of 100 nm by eleven times to produce uniform 

LUVs of 100 nm sizes. To perform the TTAUC measurements on LUVs samples, 

sodium sulfite (Na2SO3) has been used as an oxygen scavenger.  

The GUVs and LUVs used for experiments in Chapter 4 and Chapter 5 were 

synthesized by Amrutha Prabhakaran from the group of Prof. Tia Keyes, Dublin City 

University, Ireland.   

 

2.6  Computational Methods 

The computational simulations were performed to calculate the dihedral angles, 

orientation of the transition dipole moment (TDM), potential energy surface (PES) and 

Löwner-John ellipsoid in Chapter 4; energy levels and spin-orbit coupling in Chapter 

5. The simulation work to calculate TDM, PES and spin-orbit coupling was carried out 

by Mr. Rengel Cane Sia and Dr. Julien Guthmuller from Gdańsk University of 

Technology, Gdańsk, Poland. The simulation work to calculate the Löwner-John 

ellipsoid was performed by Dr. Martin Presselt and Ms. Anna Elmanova from 

Friedrich Schiller University, Jena.   

This thesis work is based on experimental spectroscopic investigation; however, due 

to the strong interdependence between simulation and experimental results presented 

in Chapters 4 and 5, a brief outline of the simulation methodology is described here.  

The Gaussian 16 and Orca 5.0 program was used to conduct the quantum chemistry 

computations.150,151 The shape of the ground state (S0) was calculated using density 

functional theory (DFT), while the singlet excited state (S1) characteristics, namely 

energy, S0-S1 transition dipole moment (TDM), geometry, triplet excited states 

properties (i.e. transition dipole moment, vibrational frequencies) and geometry was 

computed using time-dependent DFT (TDDFT). The DFT and TDDFT computations 

were carried out using the MN15152 exchange-correlation (XC) functional and the def2-

SVP basis set.153,154 The GD3 model was used to include density functional dispersion 

adjustments for MN15,155,156 using the value described by Goerigk et al.156 The 

polarizable continuum model (PCM)157 was used in the SMD solvation model to 

account for the effects of the solvent (εDCM = 8.93, εDioxane = 2.2099 ).158 By comparing 

non-equilibrium and equilibrium PCM computations, the impacts of solvent 

reorganization on the TDM were determined.  

The TDM coordinates (X, Y, Z) were determined with respect to a Cartesian frame 

fixed within the molecule. The X-axis of the frame links the center carbon atom and 
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the boron atom of the BODIPY core. The Y axis goes through a carbon atom of the 

center BODIPY ring, defining the BODIPY's long axis. The Z axis is perpendicular to 

the XY plane. This Cartesian frame is used to compute all TDMs values. As a result, 

the computed rotation angles characterizing a TDM rotation within the molecule-fixed 

frame. 

The Orca was used to calculate the scalar relativistic TDDFT computations using the 

Douglas-Kroll-Hess (DKH) technique to determine the spin-orbit coupling (SOC) 

between the singlet state S1 and the triplet states T1, T2, and T3. These computations 

were carried out using optimized S0 and S1 geometry. The XC functional MN15 was 

used in conjunction with the basis sets DKH-def2-TZVP (for atoms H, C, N, B, F) and 

SARC-DKH-TZVP (for atom I) as well as the supplementary basis set SARC/J. CPCM 

used the SMD solvation model to account for the effects of the solvent (1,4-dioxane). 

The Löwner-John ellipsoid shown in Chapter 5 was calculated using the iterative 

procedure to find the smallest ellipsoid touching the Van-der Waals surface of the 

sensor molecule.159–161 The task of determining the minimum Löwner ellipsoid for a 

given set of points, which may also be interpreted as a convex polytope, is equivalent 

to identifying the minimum volume of an ellipsoid that fully encloses the polytope. 

The Minimum Volume Ellipsoid (MVE) problem is a widely recognized issue in the 

fields of convex geometry and optimization.162 Various algorithms exist for resolving 

the MVE problem, which commonly entails iterative methodologies that ultimately 

converge toward the solution. The Ellipsoid Method is a well-known algorithm, it was 

first presented by Shor in 1987.163 The Ellipsoid Method commences by selecting an 

initial ellipsoid that encompasses the convex polytope. Subsequently, the method 

proceeds to enhance the ellipsoid iteratively by reducing its size along its longest axis 

until it attains the minimum size that encloses the polytope.164 During each iteration, 

the algorithm calculates a linear approximation of the polytope by utilizing the 

present ellipsoid and subsequently identifies the facet of this approximation that is in 

closest proximity to the origin. The utilization of the supporting hyperplane 

pertaining to this facet serves to establish a novel ellipsoid that is comparatively 

smaller in size and encompasses the polytope. The iterative procedure is executed by 

the algorithm until the ellipsoid attains convergence to the minimum achievable 

volume. In the current scenario, an iterative approach was employed to compute the 

minimum ellipsoid that could potentially accommodate the given set of points. 
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2.7 Synthesis of Molecules 

The molecules investigated in the thesis have been obtained from various 

collaborators, the details of the synthesis can be found in the respective publications 

mentioned in the references. The group of Prof. Tia Keyes, Dublin City University, 

Ireland synthesized and provided the following molecules (i) the ester-decorated 

[Ru(2,6-di(quinolin-8-yl)pyridine)2]2+ used as monomeric sensitizer in Chapter 3;10 (ii) 

the BODIPY-Ar-Chol molecule used for the investigation of anisotropy63 in Chapter 4 

and (iii) the BODIPY-perylene dyad molecules used for the upconversion experiments 

in Chapter 5.165 The poly(methyl methacrylate) bound [Ru(dqp)2]2+ molecules used as 

polymeric sensitizer in Chapter 3 was synthesized10 and provided by the group of Dr. 

Michael Jäger, Institute of Organic Chemistry and Macromolecular Chemistry, 

Friedrich Schiller University Jena, Germany. 



 
 



 
 

 Triplet-Triplet Annihilation Upconversion 

by Polymeric Sensitizer  

3.1 The Objective and the Approach  

In this chapter, objective 1 has been investigated using steady-state and time-resolved 

spectroscopy. First, the selection of sensitizer and annihilator molecules is discussed; 

followed by steady state, time-resolved measurements and results are presented and 

discussed.  

To investigate the TTAUC system, where the sensitizer molecules are linked to a 

macromolecule, ester-decorated [Ru(dqp)2]2+ complex has been chosen as a 

monomeric triplet sensitizer (MS), where dqp is 2,6-di(quinolin-8-yl)pyridine; and 

9,10-diphenylanthracene as annihilator. Both molecules have been investigated for 

their potential to participate in triplet-triplet energy transfer (TTET).27,75 For instance, 

Boutin et al. demonstrated TTAUC in polymer-linked [Ru(2,2-bipyridine)3]2+ 

sensitizer and 9,10-diphenylanthracene (DPA) as an annihilator.27 Several other 

combinations of ruthenium-based sensitizers and DPA have been reported as 

sensitizer and annihilator pair respectively.67,70,166,167  

The [Ru(dqp)2]2+ complex has a longer triplet lifetime with respect to bpy-based 

congeners.168 The suitability of the MS with DPA for TTET has already been 

identified.68,169,170 The [Ru(dqp)2]2+ complex units linked to poly(methyl methacrylate) 

(PMMA) backbone171 is referred as Ru-PMMA. It has been used as a polymeric triplet 

sensitizer (PS) with DPA as an annihilator in the TTAUC system. 

 

Figure 3.1: Molecular structure of (A) MS (B) PS (C) DPA 

Based on the MMA conversion rate (79%) and the original MMA/monomer ratio 
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(95/5), a typical PS chain should comprise 75 MMA units and 4 Ru centers. The 

nuclear magnetic resonance integration of sample protons yields a relative content of 

Ru units vs MMA units of 6%, which is consistent with the observed seamless 

conversion and feed ratio of polymerization. The details of the synthesis of molecules 

have not been included in the thesis but can be found in the supporting information 

of the manuscript published.10 In essence, multiple Ru centers can be reasonably 

presumed to be incorporated in a sample polymer (PMMA) chain. The molecular 

structure of MS, PS and DPA are given in Figure 3.1. 

 

3.2 Samples and Terminology  

All experiments were carried out in deaerated acetonitrile (ACN). The deaeration of 

the ACN is performed through freeze pump thaw. All steady-state and time-resolved 

measurements are performed using 1-centimeter Schlenk-cuvettes in order to 

maintain the inert conditions. The sensitizer concentration is held fixed at 5 M and 

three annihilator concentrations of 10 M, 50 M, and 250 M are used for 

upconversion and energy transfer measurements.  

Table 3.1: Terminology and the concentration of the samples under investigation.  

Samples 
Sensitizer 

concentration (M) 

Annihilator 

concentration (M) 
Terminology 

 

MS and DPA 

5 10 M-10 

5 50 M-50 

5 250 M-250 

 

PS and DPA 

5 10 P-10 

5 50 P-50 

5 250 P-250 

 

Throughout the text, the following terminology is used: when monomeric sensitizer 

(MS) of 10 M concentration is mixed with 20 M of DPA in deaerated acetonitrile, a 

sample containing 5 M of MS and 10 M of DPA is formed, which is referred as M-

10; similarly, PS of 10 M concentration is mixed with 20 M of DPA results in 5 M 

of PS and 10 M of DPA, it is referred as P-10. All other samples were prepared with 
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different concentrations of DPA while keeping sensitizer concentration constant, see 

Table 3.1 for details. The concentration of PS refers to the concentration of Ruthenium-

units linked to polymer chains in the sample.  

The steady-state and time-resolved experiments are performed using the setup 

described in Chapter 2. The excitation wavelength was 532 nm for all the experiments 

reported here. A 532 nm notch filter (Edmund optics) is used to block the pump from 

entering to the detector. The energy of the pump pulse is maintained at 0.10±0.01 mJ. 

The lifetime of the sensitizer and annihilator molecules are obtained by the global 

analysis of the nanosecond transient absorption (ns-TA) spectra using Origin 2019. 

The decay associated spectra (DAS) obtained from the global fitting were used to 

assign the lifetimes. The best fit was selected by the investigation of the residuals from 

fit and minimum reduced chi-square (reduced-2) value. An integrated sphere 

method was used to calculate the absolute quantum yield (Φ) of the emission of MS. 

Quantum yield of PS and upconversion yield has been obtained relative to the 

quantum yield of MS. The maximum theoretical efficiency of the upconversion 

emission quantum yield is 50%.72 

3.3 Steady State Absorption and Emission Spectroscopy  

 

Figure 3.2: Absorption and emission spectra of MS, PS and DPA, excitation wavelength is 

532 nm for MS and PS, 355 nm for DPA 

The absorption and emission spectra of MS, PS and DPA are shown in Figure 3.2. The 
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absorption spectra of MS match with the absorption spectra of a [Ru(dqp)2]2+-type 

complex as reported in the literature.27,68,172,173 The PS's chromophore concentration is 

selected so that the absorbance at 532 nm is the same for MS and PS. Although, the 

absorption spectra of MS and PS are very similar; there is a small change in the 

absorption spectra of PS near 450 and 550 nm in comparison to MS. The bathochromic 

shift has been previously reported and can be ascribed to the electron-withdrawing 

nature of ester group versus the slightly electron-donating nature of the alkyl group.68 

The emission bands of MS and PS in the 600-800 nm region are nearly 

indistinguishable and resemble the form of the 3MLCT phosphorescence of 

[Ru(dqp)2]2+-type compounds.174,175 The absorption of DPA lies between 350 and 415 

nm. It emits light in wavelengths ranging from 375 to 525 nm (see Figure 3.2). Triplet-

triplet annihilation upconversion (TTAUC) is evident in all six samples, previously 

mentioned (M-10 to P-250): the samples are excited at 532 nm, the usual DPA 

fluorescence at wavelengths below 500 nm is visible (Figure 3.3).9,176 

 

Figure 3.3: (A) Upconversion emission from M-10, M-50, M-250, P-10, P-50 and P-250; all 

upconversion emissions are measured at an excitation density of 850 mW cm-2 and are 

normalized at the emission maximum of M-250 at 427 nm. (B) Power density vs. 

upconversion quantum yield, ΦMS= 3.6%, ΦPS= 0.7%. 

The effect of increasing the DPA concentration on upconversion is visible in Figure 

3.3A; the peaks at 405 and 427 nm are rising with the increase of DPA concentration.  

The integrated area under the upconverted emission bands for M-10, M-50, and M-

250 are 8.2, 36.3, and 54.8 respectively; similarly, 0.5, 16.9 and 50.3 for P-10, P-50, and 

P-250 respectively. The rise in integrated upconversion emission intensity upon 

increasing the DPA concentration is steeper in PS containing samples.  
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3.3.1 Upconversion Quantum Yield 

The MS has an absolute fluorescence quantum yield of 3.6% and PS has relative 

quantum yield of 0.7%. The absolute quantum yield of MS (3.6%) is used as the 

reference for all relative quantum yield measurements. The upconversion emission 

quantum yield (Figure 3.3B) for M-10, M-50, and M-250 at excitation power densities 

of 1130 mWcm-2 are 0.7, 2.3, and 4.8%, respectively; while for P-10, P-50, and P-250 are 

0.1, 1.7, and 4.8% respectively. Similar to integrated upconversion intensity, the rise in 

upconversion quantum yield with increasing DPA concentration is steeper for PS 

containing samples than for MS. The highest upconversion quantum yield measured 

at 4900 mW cm-2 are 0.2%, 2.2%, and 6.3% for P-10, P-50, and P-250 respectively; for 

MS containing samples M-10, M-50 and M-250 upconversion quantum yield are 1.2%, 

3.7%, and 8.4% respectively.   

 

3.3.2 Threshold Power Density (Ith) of Monomeric and Polymeric 

Upconversion Systems 

 

Figure 3.4: log (Power density) vs. log (Integrated upconversion emission intensity) for (A) 

MS and (B) PS; R2(COD) ≈ 0.98 in all fitting case; for P-250 weak annihilation regime slope 

is 1.8 and strong annihilation regime slope is 1.2 which is considered as 2 and 1 respectively 

in Figure B. 

The upconversion intensity increases steeply as a function of excitation power density 

up to ca. 1000 mW cm-2; either observed directly as integrated upconversion intensity 

(shown in Figure 3.4) or as reflected in the upconversion quantum yield (Figure 3.3 

(B)). The sharp rise in integrated upconversion intensity is followed by a region with 

a significantly reduced slope at higher excitation power density (> 2000 mw cm-2). This 

changeover in the slope indicates the change from the weak to strong annihilation 
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regime and is described as threshold power density (Ith) in the literature as well as in 

section 1.5.4.89,177,178 The Ith value at which the upconversion system reaches its strong 

annihilation limit is 1444 mW cm-2 for M-10 and 756 mW cm-2 for M-50 and M-250. 

Thus, despite a rise in the absolute upconversion emission intensity, increasing the 

DPA concentration from M-50 to M-250 does not decrease the Ith any further. The Ith 

values for P-50 and P-250 are 548 mW cm-2 and 257 mW cm-2 respectively. There is no 

noticeable transition from a weak to a strong annihilation regime for P-10, indicating 

an inefficient upconversion system; whereas, the P-250 is the most efficient system for 

upconversion based on the threshold power density. This finding is similar to what 

Sittig et al. found on a fully polymer-integrated upconversion system, where they also 

observed a linear relation between integrated upconversion intensity and low values 

of excitation power density.33  

In general, increasing the annihilator concentration results in more collisional partners 

(annihilator molecules) in the proximity of an excited triplet sensitizer (3S*). As a 

result, chances of the triplet-triplet energy transfer process (TTET) increase. However, 

exceeding a certain DPA concentration level can result in aggregate and excimer 

formation and consequently limiting the upconversion emission.179–181 The ground 

state sensitizer molecules (1S) have more photons available for absorption by 

increasing the excitation power density; in such cases more number of 3S* is formed 

which participates in TTET to form 3A*, ultimately a higher number 3A* participates 

in efficient TTA and consequently increasing the upconversion emission intensity (see 

equation 1.12). However, beyond the Ith upconversion intensity varies linearly with 

increasing excitation power density and the quantum output appears to plateau and 

TTA (3A*-3A*) limits the upconversion rate, as described in section 1.5.4.86,88,89,182,183   

The sensitizer units in the PS samples are covalently linked to the polymer chain, 

resulting in a non-homogeneous distribution of sensitizer molecules in the sample. 

The sensitizer (PS) content is high within the volume occupied by the polymer chain, 

whereas the sensitizer concentration is depleted in other regions of the sample. The 

impact of the non-uniform distribution of sensitizers on the upconverting mechanism 

can be observed through the following outcomes: (i) the TTAUC takes place solely in 

the proximity of the PS, specifically in the proximity of the polymer strands where PS 

is linked. As a result (ii) the 3A* produced by TTET is spatially restricted to the region 

of the polymer strands. Consequently, the 3A* molecule does not need to diffuse far 

to find a second 3A* molecule for TTA; which leads to very effective TTAUC (strong 

annihilation) near the polymers, forming “upconversion hot spots”.8,184,185 In contrast, 

the distribution of sensitizers and annihilators in samples containing MS is 
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homogeneous. Consequently, upconversion occurs throughout the excitation focal 

volume. (iii) A significant proportion of the annihilator molecules (DPA), specifically 

those located in partial volumes devoid of the sensitizer molecule, does not participate 

in the upconversion process. The presence of a polymer backbone (PMMA), 

responsible for anchoring the sensitizer molecules, has the potential to impede the 

unrestricted diffusion of both sensitizer and DPA molecules. This hindrance may arise 

due to the obstruction or confinement of the diffusion pathway, leading to a potential 

impact on the TTET and collisional TTA processes, eventually limiting the 

upconversion emission.186 (iv) Finally, the sensitizer compartmentalization in PS units 

reduces the upconversion photons by reabsorption from the first excited singlet state 

of DPA (1A*) to PS (1S).170,187,188 In scenarios, where the excitation power density is low 

and a low number of sensitizer molecules are excited, the occurrence of back energy 

transfer from a localized excited singlet DPA (1A*) to a non-excited PS (1S) within the 

"upconversion hot spots" is higher, due to the presence of numerous sensitizer 

molecules in the ground state of the proximity to a given excited 1A*. Reabsorption 

(back-energy transfer) may take place under conditions of high excitation power 

density; nevertheless, considering the low numbers of ground-state sensitizer 

molecules (1S), it is improbable that the reabsorption process will prevail over the 

upconversion emission. The aforementioned factors indicate that changes to the 

excitation power density or DPA concentration have a more significant influence on 

samples containing PS. 

The P-10 upconversion system, as evident from the Figure 3.4B does not attain the 

strong annihilation regime. It exhibits two limitations: firstly, when the excitation 

power density is low, specifically in the weak annihilation regime, a considerable 

number of sensitizers that are not excited are present in proximity to an excited 

emissive singlet annihilator (1A*). Consequently, a relatively significant proportion of 

the excited 1A* engages in reabsorption, as mentioned in point (iv) above. At high 

excitation power densities, a considerable amount of triplet states (3S*) is present, 

which can afford effective triplet-triplet annihilation upconversion (TTAUC); 

however, the likelihood of triplet-triplet energy transfer (TTET) is reduced due to the 

low number of DPA molecules that can serve as energy acceptors in the proximity of 

a specific excited P-10 sensitizer. Therefore, the P-10 sample fails to attain the strong 

annihilation regime. 
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3.4 Transient Absorption Spectroscopy of Upconversion Systems 

The kinetics of the TTAUC process were investigated using nanosecond time-resolved 

spectroscopy (ns-TA). The data pertaining to ns-TA is depicted in Figure 3.5. 

 

Figure 3.5: Normalized nanosecond transient absorption spectra of (A) MS, MS = 4.5 s (B) 

PS, PS = 2.5 s; spectra A and B normalized by peak of GSB at 500 nm (C) M-50, MS = 2.4 

s, DPA = 160 s (D) P-50, PS = 2.0 s, DPA = 210 s. Bottom of A and B - inverted emission 

in red and inverted absorbance in green. Bottom of C and D - overlap of excited state 

absorption of 3S* in violet and 3A* in blue.  represents the triplet lifetime of the individual 

species as indicated in the subscript. 

The results depicted in Figure 3.5 shows the stimulated emission of MS centered at 

700 nm, as well as ground-state bleach (GSB) centered at 500 nm and excited-state 

absorption (ESA) near 400 nm. The data were fitted using mono-exponential global 

fitting procedure, which yielded a decay time of 4.5 s, it is attributed to the lifetime 

of the triplet state of MS. The spectra features (GSB, ESA and SE) and the triplet 

lifetime of the molecules are consistent with the earlier findings by Hammarström and 

coworkers.68,189 The decay associated spectra of the MS are shown in the Figure 3.6A. 

The spectral features exhibited by PS (Figure 3.6B) are analogous to MS. Nevertheless, 

a mono-exponential global fitting procedure applied to the data yields a characteristic 
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lifetime value of 2.5 s. Furthermore, it is observed that the incorporation of the 

sensitizer into the polymer matrix results in shorter triplet lifetime. Additionally, the 

relative intensities of the stimulated emission band at 700 nm are relatively less 

pronounced in PS sample compared to MS. In identical experimental conditions, the 

DPA of 50 M revealed an excited state lifetime of 3.1 ms, which is consistent with 

literature reports.96,190 The nanosecond transient absorption spectra and DAS are 

shown in Figure 3.7. The triplet state formation pathway in DPA sample is due to 

excitation at 410 nm followed by the intersystem crossing.  

 

Figure 3.6: Normalized decay associated spectra (DAS) of (A) MS, (B) PS, (C) M-50, and (D) 

P-50. 

Following the addition of annihilator into the sensitizer solutions, the differential 

absorption (Absorbance) characteristics of the sensitizer persist. However, an 

additional band associated with excited state absorption (ESA) of DPA at 425 nm 

becomes apparent, signifying the presence of the triplet state DPA (3A*), see Figures 

3.6C and 3.6D.191 The presence of triplet DPA results in the shortening of the 3S* 

lifetime of MS in M-50 to 2.4 µs as a consequence of TTET, the lifetime of 3A* is 160 s 

(Figure 3.5C). The spectra of P-50 are shown in the Figure 3.5D and its DAS is shown 

in Figure 3.6D; the spectra features of P-50 resemble to M-50. The appearance of the 
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additional band at 425 nm in P-50 is also due to the formation of triplet DPA, triplet 

lifetimes of the sensitizer and annihilators are 2.0 µs and 210 µs, respectively.  

 

Figure 3.7: Nanosecond transient absorption spectra of 50 μM DPA in deaerated 

acetonitrile, excitation wavelength is 410 nm. (B) Corresponding decay associated spectrum 

(DAS).  

The triplet state lifetime of the PS is shorter than the triplet state lifetime of the MS. 

The longer triplet lifetime of MS molecules will create more triplet annihilator 3A* 

through TTET than PS, resulting in higher differential absorbance of 3A* centered 

around 425 nm in M-50 (Figure 3.5C) than P-50 (Figure 3.5D); consequently, resulting 

in a higher number of TTA pairs and higher upconversion emission intensity. The 

lifetimes were determined using the global fitting (see, Equation 2.8 for details) and 

are tabulated in Table 3.2. 

Table 3.2: Triplet lifetime of samples. The maximum error is within 10% of the given value. 

DPA sample is 50 M, measured in deaerated acetonitrile.   

 MS PS DPA M-10 M-50 M-250 P-10 P-50 P-250 

3S*  (s) 4.5 2.5 - 3.8 2.4 0.9 2.4 2.0 1.0 

3A*  (s) - - 3100 340 160 120 >1000 210 190 

 

Upon increasing the concentration of the annihilator in the monomeric sensitizer 

system, the lifetime of the 3A* gets reduced from 340 μs to 120 μs. The upconversion 

systems that consist of polymeric sensitizers exhibit a greater influence by variation in 

annihilator concentration. The triplet lifetime of 3A* in P-10 is observed to exceed 1 

ms. However, upon increasing the annihilator concentration to P-250, the triplet 

lifetime of 3A* reduces to 190 µs. The observed phenomenon is attributed to the higher 
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localized concentration of 3A* in the localized "upconversion hot spots" in the vicinity 

of the polymer chains. This results in localized more efficient triplet-triplet 

annihilation (TTA) and consequently, shortening the lifetime of the 3A*.  

 

Figure 3.8: The decay transients obtained from nanosecond transient absorption spectra 

recorded at four different wavelengths (380 nm, 440 nm, 500 nm, and 700 nm), are presented 

in colors violet, blue, green, and red, respectively. The raw data is depicted using both line 

and symbol, while the exponential fit is represented by a dashed line. The shown kinetics 

display normalized decay transients at 380 nm, 500 nm (inverted), and 700 nm (inverted) in 

Figures (A) and (B). The violet dashed line represents a mono-exponential decay fit to 

spectra at 380 nm, while the fitting for 500 nm and 700 nm are not presented. The symbol 

"τ" denotes the duration of the triplet state for each respective species, as denoted by the 

subscript. (A) MS, fits at 380 nm, 500 nm and 700 nm are MS are 4.6 s, 4.3 s and 4.5 s 

respectively. (B) PS, fits at 380 nm, 500 nm and 700 nm are PS = 2.5 s, 2.5 s, 2.6 s 

respectively. (C) M-50, MS = 2.5 s (violet), build-up DPA = 2.1 s, decay DPA = 150 s (blue). 

(D) P-50, PS = 2.0 s, build up DPA = 3.3 s, decay DPA = 230 s. Reduces Chi-square ≤ 0.003 

in all fitting cases. Spectra in A and B are normalized by their respective peak. The error is 

within 10% of the respective differential absorption signal. 

The nanosecond transient decay kinetics of MS and PS were recorded at 380 nm 

(ESA), 500 nm (GSB) and 700 nm (SE), as depicted in Figures 3.8A and 3.8B. The curves 

in the figure demonstrate the decay of ESA, GSB and SE; it is evident that all kinetics 
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decays with the same lifetimes. Furthermore, the lifetimes obtained through global 

fitting also yield the same values. The transient decay kinetics observed at 380 nm 

(reflecting the ESA of the sensitizer) and 440 nm (reflecting the ESA of the annihilator) 

of M-50 and P-50 are presented in Figures 3.8C and 3.8D respectively. The pump-

intensity dependent transient absorption data of MS and PS are shown in Figure 3.9. 

The kinetics of transient absorption is measured at 380 nm wavelength, which 

corresponds to the ESA of sensitizer molecules.  

 

Figure 3.9: The decay of sensitizer triplet lifetime under varying excitation power densities. 

The measured data (normalized) is represented by a combination of line and symbol, while 

a mono-exponential decay fit is represented by a dashed line. The symbol "τ" denotes the 

lifetime of each distinct species, as denoted by the subscript. (A) MS - 5 M, at 0.2 mJ, fit 

reveals lifetime MS = 4.5 s (B) MS - 5 M, MS = 4.5 s, 4.5 s, 4.2 s and 4.2 s for the 

energy levels 0.1 mJ, 0.2 mJ, 0.5 mJ and 0.8 mJ respectively.  (C) PS - 5 M at 0.2 mJ, PS = 2.5 

s (D) PS - 5 M, PS = 2.4 s, 2.5 s, 2.3 s and 2.4 s for the energy levels 0.1 mJ, 0.2 mJ, 0.5 

mJ and 0.8 mJ respectively. The error falls within 10% of the specified differential absorption 

intensity.    

The investigation of the triplet lifetime of MS and PS at energy per excitation pulse 

0.1 mJ, 0.2 mJ, 0.5 mJ, and 0.8 mJ is shown in Figure 3.9. The results indicate that the 

lifetimes of the MS and PS are centered around 4.4 μs and 2.4 μs, respectively. The 
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investigation reveals that, there is no significant change in the triplet lifetime of the 

sensitizer molecules at the employed concentration and pulse energy. The upper 

threshold for pulse energy is 0.8 mJ due to experimental limitations. No variations in 

the lifetime of the excited state were observed as a function of pump intensity. 

Therefore, it can be inferred that sensitizer-sensitizer (S-S) TTA does not play a role in 

the decay pathway of the triplet excited state in either MS or PS. 

 

3.4.1 Determination of Triplet-Triplet Energy Transfer Rate 

The determination of the triplet-triplet energy transfer rate constant (kTTET) can be 

done through Stern-Volmer analysis, which is based on the sensitizer triplet lifetimes 

in the absence (τ0) and the presence of (τ) DPA. Figure 3.10 illustrates the process of 

quenching the 3S* by three distinct concentrations of annihilator (10 μM, 50 μM, 250 

μM). The lifetimes of the quenched sensitizers are given in Table 3.2 and are used to 

make the plot. The Stern-Volmer dynamic quenching equation was utilized to 

determine the Stern-Volmer constants (KSV) and bimolecular triplet-triplet energy 

transfer rate constant (kTTET). Equation 2.4 is rewritten here in the context of triplet-

triplet energy transfer (TTET) to determine the KSV and kTTET:  

τ0

τ
= 1 + 𝐾𝑠𝑣[𝑄] = 1 + 𝑘𝑇𝑇𝐸𝑇τ0[𝑄] Equation 3.1 

The Stern-Volmer quenching constant is denoted by KSV, while the concentration of 

DPA is represented by [Q]. 

 

Figure 3.10: Stern-Volmer plot of quenched triplet lifetime of the sensitizer molecules in 

different concentrations of annihilator. KSV is the quenching constant.  R2(COD) > 0.99 in 

both fitting cases.  
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The values of kTTET for monomeric and polymeric systems obtained from the Stern-

Volmer plots are 3.6∙109 M-1s-1 and 2.2∙109 M-1s-1, respectively. These results are 

consistent with previous studies on the energy transfer mechanism between 

Ruthenium-complex based sensitizers and DPA.70,192 The higher kTTET observed in the 

monomeric system can be attributed to the unhindered diffusion of the sensitizer 

molecules (MS). Whereas, in the polymeric system, each macromolecule PS is 

composed of an average of four Ru-complexes located in the sidechains of 75 MMA 

repeat units within the polymer backbone. The size of a photosensitizer (PS) is 

significantly greater than that of a molecular sensitizer (MS), which ultimately 

restricts the diffusion of the sensitizer molecule and leads to a lower kTTET.193  

 

3.4.2 Mixed Kinetic Analysis of Upconversion Systems 

The mixed kinetic analysis is performed to obtain the triplet-triplet annihilation rate 

(kTTA) as described in section 1.5.5. The fitting analysis is performed using Equation 

1.31 on the decay of triplet ESA of annihilator.  

 

Figure 3.11: kTTA rate calculation for M-50 and P-50 using mixed kinetic analysis. The dashed 

line represents the fit. For both the fits reduced 2 < 10-14. 

The transient absorbance recorded at 450 nm reflects the concentration of triplet DPA 

(3A*) as the triplet state in DPA has a characteristic absorption10 at 450 nm with a molar 

extinction coefficient of 1.56·104 M-1cm-1.194 The triplet absorption of sensitizer 

molecule in the Figure 3.5C is negligible at 450 nm, upon addition of annihilator a 

distinct ESA centered at 425 nm appears due to TTET as described in section 3.3. The 

mixed kinetic analysis is performed on the annihilator ESA kinetics at 450 nm using 

Equation 1.31, the fits are shown in Figure 3.11. 
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The 𝑘𝑇
𝐴 which represents the intrinsic triplet lifetime of the annihilator is fixed to 350 

s-1 during mixed kinetic analysis fit; since its value is 3.1±0.5 ms known from ns-TA 

measurement shown in Figure 3.7. The parameters obtained from the analysis are 

summarized in Table 3.3; higher differential absorption intensity (Absorbance) in the 

monomeric system leads to a lower error value.     

Table 3.3: Parameters obtained from mixed kinetic analysis.  

 3DPA* (M)  𝑘𝑇
𝐴

 (s-1) kTTA (109 M-1s-1) 

M-50 1.22±0.005 0.94±0.01 350±35 4.3±0.004 

P-50 0.37±0.005 0.90±0.01 350±35 9.5±0.42 

 

The 3DPA*, which represents the initial triplet concentration of the DPA is higher for 

the monomeric system due to a higher number of triplet DPA formations, it is also 

visible as higher triplet ESA in the monomeric system, see Figures 3.5C & 3.5D.  

The dimensionless parameter  represents the initial fraction of the triplet 

concentration of the annihilator which decays through bimolecular second-order 

triplet-triplet annihilation is slightly higher for the monomeric system. The 

bimolecular rate constant kTTA reflects triplet-triplet annihilation, it primarily depends 

on diffusion coefficient of the annihilator units and the effective distance between two 

3A* units participating in annihilation.86,195 The kTTA rate of the polymeric system is 

more than twice of the monomeric system, which indicates the relative distance 

between the two annihilator molecules is shorter in the polymeric system due to 

upconversion occurring only at hot-spots, it is illustrated in Figure 3.12. 

The threshold power density (Ith) as described in Equation 1.27 is proportional to the 

square of 𝑘𝑇
𝐴; inversely proportional to ϕTTET, α[1S] and and kTTA. The Ith for the M-50 

and P-50 are 756 mW cm-2 and 548 mW cm-2 respectively. The efficiency of energy 

transfer (ϕTTET) is calculated using lifetime data given in Table 3.2; the substitution of 

lifetime data in Equation 1.16 yields ϕTTET values 47% and 20% for M-50 and P-50 

respectively i.e. higher for the monomeric system. The 𝑘𝑇
𝐴 (first-order decay rate of the 

annihilator) value is same for both the monomeric and polymeric systems; since, both 

systems have DPA as annihilator. Based on the parameters discussed here, the lower 

Ith value for the polymeric system can only result from higher α[1S] and kTTA of the 

polymeric system. The kTTA is higher for the polymeric system as described above and 

α[1S] which is the absorption cross-section of the sensitizer can be relatively higher for 
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the polymeric system due to polymer linkage. The polymeric system has a higher 

number of sensitizer molecules near the upconversion hot-spots; hence, a higher 

localized concentration of the sensitizer molecules which reflects in the higher α[1S] 

value for the polymeric system.85,88 In conclusion, the higher value of kTTA and higher 

localized concentration of the polymeric sensitizer reflect in the lower Ith value for the 

polymeric system.  

The schematic of homogeneous upconversion in a monomeric system and 

upconversion from localized hot-spots in a polymeric system is shown in Figure 3.12.        

 

Figure 3.12: (A) Homogeneously distributed sensitizer, annihilator molecules and 

upconverted emission from monomeric upconversion system (B) Homogeneously 

distributed annihilator and polymer linked sensitizer molecules, localized upconversion 

from hot spots in polymeric upconversion system.  



 
 

 Investigation of Rotational Dynamics of 

Fluorophores in Lipid Bilayer Membrane 

4.1 The Objective and the Approach 

In this chapter, objective 2 has been investigated using steady-state, time-resolved 

anisotropy and TDDFT computations. To measure the rotational relaxation times 

using transient absorption anisotropy (TAA), a 4,4-difluoro-4-bora-3a,4a-diaza-s-

indacene (BODIPY) derivative in dichloromethane (DCM) and giant unilamellar 

vesicle (GUV) has been chosen. The choice of the molecule is discussed below before 

presenting the experimental results. The development of the optical setup for TAA is 

described in section 2.3.2.    

BODIPY fluorophores possess tunable optical properties,63 high fluorescence 

quantum yields and large extinction coefficients,196–198 which serve as the fundamental 

basis for their application in various fields such as photochemical singlet oxygen 

generation,199 molecular rotors44,49,200–204 and triplet-triplet annihilation upconversion 

(TTAUC).10,33 BODIPY-derivatives through meso-substitution of a phenyl ring can be 

turned in to fluorescent molecular rotors (FMRs), see Figure 4.1B.44,202 FMRs can be 

used to investigate the viscosity e.g. to determine the viscosity of a cell membrane,44 

which is a crucial factor in drug diffusion. The change from low to high viscosity 

results in an increase in the fluorescence intensity and lifetime of a BODIPY FMR, 

which can be attributed to the impeded intramolecular rotation.44,205 

Giant unilamellar vesicles (GUVs) have been used as models for cellular 

membranes.206 Previous studies have investigated the rotational relaxation time, as 

well as the organization and orientation of different fluorophores (including 

BODIPYs),38,42,45,103,207,208 within giant unilamellar vesicles and cellular membranes 

using the TEA. In this thesis, a BODIPY-derivative BODIPY-Ar-Chol (Figure 4.1A) has 

been chosen for the investigation of rotational dynamics using TAA. This molecule 

can be reconstituted into homogeneous and ternary GUVs and are soluble in a range 

of solvents, e.g., dichloromethane (DCM), acetonitrile (ACN) and chloroform.63 Hence, 

their rotational mobility in a range of microenvironments can be inferred from 

transient absorption anisotropy. In particular, the BODIPY-Ar-chol has been found 

suitable to target biological cells, where it permeates the membrane and localizes into 

inner lipid droplets.63 Having these properties, the BODIPY-Ar-chol molecule 

presents promising molecular properties to be investigated in GUVs by TAA. 
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The BODIPY-Ar-chol molecules were dissolved in DCM for measurements in solution 

and reconstituted with DOPC lipid to form GUVs, the synthesis method is described 

in section 2.5. The methods of microscopy used in this chapter have been introduced 

the section 2.4. 

 

Figure 4.1: (A) Molecular structure of the BODIPY-Ar-Chol molecule (B) Intramolecular 

rotation between the BODIPY-moiety and phenyl-moiety as a molecular rotor (aroow 

represents the rotation). (C) The schematic of the recontitution of GUV with the molecule 

and its possible rotation within the bilayer membrane. 

 

4.2 Steady State Spectroscopy 

4.2.1 Absorption and Emission Spectra of the BODIPY-Ar-chol 

The steady-state absorption and emission spectra of the BODIPY-Ar-chol molecule in 

DCM and GUVs are illustrated in Figures 4.2A and 4.2B respectively. The absorption 

from the electronic ground state (S0) to the first excited state (S1) occurs at wavelengths 

centered at 500 nm. Subsequently, the fluorescence emission peak is at wavelength 

514 nm. The extinction coefficient measured at wavelength 503 nm is 6.34·104 mol-1 

cm-1, which is consistent with the literature reports.63 When the molecule was 

dissolved in water, no emission was detected. Upon reconstitution into giant 

unilamellar vesicles (GUVs), the molecule exhibited fluorescence emission that is 

spectrally identical to the fluorescence observed from DCM solutions, see Figure 4.2B. 
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Figure 4.2: (A) Steady-state absorption and emission spectra of BODIPY-Ar-Chol in DCM 

(B) steady-state emission of the molecule from reconstituted GUV. 

4.2.2 Confocal Microscopy and Steady State Anisotropy 

The fluorescence image of the BODIPY-Ar-chol molecule reconstituted with GUV is 

shown in Figure 4.3 indicating that the molecules are embedded into the lipid bilayer 

membrane. 

 

 

Figure 4.3: Confocal microscopy image of the BODIPY-Ar-chol reconstituted GUV at the 

equatorial plane. The excitation wavelength is 503 nm using a white light-emitting LED 

without an excitation polarizer. The emission is collected within the range 511-570 nm, 

without the use of an analyzer. 

The emission from the GUV (Figure 4.3), which is unpolarized, exhibits a uniform 

distribution throughout the lipid bilayer confirms the synthesized GUVs are 

homogeneous in nature. However, in the event that the GUV is excited with polarized 

light and the resulting emission is observed at specified polarization angles, the 
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emission from the GUV appears uneven (Figures 4.4A and 4.4B). The BODIPY-Ar-chol 

molecule possesses transition dipole moment (TDM) along the long axis of the 

BODIPY-moiety;53,55,209,210 when the TDM aligns with the excitation polarization (as 

indicated by bidirectional arrows in Figure 4.4A and 4.4B and 4.4E), the BODIPY-Ar-

chol molecule becomes excited due to photoselection.53 The schematic of the 

photoselection is shown in Figure 4.4E.  

 

Figure 4.4: Confocal fluorescence images of the equatorial plane of a GUV reconstituted 

with BODIPY-Ar-Chol. (A,B): The images of the fluorescence intensity (normalized) are 

obtained by employing two orthogonal linearly polarized excitations. The direction of 

excitation polarization is indicated by the arrows, and the detected emission is parallel-

polarized and denoted as I∥. The numbers depicted in the image correspond to distinct 

positions within the equatorial plane of the GUV. (C,D): The anisotropy maps of BODIPY-

Ar-Chol within the lipid bilayer membrane for two perpendicular linearly polarized 

excitations, as depicted in figures (A) and (B) respectively. The color bar displays the color-

coded anisotropy values. The intensity threshold was used to eliminate the non-membrane 

regions from the images. (E): Schemtic representation of the BODIPY-Ar-chol molecule in 

the GUV and when it gets aligend to the excitation polarization and photoselection. ϕ shows 

the angle between the transition dipole moment of the BODIPY-Ar-chol molecule and 

normal to the lipid bilayer membrane. 

When excited in the X-direction, higher emission is detected at positions 1 and 3 (as 

shown in Figure 4.4A) of the Giant Unilamellar Vesicle. This suggests that the 

molecules located in these positions have dipole moment oriented along the X-axis 

direction. Similarly, for the excitation along Y-axis (as depicted in Figure 4.4B), it can 

be observed that there is a significantly higher emission emanating from locations 2 

and 4. This can be attributed to the presence of molecules that possess dipole moments 

oriented along the Y-axis on both sides of the GUV. The photoselection reveals the 

presence of well-organized BODIPY molecules in the lipid bilayer membrane plane. 
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The anisotropy is derived from the difference between two fluorescence intensities 

that are perpendicular to each other (see Equation 1.35); its values are significantly 

high (r ~ 0.4) in the locations where the emission of a specific polarization is high, 

while the emission (as well as anisotropy) along the orthogonal direction is 

diminished by a factor of two. When the excitation polarization is oriented along the 

X-direction (as depicted in Figure 4.4C), both fluorescence intensity and anisotropy 

exhibit high values at the top-bottom region of the GUV. Likewise, when the excitation 

polarization is oriented along the Y-direction, high anisotropy values are observed at 

the left-right section of the GUV (Figure 4.4D). 

The determination of the angle between the dipole moment of the BODIPY 

chromophore and the normal to the membrane plane is calculated using the 

fluorescence intensities obtained from the orthogonal positions depicted in Figure 

4.4A. The mean value of 40 pixels from two orthogonal locations 1 and 2 or 3 and 4, 

are substituted in Equation 4.1 to calculate the angle (ϕ) between the dipole moment 

and the normal to the membrane plane.  

 
𝐼⊥

𝐼II
=

1

2
tan2 ϕ Equation 4.1 

The fluorescence intensity along the axis perpendicular to excitation polarization is 

denoted as I⊥, while the fluorescence intensity along the axis parallel to excitation 

polarization is represented by III. This equation is valid for application in 

homogeneous lipid bilayer membranes. The derivation of Equation 4.1 is published 

by Grudzinski et al.;211 therefore, not presented in this thesis.  

The homogeneity of the GUV membrane is demonstrated using a confocal microscopy 

image in Figure 4.3 as well as using a fluorescence lifetime imaging microscopy 

(FLIM) image shown in Figure 4.5. Each pixel in the FLIM image represents the 

average lifetime of the BODIPY-Ar-chol molecules embedded in the lipid bilayer 

membrane within the pixel; it is evident that, the lifetime of each pixel is ca. 5 ns; which 

confirms the homogeneity of the lipid bilayer membrane. The substitution of the 

average of 40 pixels from two orthogonal positions in Equation 4.1 reveals the angle 

between the transition dipole moment and the normal to the lipid bilayer membrane 

is 63±2° as depicted in Figure 4.6. As a result of averaging over multiple pixels, the 

obtained angle is an average of all BODIPY-Ar-chol molecules within the pixels. 

Karolin et al. proposed a similar situation in which BODIPY-derivatives were 

incorporated into the lipid bilayers of DOPC.55 The authors observed the transition 

dipole moment of the BODIPY was oriented perpendicular to the normal to the bilayer 
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plane. The authors utilized fluorescence anisotropy of giant unilamellar vesicles 

(GUVs) and formulated their structural hypothesis by analyzing the fluorescence 

anisotropy measurements, considering an order parameter and linear dichroism 

measurements.55 

 

Figure 4.5: Fluorescence Lifetime Image (FLIM) of BODIPY-Ar-Chol reconstituted GUV at 

the equatorial position. (A): The FLIM image, each pixel represents a lifetime. The selection 

of pixels is based on intensity thresholds. The GUVs depicted in this figure and Figure 4.4 

are identical. (B) The distribution of lifetimes derived from pixels, as depicted in the 

accompanying image (A).  

 

 

Figure 4.6: The figure depicts a schematic representation of the BODIPY-Ar-chol molecule 

placed within the lipid bilayer. The molecule’s long axis is indicated by a black arrow, which 

represents the transition dipole moment. Additionally, the vertical blue arrow denotes the 

normal axis to the surface of the bilayer membrane. The schematic diagram presented does 

not accurately depict the dimensions of the lipid and BODIPY-Ar-Chol molecules. 

Similar observations have been made for the fluorescence intensity and anisotropy of 

Nile Blue212 and other molecules in orthogonal sections of the lipid bilayer membrane. 
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These observations indicate that when the angle between the transition dipole 

moment of the molecule and the normal to the membrane plane exceeds the magic 

angle (54.7°) distinct high and low fluorescence intensity as well as anisotropy are 

observed.53,213,214 

The orientation and placement of the BODIPY-Ar-chol in lipid bilayer membrane are 

established; now the rotational dynamics of the BODIPY-fluorophore upon excitation 

is to be investigated within the lipid bilayer membrane. Two distinct molecular 

rotations can occur in a BODIPY-phenyl fluorescence molecular rotor (FMR). First, the 

intramolecular rotation, also known as segmental mobility, involves the rotation of 

the phenyl ring at a faster rate than the BODIPY-moiety due to the smaller moment of 

inertia of the phenyl ring.44 The BODIPY-Ar-chol molecule under investigation 

exhibits restricted rotation of the phenyl group due to the presence of a methyl group 

at position 1,7. However, there is some degree of rotation, albeit restricted, between 

the BODIPY and phenyl moieties. Previous report suggests that, the emission 

quantum yield can be further enhanced by adding substituents on the ortho and meso 

position of the phenyl ring. This is attributed to the increased restriction on the 

rotation of the phenyl ring.49,197,202,215 Consequently, the segmental mobility exits 

between the BODIPY-moiety and phenyl ring. The angle of rotation is investigated 

using the TDDFT calculation and described in the next section. Second, the BODIPY-

phenyl fluorophore exhibits a rotational motion as one unit. The comparatively large 

moment of inertia of the BODIPY-moiety results in a significantly slower rotation in 

comparison to the intramolecular rotation.216,217 As a result, it can be observed that 

within solvents of low viscosity, the decay properties of emission are primarily 

influenced by intramolecular rotation. In media with high viscosity, both 

intramolecular rotation and the overall rotation of the FMR are slowed down.200,218  

 

4.3 Computational Simulations on the Transition Dipole Moment 

4.3.1 The Orientation of Absorption and Emission Transition Dipole Moments 

The computational simulations are performed to investigate the change in the 

orientation of transition dipole moment (TDM) due to intramolecular rotation and 

solvent reorganization. The simulations are performed by Dr. Julien Guthmuller and 

Mr. Rengel Cane Sia. The details of the methods are described in section 2.5.  

The Cartesian coordinates of the transition dipole moments of BODIPY-Ar-Chol at the 

S0 and S1 geometries, as well as the angle between the TDMs, are given in Table 4.1 

(the TDM at S0 geometry is considered as the reference). The simulations indicate a 
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marginal angle 0.13° between the TDM of S0 and S1 geometry i.e. the absorption and 

emission dipole moments are collinear.  

 

Figure 4.7: The molecule-fixed Cartesian frame and the optimized geometries of the S0 and 

S1 states of BODIPY-Ar-Chol. The TDM is along the long axis of BODIPY-core and parallel 

to Y-axis, it is shown as bidirectional dashed line.  

Table 4.1: Cartesian coordinates of the TDM at S0 and S1 geometry and the angle between 

TDMs at S0 and S1 geometry of the BODIPY-Ar-Chol. 

Geometry X (a.u.) Y (a.u.) Z (a.u.) Angle between TDMs (°) 

S0 -0.0049 2.9738 -0.0303 0.00 

S1 0.0022 3.3900 -0.0356 0.13 

The atomic numbering of the BODIPY-Ar-chol molecule is shown in Figure 4.8, based 

on the atomic numbers dihedral angles are calculated and shown in Table 4.2. 

 

Figure 4.8: The numbering of the atoms of BODIPY-Ar-chol molecule. The dihedral C6-C5-

C14-C15 is shown in red, dihedral C16-C18-C23-O72 is shown in blue, dihedral C23-O72-

C45-C46 is shown in orange color.  
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4.3.2 The Effect of Intramolecular Rotation on TDM 

The intramolecular rotation between the BODIPY-moiety and phenyl ring is given in 

Table 4.2 and discussed thereafter. The transition from the Franck-Condon geometry 

(S0 state) to the emissive state (S1 state) results in a rotation of approximately 24° 

around the BODIPY and phenyl ring. However, negligible rotations are observed 

along the C18-C23 and O72-C45 bonds that link the aryl, ester, and cholesterol groups. 

The directional orientation of TDM exhibits no significant changes in the geometrical 

relaxation, with an angle of ca. 0.1°; therefore, TDM remains predominantly aligned 

along the long axis of the BODIPY-Ar-chol (Y-axis). Since, there is no rotation between 

the phenyl ring and cholesterol, the cholesterol group is removed to simplify the 

calculations. Consequently, further calculations are based on the BODIPY-Ar-COOH 

compound (shown in Figure 4.9).  

Table 4.2: The dihedral angle between the BODIPY and phenyl ring as well as phenyl ring 

and cholesterol, the dihedrals are shown in colors in Figure 4.8. 

Geometry C6-C5-C14-C15 C16-C18-C23-O72 C23-O72-C45-C46 

S0 90.8 180.0 80.8 

S1 114.4 179.8 80.8 

Difference in angle (°) 23.6 -0.2 0.0 

 

 

Figure 4.9: The molecule-fixed Cartesian frame and the optimized geometries of the S0 and 

S1 states of BODIPY-Ar-COOH. The TDM is along the Y-axis, as shown in the figure.  
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Table 4.3: Cartesian coordinates and the angle between TDMs of BODIPY-Ar-COOH at S0 

and S1 geometry. 

Geometry X (a.u.) Y (a.u.) Z (a.u.) Angle between TDMs (°) 

S0 -0.0007 3.0648 -0.0347 0.00 

S1 -0.0004 3.5934 0.0182 0.94 

 

Table 4.4: The dihedral angle between the BODIPY and phenyl ring 

Geometry BODIPY-Ar (°) 

S0 83.8 

S1 66.6 

Difference 17.2 

At the Frank-Condon geometry (S0), it can be observed that the BODIPY and phenyl 

moieties exhibit a near-orthogonal configuration, characterized by a dihedral angle of 

83.8°. The BODIPY-phenyl dihedral angle is 66.6° at the S1 geometry. The impact of 

the phenyl ring rotation on the TDM during the transition of the molecule from its 

Franck-Condon geometry to its first excited state (S1) geometry with a BODIPY-phenyl 

rotation of 17.2° is observed to be 0.94°. The obtained values for BODIPY-Ar-COOH 

are consistent with the computed data for BODIPY-Ar-Chol. 

 

Figure 4.10: Scan of the relaxed potential energy surface of S0 and S1 states of BODIPY-Ar-

COOH along the BODIPY-Ar dihedral angle. 

The potential energy surface (PES) of S0 state indicates that the minimum dihedral 
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angle is in close proximity to 90° (Figure 4.10). Additionally, rotations between 65° 

and 115° are attainable at room temperature, where kT equals 0.026 eV. This particular 

rotation results in a maximum angle deviation of ca. 2.8 degrees in TDM. The S1 PES 

indicates that the lowest dihedral angle is approximately 65° and dihedral angles 

ranging from 55-125° are attainable at room temperature. This results in a TDM 

deviation of a similar magnitude to S0 geometry, ca. 3°. 

 

4.3.3 The Effect of Solvent Reorganization on TDM  

The impact of solvent reorganization on the TDM at the ground state (S0) and excited 

state (S1) geometries is insignificant, as evident by a maximum TDM angle deviation 

of 0.36° (Tables 4.5 and 4.6). 

Table 4.5: The Cartesian coordinates of the TDMs of BODIPY-Ar-COOH at the S0 geometry 

computed using both non-equilibrium and equilibrium dichloromethane (DCM) solvation 

models. Additionally, the angle between the TDMs are given. (the TDM calculated for the 

non-equilibrium is the reference). 

Solvation X (a.u.) Y (a.u.) Z (a.u.) Angle between TDMs (°) 

non-equilibrium -0.0007 3.0648 -0.0347 0.00 

equilibrium 0.0002 3.6419 -0.0644 0.36 

 

Table 4.6: The Cartesian coordinates of the TDMs of BODIPY-Ar-COOH at the S1 geometry 

computed using both non-equilibrium and equilibrium dichloromethane (DCM) solvation 

models. Additionally, the angle between the TDMs is given. (the TDM calculated for the 

non-equilibrium is the reference). 

Solvation X (a.u.) Y (a.u.) Z (a.u.) Angle between TDMs (°) 

non-equilibrium -0.0005 3.0117 0.0291 0.00 

equilibrium -0.0004 3.5934 0.0182 0.26 

 

4.4 Time-resolved Anisotropy of BODIPY-Ar-chol in DCM and 

Lipid Bilayer Membrane 

4.4.1 Anisotropy Decay of a Non-spherical molecule 

The decay components of time-resolved anisotropy of a rigid molecule depend on its 

shape. A rigid spherical molecule which has the same axes length in three-dimensions 

has only one rotational diffusion coefficient and contains only one anisotropy decay 
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component and associated rotational relaxation times. Its rotational relaxation time is 

obtained by fitting the anisotropy decay curve using a mono-exponential decay as 

described in Equation 1.40.59 However, for a non-spherical molecule the anisotropy 

decays multi-exponentially due to different rotational diffusion along the three axes 

(see Figure 4.11). Three different rotational relaxation times are obtained by fitting the 

anisotropy decay curve using the multi-exponential decay as described in Equation 

1.41.41,59,105  

 

Figure 4.11: (A) Rotational diffusion of a spherical shape along three axes are same; DR-X = 

DR-y = DR-z; DR-X, DR-y  and DR-z  are the rotational diffusion along X, Y and Z axis respectively. 

(B) Rotational diffusion of a non-spherical shape along the three axes are different; DR-X ≠ 

DR-y ≠ DR-z.   

 

4.4.2 Time-resolved Emission Anisotropy and Transient Absorption 

Anisotropy 

The rotational dynamics of a molecule is obtained through TEA and TAA. Figure 4.12 

depicts the magic angle kinetics of transient emission (observed at 514 nm) and 

transient absorption (observed at 525 nm) along with the corresponding anisotropy of 

BODIPY-Ar-chol in both DCM and GUV. The magic angle signal and time-resolved 

anisotropy are calculated using Equations 1.37 and 1.39 respectively. The kinetics of 

the magic angle (as depicted in Figures 4.12B and 4.12D) exhibit negative differential 

absorbance (Absorbance) signals at approximately 525 nm, indicating the 

contribution from ground-state bleach (GSB) and stimulated emission (SE). This 

observation is in line with the steady-state spectra (as shown in Figure 4.2) and 

previous studies on BODIPY-derivatives.134,216 The anisotropy data depicted in 

Figures 4.12B and 4.12D are within the range of 0.4 to 0.04. However, a few data points 

that exceed 0.4, as observed in the GUV samples (Figure 4.12D), are considered 

outliers due to the higher margin of error (±20%) of the measured differential 
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absorbance signal.  

In general, a comparison between the BODIPY-Ar-chol fluorophore in solution and 

anchored to GUVs reveals different anisotropy values at long delay times (ca. 2 ns). 

The fluorophore in the DCM solution exhibits a high initial anisotropy (ca. 0.4) and 

decays to approximately 0.04 within 2 ns. The anisotropy of the fluorophores 

anchored to GUVs is approximately 0.1 within the same 2 ns timescale. The high initial 

anisotropy indicates that the absorption and emission transition dipoles are 

collinear.59,212 This finding is supported by TDDFT calculations, which predicted a 

small angle of 0.13° between the two transition dipoles (see Table 4.1).  

 

Figure 4.12: Magic angle kinetics in green and anisotropy decay in blue for BODIPY-Ar-chol 

molecule (A) TEA in DCM, mono-exponential fit in red with lifetimes 550 ps, error value is 

within 20% of the given value,  (reduced) = 0.03 (B) TAA in DCM, triexponential fit in red 

with lifetimes 2 ps, 43 ps, 440 ps, the error value is within 5% of the given value,  (reduced) 

< 10-5 (C) TEA in GUV, biexponential fit in red with lifetimes 700 ps, 5.3 ns, error value is 

within 20% of the given value,  (reduced) = 0.04. (D) TAA in GUV, monoexponential fit 

in red with lifetime 700 ps, error value is within 20% of the given value,  (reduced) = 0.02. 

Legends for TEA (A, C) are the same and for TAA (B, D) are the same.  

The BODIPY-Ar-Chol molecule has a non-spherical body, resembling an ellipsoid 
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with distinct axes, as depicted in Figure 4.13. The ellipsoid's principal semi-axes 

measure 21.6 Å, 6.132 Å, and 4.507 Å along the X, Y, and Z axes respectively. The 

dimensions of the axis suggest that the molecular structure closely resembles that of a 

prolate ellipsoid, with one long axis oriented along the X-axis, and two shorter axes 

oriented along the Y and Z axes, respectively. In the depicted molecular frame, as 

presented in Figure 4.13, the transition dipoles for absorption and emission are 

oriented along the Y-axis and are perpendicular to the long axis (X-axis). The rotation 

around the X-axis is considered to be faster due to the comparatively less displacement 

of solvent molecules along this axis. Conversely, the rotation around the Y-axis is 

considered to be slower due to the large displacement of solvent molecules. The 

rotational movement around the Z-axis is expected to exhibit similarities to that of the 

Y-axis, due to the comparable moment of inertia.59 

 

Figure 4.13: The van-der-Waals surface of the BODIPY-Ar-Chol molecule along with the 

depiction of its principal axes as arrows and the associated Löwner-John ellipsoid. The 

dimensions of the ellipsoid are depicted along the X-axis (in red), Y-axis (in green), and Z-

axis. (blue). The circular arrow denotes the rotational diffusion that occurs around each 

respective axis. 

The decay of TAA in DCM exhibits three distinct time-constants 2 ps, 43 ps, and 440 

ps, see Figure 4.12B. The anisotropy decay time-constants are tabulated in Table 4.7. 

The time-constant 440 ps, which is the slowest component, may be attributed to the 

rotational diffusion along the Y-axis as well as the Z-axis of the prolate ellipsoid. 

Subsequently, the time-constants of 43 ps may arise from the rotational diffusion 

around the X-axis. It is improbable that the fastest anisotropy decay component (2 ps) 

is originating from rotational diffusion around any of the three axes. 

In a previous study, Ariola et al. determined two distinct time-constants 180 ps and 

800 ps for a structurally similar BODIPY-col molecule, it was obtained using time-

resolved emission anisotropy measurements in dimethyl sulfoxide (DMSO, with 

viscosity 2 cP at 293 K),38 two time-constants might associate with long and short axis 
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of the molecule respectively. The BODIPY-Ar-Chol molecule used in this work, on the 

other hand, was measured in DCM, which has viscosity 0.43 cP at 293 K.219 As a result 

of lower viscosity, the rotational relaxation time for this molecule is determined to be 

550 ps using time-resolved emission anisotropy (TEA), see Figure 4.12A. The higher 

resolution of the TAA anisotropy employed in this work facilitated to resolve all three 

rotational relaxation times.  In line with the TEA anisotropy decay obtained in this 

thesis work, various other reports indicated only one rotational relaxation time for 

various other BODIPY-derivatives using TEA.216,217 

Table 4.7: Rotational relaxation times and pre-exponential factors of the anisotropy decays 

shown in Figure 4.12 

 Time-Constants (ps) Pre-exponential factor 

Time 

Average 

(ps) 

 1 2 3 A1 A2 A3  

TEA-

DCM 
550±100  -    - 

TEA-

GUV 
700±140 5050±1100 - 0.41±0.14 0.20±0.044  2143±400 

TAA-

DCM 
2±0.04 43±2 440±22 0.034±0.01 0.23±0.02 0.09±0.01 142±10 

TAA-

GUV 
700±140 - - 0.22±0.05   - 

 

Previous studies have suggested that the intramolecular rotation (segmental mobility) 

of the chromophore may change the orientation of the TDM, thereby playing a role in 

the decay of the anisotropy.59,220 The impact of intramolecular rotation on the 

orientation of the TDM within the molecular frame was examined through TDDFT 

calculations, as described in section 4.3.2. The transition from the S0 state to the S1 state 

results in a change of 1° in TDM orientation. Moreover, through an examination of the 

potential energy surface with respect to the BODIPY-phenyl dihedral angle, it is 

possible to approximate that the TDM orientation undergoes a change of 3°. 

Similarly, previous reports have indicated that the solvation of solute-solvent pairs 

exhibit changes in anisotropy.146,221 In this thesis work, TDDFT calculations in 

conjunction with a polarizable continuum model were employed to examine the decay 

of solvation-induced anisotropy, as described in section 4.3.3; it predicts a minor 

rotation of ca. 0.3° in the TDM orientation as a result of solvent relaxation. 

The fastest 2 ps component may originate from the structural relaxation (change in 
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BODIPY-phenyl dihedral angle), which accounts for ca. 3° change in TDM. The pre-

exponential factor for 2 ps time-constant is ~0.03, which is only ~7% to the initial 

anisotropy (see Table 4.7); where the sum of all pre-exponential factors is equal to the 

total anisotropy (r0, initial anisotropy).59 The time-scale of the structural relaxation 

process is similar to the 2 ps anisotropy decay component.216,221,222 

When reconstituted into a GUV composed of DOPC, the movement of the BODIPY-

Ar-chol is impeded,38,42,44,56 resulting in an increased local viscosity experienced by the 

chromophore probed using TAA. The TAA demonstrates a decay of characteristic 

time constant 700 ps (Figure 4.12D). Nevertheless, the anisotropy did not exhibit 

complete decay within a time frame of 2 ns. It is to be noted that the TTA measurement 

was restricted to a maximum timescale of 2 ns, due to the limitation of the dynamic 

range of the optical delay line. The TEA measurement, which is not constrained to this 

limitation, recorded the anisotropy decay up to 25 ns (Figure 4.12C). The results 

indicate the presence of two time-constants 700 ps and 5.1 ns.  

 

Figure 4.14: Possible orientation of the BODIPY-Ar-Chol in the lipid bilayer membrane as 

obtained using anisotropy measurements of GUV through confocal microscopy and 

corresponding wobble-in-cone motion.   

The time-constants exhibited in the lipid bilayer medium are comparatively slower 

than those observed in DCM, due to the steric constraints imposed by the high 

viscosity of the lipid bilayer (vide infra). Most likely, the two time-constants are 

associated with the wobble-in-a-cone movement of the BODIPY-Ar-chol molecule 
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within lipid bilayer media of high viscosity.39,223,224 In a wobble-in-a-cone motion, two 

kinds of motion takes place, the rotation around the normal to lipid bilayer membrane 

and wobble motion (back-and-forth) away from the normal to lipid bilayer 

membrane.39,223,224 

The BODIPY-Ar-chol molecule is incorporated within the membrane, with its 

BODIPY moiety located in close proximity to the polar headgroups as previously 

mentioned. Additionally, the cholesterol is oriented parallel to the acyl-chain of the 

DOPC.38,42,55,203 The observed time-constant 700 ps can be attributed to the fast rotation 

around the X-axis, while the slow back-and-forth flip (wobble) motion of the molecule 

away from the normal (as depicted in Figure 4.14) may account for the time-constant 

5.1 ns.  

 

4.4.3 The Calculation of Microviscosity of the Lipid Bilayer 

 

 𝜏𝑎𝑣𝑔 =
𝛴ⅈ=1

𝑛 𝐴ⅈ𝜏ⅈ

𝛴ⅈ=1
𝑛 𝐴ⅈ

 Equation 4.2 

 
𝜏1

𝜏2
=

𝜂1

𝜂2
 Equation 4.3 

 

The average rotational relaxation time for DCM and DOPC GUV are 142 ps and 2.1 

ns, respectively. These values are obtained using Equation 4.2,59 exponential decay 

factors are tabulated in Table 4.7. The microviscosity of the GUV is estimated to be 

6.4±1.2 cP using Equation 4.3. This value is consistent with previous literature reports 

on the microviscosity of homogeneous GUVs composed of DOPC.56 

In summary, the TAA offers advantages in obtaining the anisotropy of non-spherical 

molecules, resolving the fast anisotropy decay component (<50 ps) and measuring the 

anisotropy decay at a sub-picosecond timescale that surpasses the resolution limit of 

most time-resolved fluorescence emission measurement systems.59,220,221 The 

investigation of the fast decay components of anisotropy provides the rotational 

diffusion around the smaller axis of the molecule. The slow components of anisotropy 

observed using TEA are critical for measuring rotational relaxation motion in highly 

viscous environments.55,103,225 

The methodology has the potential to be extended for the purpose of measuring the 

microviscosity of ternary giant unilamellar vesicles consisting either emissive or non-
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emissive chromophores, as well as in media where emission is quenched or restricted. 

This is due to the fact that the TAA technique solely relies on the absorption properties 

of the chromophore. These findings can be extended to the biological cell 

environment, where molecules of physiological significance have been previously 

examined in cells using transient absorption (TA) spectroscopy.226 In the context of 

light-triggered drug delivery through TTAUC, wherein the diffusion of molecules has 

significant importance,9,33 the selective observation of sensitizer and annihilator 

molecules within vesicles by TAA may serve to provide the rotational diffusion times 

(i.e., local diffusion rates, DR) of the sensitizer and annihilator molecules and provide 

deeper insight into the upconversion process in vesicles. 

 

 

 

 

 



 
 

 Triplet-Triplet Annihilation Upconversion 

in Model Membranes 

5.1 The Objective and the Approach 

In this chapter, objective 3 has been investigated. The first part of this chapter deals 

with the investigation of triplet formation in BODIPY-perylene dyads of non-

orthogonal configuration, with and without iodine substitution using femtosecond 

transient absorption spectroscopy and TDDFT computation simulations. 

Subsequently, triplet state properties and the TTAUC mechanism are investigated 

using nanosecond transient absorption spectroscopy in both 1,4-dioxane and lipid 

bilayer membranes. The choice of the molecules (dyad) and suitability of the 

spectroscopic method are briefly explained before presenting the experimental results.    

The triplet formation i.e. intersystem crossing (ISC) in a molecule or complex can occur 

through spin-orbit (SO) coupling,227,228 spin-orbit charge transfer intersystem crossing 

(SOCT-ISC)229–235 or radical pair intersystem crossing (RP-ISC), explained later in the 

text.227,228,236,237 The SO coupling strength is a determining factor for effective triplet 

formation.227,228 Transition metal complexes have faster ISC and higher triplet yield 

but relatively small (with respect to organic molecules) molar absorption coefficient 

() in the visible region.67 On the other hand, 4,4-difluoro-4-bora-3a,4a-diaza-s-

indacene (BODIPY) fluorophores have much higher molar absorption coefficient and 

tunable photophysical properties but their triplet yield is much lower.108,199,238,239  The 

substitution of heavy atoms in BODIPY enhances the triplet yield by coupling S1-T1 

states;108,240–244 however, the substitution of heavy atoms such as iodine or bromine 

also couples the T1-S0 states and effectively lowers the triplet lifetime.233 Therefore, 

SOCT-ISC which does not couple T1-S0 states but, relies on charge separation and 

recombination to form a triplet species provides a longer triplet lifetime.233 The triplet 

formation through SOCT-ISC needs an orthogonal geometry of donor-acceptor 

molecules to form a charge separation and charge recombination mechanism.199 In this 

context, several BODIPY-based donor-acceptor pairs have been reported.199,233,239,245–

254 However, the effect of iodine and non-orthogonal configuration on SOCT-ISC is 

yet not explored. Therefore, in this thesis work ISC mechanism in non-orthogonal 

BODIPY-perylene dyads has been investigated, the molecular structure is given in 

Figure 5.1. 

To perform TTAUC in lipid bilayer membrane, similar to solutions the sensitizer and 

annihilator need to have long triplet lifetimes (100 s to several ms) which will allow 
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them to diffuse longer in the sterically hindered media (lipid environment) to provide 

high TTET and TTA yields.65,98 The sensitizer needs to have a high ISC to form a large 

number of triplets. The reconstitution of the two molecules in the membrane can be 

done with a maximum of a few M concentrations; otherwise, excess molecules will 

not be embedded into the bilayer but rather float in the solvent around the membrane. 

To work with low concentrations, the lipophilic molecules need to have high 

absorption (extinction) coefficient. BODIPY-perylene dyads along with a long triplet-

lifetime have a very high absorption coefficient233,255 and BODIPY-derivatives are 

lipophilic in nature,63,65 these properties make BODIPY-perylene dyads suitable for 

upconversion studies in membranes.    

The charge separation and recombination processes occur within a few nanoseconds; 

therefore, femtosecond transient absorption spectroscopy and computational 

simulations are employed to determine the intersystem crossing (ISC) rates.251  The 

triplet state properties and TTAUC mechanism of BODIPY-perylene dyad as 

sensitizer and additional perylene as annihilator are investigated using nanosecond 

transient absorption spectroscopy. 

 

 

 

Figure 5.1: Molecular structure of (A) BODIPY-phenyl (B) B2P (C) B2PI (D) perylene  

The perylene is linked at position 2 of the BODIPY: Ph-2-BODIPY-2_Perylene dyad 

without iodine is called B2P and Ph-2-BODIPY-2_Perylene-Iodine dyad with iodine is 

called as B2PI. The absorption and emission spectra are given in Figure 5.2. The details 

of synthesis and spectroscopic methods are given in Chapter 2.  
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5.2 Steady State Absorption and Emission Spectroscopy 

 

Figure 5.2: (A) Normalized absorption and emission spectra of BODIPY-phenyl molecule, 

excitation at 400 nm (B) absorption spectra of B2P, B2PI and perylene (C) emission spectra 

of B2P, B2PI and perylene, excitation at 400 nm. All spectra are meausred in 1,4-dioxane. 

Norm: normalized.  

The absorption and emission peaks of BODIPY-phenyl molecule are 501 nm and 512 

nm respectively, the measured spectra are in line with previous reports.63 The 

absorption peak of the B2P is observed at 517 nm (Figure 5.2B), while that of the B2PI 

sample is observed at 532 nm. The observed bathochromic shift in the absorption 

spectra of B2PI is attributed to the incorporation of an iodine atom into the BODIPY-

moiety.256 The B2P exhibits an emission peak centered at 635 nm, while the B2PI 

exhibits an emission peak centered at 655 nm (Figure 5.2C). The excitation wavelength 

for both samples is 400 nm. The bathochromic shifts observed in emission spectra have 

previously been reported to be attributable to the iodine substitution.108,246 

 

5.2.1 Steady State Upconversion in Solution 

The steady-state upconversion emission measurements are performed in deaerated 

1,4-dioxane. The samples were placed in 1 cm inert cuvettes and excited with a 532 

nm laser diode as described in section 2.2.2. The sample containing B2PI (1 M) and 

perylene (10 M) is named as BPI1-P10; similarly, B2P (1 M) and perylene (10 M) is 

named as BPI-P10, the constituents of the samples and concentrations used for steady-

state and time-resolved measurements are tabulated in the Table 5.1.  

Figure 5.3 depicts the upconversion emission of B2P, B2PI (employed as a sensitizer), 

and perylene (employed as an annihilator). The spectral peaks observed at 

wavelengths 443 nm and 473 nm exhibit a resemblance to the characteristic 

fluorescence emission of perylene (see Figure 5.2C). The integrated upconversion 
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emission intensity of the BPI1-P10 sample exhibits an 8.7-fold increase compared to 

that of the BP1-P10 sample. 

Table 5.1: The table presents nomenclature and constituents of samples used for the steady-

state measurements.  

Nomenclature Constituent 1 Constituent 2 
Solvent/ 

environment 
 

BPI1-P10 B2PI - 1 M perylene - 10 M dioxane 

BPI-P10 B2P - 1 M perylene - 10 M dioxane 

LUV-BPI1-P10 B2PI - 1 M perylene - 10 M LUV 

LUV-BPI1-P10 B2P - 1 M perylene - 10 M LUV 

 

Figure 5.3: The normalized upconvesrsion emission spectra from (A) BPI1-P10 and BP1-P10 

are measured in deaerated 1,4-dioxane (B) LUV-BPI1-P10 and LUV-BP1-P10 are measured 

in LUVs. Both measurements are carried out at an excitation wavelength of 532 nm. The 

normalization of the emission spectra are carried out with respect to the maximum of the 

emission peak (443 nm) from respective B2PI containing sample. 

 

5.3 Femtosecond Transient Absorption Spectroscopy to 

Investigate Triplet Formation 

To examine the photophysical mechanisms of charge separation and recombination 

mechanism to form triplet species, the femtosecond transient absorption (fs-TA) 

spectroscopy of B2P and B2PI in absence of perylene in 1,4-dioxane solvent is 

measured. The objective is to measure the timescale of charge separation and charge 

recombination processes occurring from sub-picoseconds to nanosecond timescales. 
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Figures 5.4A and 5.4B depict the fs-TA of B2P and B2PI, respectively. The negative 

differential absorbance signal observed for both samples within the wavelength range 

from 500 to 575 nm is attributed to the GSB of the BODIPY moiety. Additionally, the 

negative peaks observed below 450 nm are attributed to the GSB of the perylene 

moiety, as evidenced by its similarity to the inverted absorbance shown in green. 

Consistent with prior literature findings, absorption of the perylene-BODIPY cation-

anion radical pair is observed at 575 nm.233,251,254 

 

Figure 5.4: The femtosecond transient absorption spectra of B2P and B2PI are measured in 

1,4-Dioxane. The inverted absorption spectra are represented in green, while the inverted 

emission spectra are represented in red for the corresponding samples. Both samples are 

excited at wavelength 532 nm. The legends are identical for A and B. The text refers to Per: 

perylene, BDP: BODIPY, 3Per: perylene-centred triplet, Abs: absorbance. The kinetic traces 

of B2P and B2PI are presented in C and D respectively. The decay time constants are 0.6 ps, 

5 ps, 273 ps, 1785 ps and an infinite component for B2P; and 0.6 ps, 4.5 ps, 288 ps, 662 ps 

and an infinite component for B2PI. The infinite component represents the decay of triplet 

species. The dashed black lines observed in B2P and B2PI are indicative of the fit to the 

corresponding kinetics. The error margin of the time constant falls within 10% of the given 

transient absorption value.       

The emergence of GSB in both the BODIPY (ca. 500 nm) and perylene units (ca. 420 
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nm) and successive buildup of a positive differential absorbance at approximately 600 

nm resulting from the formation of a charge-transfer state (1CT). The simultaneous 

decay of 1CT absorption band and increase in ESA of triplet species (perylene-centred 

triplet, vide infra) indicate the occurrence of triplet formation through charge 

recombination (see kinetic traces at 480nm and 580-600 nm, Figure 5.4C-D). These 

observations suggest the formation of triplet species through SOCT-ISC, which is 

consistent with the earlier observation by Wang et al. through time-resolved electron 

paramagnetic resonance (TREPR) spectroscopy.233 The above-mentioned processes 

are formulated in Equations (5.1-5.5).  

BODIPY-Perylene + h (532 nm) → (1BODIPY-perylene)* Equation 5.1 

(1BODIPY-perylene)* → 1CT (BODIPY°- + perylene°+) 

 

Equation 5.2 

 

1CT (BODIPY°- + perylene°+) → (3BODIPY)* 

 

Equation 5.3 

 

1CT (BODIPY°- + perylene°+) → (3perylene)* 

 

Equation 5.4 

 

1CT (BODIPY°- + perylene°+) → 3CT (BODIPY°- + perylene°+) 

 

Equation 5.5 

 

The notation "BODIPY°-" denotes the BODIPY anion, "perylene°+" represents the 

perylene cation, while "*" represents the excited state of the associated molecule. The 

3BODIPY* refers to a BODIPY-centered triplet, while 3perylene* denotes a perylene-

centered triplet and 3CT represents a triplet charge transfer state. Equations 5.3 and 

5.4 represent SOCT-ISC; Equation 5.5 represents RP-ISC or any other pathway to form 

singlet charge transfer state to triplet charge transfer state,247 the formation of 3CT may 

occur through spin-orbit coupling as well, discusses later in the text.257 Since the triplet 

formation is observed by charge recombination (vide supra), it is understood that the 

SOCT-ISC pathway remains the primary intersystem crossing (ISC) pathway. Three 

contributions to the triplet species are observed in the study, which may originate 

from BODIPY-centered, perylene-centered, and triplet charge transfer (3CT) states, the 
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spectral range of each species is discussed in nanosecond transient absorption section. 

The kinetics of the fs-TA data were analyzed through global fitting using the 

KiMoPack program.258 Figures 5.4C and 5.4D display the kinetics from the GSB (485 

nm) and absorption of 1CT (580-600 nm) regions. The analysis reveals the presence of 

four distinct time constants and an additional infinite component for both the B2P and 

B2PI samples. Specifically, the B2P sample exhibits the time constants 0.6 ps, 5 ps, 273 

ps, 1785 ps and an infinite component; while the B2PI sample exhibits time constants 

0.6 ps, 4.5 ps, 288 ps, 662 ps and an infinite component. The values of τ1 for both 

samples are identical. Additionally, the values of τ2 and τ3 for the two samples fall 

within their respective margin of error, indicating that the values of τ2 for both 

samples are same, as well as the values of τ3 for both the sample are same. There is a 

significant difference between the τ4 values of the two samples. 

The BODIPY-perylene dihedral angle exhibits 58° in the electronic ground state 

geometry (S0) in both B2P and B2PI. However, in the first excited state (S1), the 

dihedral angle is reduced to 41° (see Figure 5.5); the dihedral angles are obtained using 

TDDFT calculations. The relaxation from Franck-Condon geometry (S0) to the relaxed 

S1 geometry occurs within a timeframe of sub-picoseconds.259 Hence, the fastest time 

constant τ1 is assigned to the geometrical relaxation process. The absorption of 1CT at 

approximately 600 nm experiences an increase up to ca. 20 ps, as illustrated in Figures 

5.4C and 5.4D. This suggests a rise in the population of BODIPY- and perylene+ 

species. Therefore, the time-constant of τ2 is attributed to the buildup of the charge 

transfer state (1CT). These time constants are in line with literature reports on 

BODIPY-dyads.260 

The charge transfer band at ca. 580-600 nm is observed to decay beyond 20 ps for both 

B2P and B2PI. While, the GSB recovers and an ESA band emerges at wavelength 485 

nm, which is assigned to the triplet state (the features of the triplet state is described 

in section 5.5.2). The concomitant decay of the charge transfer band at 580-600 nm and 

the emergence of the triplet ESA at 485 nm indicates the formation of (localized) triplet 

states through the process of charge recombination.233 The GSB kinetics (485 nm) 

transitioning to the ESA of the triplet species at ca. 5 ns for B2P and ca. 1 ns for B2PI. 

This observation corroborates the faster formation of triplets in B2PI. Consequently, it 

is more likely that the time constant, denoted as τ3, which exhibits identical values for 

B2P and B2PI, is not linked to intersystem crossing (ISC), but rather to charge 

recombination to the ground state (CRS). Instead, ISC is associated with τ4, which 

represents the timescale to form a triplet by charge recombination (CRT). The results 

indicate that the rate of intersystem crossing (ISC) is 2.6 times higher in the B2PI 
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molecule containing iodine, thus signifying the role of the heavy atom in facilitating 

ISC. The kinetics of B2PI have been fitted up to a maximum of 6 ns due to the decay 

of its triplet state begins beyond this timeframe. However, it is not possible to 

accurately observe the decay time-constant of the triplet state using the dynamic range 

of the optical delay line used in the fs-TA experiments. The evolution of the triplet 

state of B2P persists up to 9.5 ns.199,233,254,260  

 

5.4 Computational Simulations to Investigate Triplet Formation 

The computational simulations are performed to calculate the energies of the singlet, 

triplet states and spin-orbit coupling strength between the singlet and triplet states. 

The computations were performed by Dr. Julien Guthmuller and Mr. Rengel Cane Sia 

from Gdańsk University of Technology, Poland. The details of the computational 

methods are given in section 2.5. The optimization of T2 geometry was unsuccessful 

due to insufficient convergence; therefore, the energy levels of T2 are not given.  

 

5.4.1 Calculation of Spin-orbit Coupling and Energy of States 

 

Figure 5.5: Dihedral angle and energies (eV) at S0, S1 (1CT), T3 and T1 geometry (A) B2P (B) 

B2PI. 

The strength of spin-orbit (SO) coupling is computed using Time-Dependent Density 

Functional Theory (TDDFT), see Table 5.2. The spin-orbit coupling between the charge 

transfer state (1CT) and BODIPY-centered triplet (T2) is 2.32 cm-1 for B2PI and 0.11 cm-

1 for B2P. The spin-orbit coupling between 1CT and perylene-centered triplet (T1) is 

0.59 cm-1 and 0.33 cm-1 for the B2PI and B2P, respectively; the computations support 

the notion of enhanced triplet formation in the iodinated-dyad. Figure 5.6 depicts the 

charge density difference for three lowest triplet states of B2PI, with T3 being the 
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highest in energy followed by T2 and T1.  

Table 5.2: The spin-orbit coupling (cm-1) between S1(1CT) and Tn geometries.  

 1CT→ T1 1CT → T2 1CT → T3 

B2P 0.33 0.11 0.40 

B2PI 0.59 2.32 3.38 

 

The spin-orbit coupling (SOC) for the 1CT → 3CT (i.e. T3) state is similar to that of 1CT 

→ T2 (BODIPY-centered state). In addition, it can be observed that the SOC for the 

triplet charge transfer state (3CT) is enhanced in B2PI. For instance, the SOC values of 

0.40 cm-1 and 3.38 cm-1 are determined at the 1CT geometry for B2P and B2PI, 

respectively. This observation suggests the potential emergence of the 3CT species 

through ISC from the 1CT state. 

 

Figure 5.6: Iso-surfaces of Charge Density Difference for T3, T2 and T1 states of B2PI. 

Electrons and holes are indicated in red and blur color respectively.  

The presence of 3CT species is also observed by the ns-TA analysis, described in the 

subsequent section (see Figure 5.10). The recombination of charge leads to the 

formation of BODIPY-centered triplet and perylene-centered triplet through SOCT-

ISC (see Equations 5.3 and 5.4).247,251 However, the transition from 1CT to 3CT does not 

take place via SOCT-ISC, but rather through radical pair intersystem crossing (RP-

ISC). However, the RP-ISC process is not preferred for compact dyads such as 

BODIPY-perylene, where the two moieties are separated by a single bond and have 

an intramolecular distance of ca. 8 Å.247,261 In contrast, RP-ISC occurs when the electron 

donor and acceptor moieties are separated by a bridge. The J value, a parameter that 

characterizes the energy gap between singlet and triplet states, serves as an indicator 

of the potential for RP-ISC. The computations have yielded J values exceeding 36 cm-

1 for both B2P and B2PI (see the next section 5.4.2). However, for RP-ISC to occur 
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favorably, the J value must not exceed 0.1 cm-1.247,261 Based on this criterion, it is 

understood that RP-ISC is improbable. The overlap of donor and acceptor orbitals 

leads to different wavefunctions and energy for 1CT and 3CT states; this resulting in 

non-zero spin-orbit coupling, the non-zero spin-orbit coupling induces the 1CT → 3CT 

transition. Wang et al. reported a similar situation in their study, wherein the electron 

spin polarization obtained through time-resolved electron paramagnetic resonance 

spectroscopy (TREPR) revealed that SOCT-ISC was the primary intersystem crossing 

channel, while a minor contribution of 3CT was observed. This observation was 

correlated to RP-ISC for compact BODIPY-anthracene dyads.247 However, the current 

scenario involves a transition from 1CT to 3CT, which is facilitated by spin-orbit 

coupling.     

 

5.4.2 Calculation of J Value 

The J value as described above relates the energy difference between singlet and triplet 

states, given in Table 5.3 below. 

 

Table 5.3: Singlet-triplet energy splitting and J value between S1 and T3 states 

 S1 (eV) T3 (eV) EST (eV) = 2|J| |J|(cm-1) 

B2P 2.3496 2.3407 0.0089 36 

B2PI 2.2793 2.2660 0.0132 54 

  

 

5.5 Nanosecond Transient Absorption Spectroscopy 

Nanosecond transient absorption study is performed on BODIPY-phenyl, B2P, B2PI 

samples with and without perylene to recognize the triplet species and to investigate 

energy transfer mechanisms of TTAUC process. The BODIPY-phenyl and perylene 

are examined first to recognize the triplet states of pristine BODIPY and pristine 

perylene molecules, followed by B2P and B2PI are investigated.  
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5.5.1 Nanosecond Transient Absorption Spectroscopy of BODIPY-phenyl and 

Perylene 

The BODIPY-phenyl molecule exhibits poor intersystem crossing (ISC) 

yield.108,199,238,239 The triplet ESA of BODIPY-phenyl is observed to be within the 

spectral region of 370-460 nm (see, Figure 5.7A).33 Upon the addition of perylene to 

the BODIPY-phenyl solution and subsequent excitation at wavelength 510 nm results 

in the build-up of triplet ESA of perylene by TTET process.33 The ESA of perylene is 

broad and observable in the visible region, as depicted in Figure 5.7B. 

 

Figure 5.7: Nanosecond transient absorption spectra of (A) BODIPY-phenyl 20 μM (B) 

BODIPY-phenyl 20 μM and perylene 50 μM. Solvent-1,4-dioxane. The excitation 

wavelength used in the experiment was 510 nm. The excitation energy was 0.5 mJ.  

 

Figure 5.8: DAS of BODIPY-phenyl 20 μM with perylene 50 μM obtained through global 

fitting. The corresponding spectra are depicted in the Figure 5.7. Spectra shown in (A) and 

(B) are two distinct components of the global fit, with respective time constants of τ1 = 

1.0±0.3 μs and τ2 = 4±2 ms respectively.  

The global fit of the spectra shown in the Figure 5.7B reveals biexponential decay with 
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time-constants 1.0±0.3 s and 4.0±2 ms. The decay associated spectra (DAS) of the fit 

is shown in Figure 5.8.  The fast time-constant (1.0±0.3 s) is assigned to the decay of 

the triplet BODIPY and the slow time-constant (4±2 ms) is assigned to the decay of the 

triplet perylene. The time-constants are in match with the literature reports.33 The 

characteristics of DAS in Figure 5.8A exhibit similarities with those of BODIPY and 

perylene GSB, as depicted in Figure 5.7A. The characteristics of DAS shown in Figure 

5.8B matches with the ESA of perylene.33 

The triplet features of BODIPY-phenyl molecule with and without the perylene are 

useful to recognize the features of B2P and B2PI dyad molecules; since the dyads are 

formed by the linkage of BODIPY-phenyl and perylene molecules. In the next section, 

nanosecond transient absorption spectra of B2P and B2PI with and without perylene 

are described.  

 

5.5.2 Investigation of TTAUC mechanism in Solution 

The nanosecond transient absorption (ns-TA) studies were performed on B2P and 

B2PI in 1,4-dioxane solution, both in the presence and absence of additional perylene 

to investigate the energy transfer mechanism in TTAUC. The concentration of both 

sensitizer molecules (B2P and B2PI) used in the steady state upconversion emission 

measurements was 1 μM. However, the signal-to-noise ratio in ns-TA for the sample 

containing B2P (1 μM) was found to be poor. Therefore, the concentration of 5 μM for 

both B2P and B2PI, along with 50 μM of perylene was chosen for the time-resolved 

upconversion study.       

Figures 5.9A and 5.9B depict the ns-TA spectra of B2P in absence and presence of 

external perylene, respectively. The spectra between 515 and 560 nm are dominated 

by GSB in both spectra. The ESA is dominant throughout the visible spectrum, with 

the exception of the dominant GSB region. The ESA features in B2P (as depicted in the 

Figure 5.9A) within the wavelength range 460 to 515 nm resemble to the ESA of the 

perylene triplet state (as depicted in the Figure 5.8B).33 The ESA visible in the spectral 

region from 560 to 800 nm is attributed to the combined ESA of BODIPY and perylene 

triplet states.262 The addition of perylene (50 μM) to the solution containing B2P (5 

μM), increases the intensity of the differential absorption signal at 425 nm and 455 nm 

(see arrows in the Figure 5.9B). These changes in the spectral signatures arise from the 

transfer of energy from triplet sensitizers (5 μM) to additional external perylene (50 

μM) molecules by TTET.33,254  
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Figure 5.9: Nanosecond transient absorption spectra of: (A) B2P 5 μM (B) B2P 5 μM with 

perylene 50 μM (c) B2PI 5 μM and (d) B2PI 5 μM with perylene 50 μM. The absorbance 

(inverted) of the sensitizer is represented in green and emission (inverted) is depicted in red 

at the bottom. Additionally, the absorbance (inverted) of perylene is illustrated in violet in 

corresponding samples. The legend remains consistent across all figures. The changes in the 

spectra of (B) and (D) due to the addition of perylene are indicated by arrows in relation to 

(A) and (C) respectively. The wavelength of excitation is 532 nm.   

Figures 5.9C and 5.9D depict the ns-TA spectra of B2PI in absence and presence of 

external perylene, respectively. Dominant GSB is visible within the 500-570 nm region, 

as depicted in Figure 5.9C; other than the GSB region, ESA is dominant everywhere 

between 350 and 800 nm with two peaks at 425 nm and 490 nm. The addition of 50 

μM perylene (as shown in Figure 5.9D) results in an increase of the ESA at 425 nm, as 

well as within the range 490 nm to 520 nm (see arrows).  

The comparison of Figures 5.9A and 5.9C reveals a red-shift of GSB by ca. 10 nm in 

B2PI, which is consistent with the bathochromic shift observed in the steady-state 

absorption spectra. The intensity of ESA (of triplet species) is significantly higher in 

B2PI as compared to B2P under identical experimental conditions; this is attributed to 

the formation of higher number of triplet species in B2PI facilitated by the presence of 

iodine. For instance, at 480 nm and 1 μs, the ESA of B2P and B2PI are 14 mOD and 58 
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mOD, respectively. Moreover, it can be observed from Figures 5.9A and 5.9B that, the 

addition of perylene does not result in an increase in the ESA between 490-520 nm for 

B2P. Conversely, for the B2PI sample, the addition of perylene leads to a substantial 

rise in the ESA within the same wavelength range (490-520 nm, see arrows in Figures 

5.9C and 5.9D). The observed increase in the ESA is attributed to the transfer of energy 

from triplet sensitizer to the externally added perylene, resulting in an increase in the 

population of triplet perylene.  

The absence of complete orthogonality between the BODIPY-perylene moieties in the 

dyad pair (as depicted in Figure 5.5) results in a significant overlap of orbitals between 

the BODIPY and perylene moieties. Consequently, it is anticipated that the triplet 

states will exhibit common characteristics of both BODIPY and perylene. The global 

fitting258 of the kinetics of B2PI at concentrations of 1 μM and 5 μM reveals three 

distinct species with distinct characteristic lifetimes, as depicted in Figure 5.10. Given 

that the BODIPY triplet ESA signature is observed at wavelengths below 460 nm (see, 

Figure 5.7A), the DAS associated with τ2 is attributed to the decay of BODIPY-centered 

(T2) triplet state; the ESA of this spectra is observable until ca. 460 nm. (see Figure 

5.10).33 The DAS associated with τ1 is assigned to the decay of perylene-centered (T1) 

state; the ESA of this spectra extends up to ca. 540 nm, which resembles the ESA of 

triplet perylene (see Figure 5.7B).33 The DAS associated with τ3 is assigned to the decay 

time-constant of triplet charge transfer state (3CT). 

 

Figure 5.10: The decay-associated spectra (DAS) of the global fit of the kinetics of (A) B2PI 

1 M: 3CT- triplet charge transfer state (T3), 3 = 60±6 s; BODIPY-centred state (T2), 2 = 

526±50 s; and perylene-centred state (T1), 1 = 1500±150 s. (B) B2PI 5 M, with lifetimes of 

3 =  66±7 s, 2 =  155±15 s, and 1 = 560±50 s. The DAS of BODIPY-phenyl 20 μM and 

perylene 50 μM are shown at the bottom in B (see Figure 5.8). The legends are identical for 

both figures. 

Upon increasing the B2PI concentration (as depicted in Figure 5.10) from 1 µM to 5 
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µM, a reduction in the decay time-constant of the BODIPY-centered triplet (T2) state 

from 525 µs to 155 µs is observed, this phenomenon is attributed to triplet-triplet 

annihilation (TTA) between T2 states; similarly, the lifetime of the perylene-centered 

triplet (T1) state reduces from 1.5 ms to 560 µs, which is associated with the TTA 

between T1 states. Upon decreasing the concentration of B2PI to 0.25 M, the signal-

to-noise ratio was poor and a satisfactory fit could not be achieved. Therefore, the 

lifetimes 60 µs, 525 µs and 1.5 ms, which are obtained from 1 µM concentration are 

considered as intrinsic lifetimes of the three states: 3CT, BODIPY-centered, and 

perylene-centered with negligible contribution from TTA. Lifetimes are tabulated in 

Table 5.4. The spectral shift observed in the GSB of BODIPY-phenyl (shown at the 

bottom of the Figure 5.10B) with respect to B2PI is due to the iodination of BODIPY-

moiety, as explained in the steady state section of this chapter.256  

Table 5.4: The table presents samples used for ns-TA measurements. The obtained lifetimes 

are determined through nanosecond transient absorption spectroscopy. The error in the 

lifetimes of B2PI samples is within 10%, while for B2P samples is within 20% of the given 

value. 

Constituent 1 Constituent 2 
Solvent/ 

environment 
 

1 (s) 2 (s) 3 (s) 

B2PI - 1 M  LUV 60 315 1500 

B2PI - 1 M perylene - 10 M LUV 10 115 850 

B2PI - 1 M - dioxane 60 525 1500 

B2PI - 5 M - dioxane 66 155 560 

B2P - 5 M - dioxane 80 900 2500 

B2PI - 5 M perylene - 50 M dioxane 17 107 512 

B2P - 5 M perylene - 50 M dioxane 18 812 2000 

 

The kinetics of the B2P molecule exhibit three components with time-constants of 80 

s, 900 s and 2.5 ms, which correspond to the decay time-constants of 3CT, BODIPY-

centered, and perylene-centered states respectively. However, the signal-to-noise 

ratio is poor due to lower triplet ESA, resulting in a large error margin of 20% for the 

lifetime values. The observed lifetimes of B2P and B2PI are higher than the 

corresponding iodo-BODIPY triplet lifetime (τ = 62 μs).233,263 A fair signal is observed 

for the B2P sample at 12 μM concentration (shown in Figure 5.11). 

The addition of external perylene into the solution of B2P and B2PI results in TTET 
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from sensitizer to annihilator molecules, which leads to reduction in the lifetime of the 

sensitizer triplet state.10 For example, upon addition of 50 μM perylene to 5 μM B2PI, 

the observed lifetimes of the sample are 11 μs, 107 μs, and 512 μs (see Table 5.4). These 

lifetimes correspond to the quenched lifetimes of the decay of 3CT (11 μs), BODIPY-

centered triplet (107 μs), and perylene-centered triplet (512 μs). The triplet lifetimes of 

the B2P samples are also quenched upon the addition of perylene due to TTET, values 

are given in Table 5.4.  

 

Figure 5.11: Nanosecond transient absorption spectra of B2P - 12 M 

 

Figure 5.12: Time-resolved upconversion emission from B2P 5 M and B2PI 5 M with 

perylene 50 M. The emission was measured at 470 nm with excitation at 532 nm. The 

dashed lines represent the fit to the exponential decay curve. The B2P sample exhibits τinc = 

20 s and τdec = 390 s. The B2PI sample exhibits τinc = 20 s and τdec = 180 s. Reduced chi 

square (2) < 10-7. 

The time-resolved emission kinetics of B2P and B2PI samples with perylene at 470 nm 

are shown in Figure 5.12. The growing part of the emission curve represents the 

population growth of the triplet perylene species through TTET, while the decaying 
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segment of the curve represents the decay of perylene triplets through TTA.235,247,264 

The decay time for the B2P sample is longer than the B2PI sample, which indicates 

slow TTA between triplet perylene molecules. The TTA time depends upon the 

relative distance between two triplet perylene molecules,94 the B2PI sample will 

generate larger number of triplet perylene species (with respect to B2P) due to 

presence of a larger number of sensitizer molecules through ISC; therefore, relatively 

smaller distance between two triplet perylene molecules leads to faster TTA process; 

whereas, the B2P sample has relatively slow TTA.  

   

5.5.3 Investigation of the TTAUC mechanism in Lipid Bilayer Membrane   

 

Figure 5.13: Nanosecond transient absorption spectra of (A) B2PI 1 M in dioxane (B) B2PI 

1 M & perylene 10 M in dioxane (C) B2PI 1 M in LUV (D) B2PI 1 M & perylene 10 M 

in LUV. The spectra in pump wavelength region 530-540 nm are removed due to high 

scattering in LUV samples. LUV is made of 5 mM DOPC lipid. In the bottom: absorbance 

spectra of B2PI (inverted) in green, emission spectra (inverted) of B2PI in red. 

The ns-TA spectra of B2PI with and without perylene in large unilamellar vesicles 

(LUVs) are depicted in Figures 5.13C and 5.13D respectively, the difference absorption 
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signal (Absorbance) features exhibit similarities to the corresponding spectra 

observed in solution (Figures 5.13A and 5.13B). 

However, a careful analysis indicates significant differences as illustrated by arrows. 

The dominant ESA feature near 510 nm observed in the B2PI-LUV sample appears as 

dominant GSB feature in solution. It may arise from the fact that the hydrophobic B2PI 

molecules are strongly confined within the 2-dimensional lipid bilayer membrane, 

resulting in a significantly higher local concentration of B2PI molecules within the 

lipid bilayer i.e. exceeding 1 μM. The increased concentration of the molecule in a 

confined space enhances the likelihood of a collision, thereby increasing the 

probability of TTET from BODIPY-centered triplet (T2) to a ground state molecule; 

therefore, forming perylene-centered triplets (T1).   Consequently, a large population 

of perylene-centered triplet species is generated through TTET mechanisms, which is 

an addition to perylene-centered triplet species formed through SOCT-ISC, as 

discussed in section 5.3. Consequently, the ESA feature in the vicinity of 500 nm, 

which originates from the absorption of perylene-centered triplet species, appears 

higher in the B2PI-LUV sample.  

 

Figure 5.14: Time-resolved upconversion emission from LUV-BPI1P10: B2PI 1 M and 

perylene 10 M in LUV. The emission was measured at 470 nm with excitation at 532 nm. 

The dashed lines represent the fitting to the exponential decay curve. The exponential fit 

reveals τinc = 8 s and τdec = 80 s. Reduced chi-square (2) < 10-7. 

Similarly, the addition of external perylene (annihilator) to B2PI samples results in the 

occurrence of TTET from sensitizer to perylene molecules. This leads to increased ESA 

associated with perylene in the vicinity of 500 nm, as depicted in Figures 5.13B and 

5.13D.  The increased concentration of molecules in a confined region promotes self-

quenching; therefore, the lifetime of the BODIPY-centered triplets in the lipid bilayer 

is comparatively shorter than that in the solution (see Table 5.4). This observation 
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indicates that, despite higher viscosity of the DOPC lipid bilayer (𝜂 = 6.4±1.2 cP, see 

section 4.4.3) with respect to dioxane (𝜂 = 1.3 cP at 293 K),265 the sensitizer and 

annihilator molecules can diffuse effectively in the lipid bilayer and participate in 

energy transfer processes (TTET and TTA).  

The measurement of ns-TA of B2P molecules in lipid bilayer was not successful at 1 

μM concentration due to poor signal-to-noise ratio, increasing the concentration 

resulted in molecules floating out of the lipid bilayer; therefore, not opted for 

investigation in this thesis.  

 

Figure 5.15: The model depicts the processes following absorption of 532 nm photon by a 

B2P or B2PI molecule and subsequent emission of an anti-Stokes shifted blue photon. The 

ISC time-constants for B2PI and B2P as determined by SOCT-ISC are 662 ps and 1785 ps 

respectively. The order of energy levels of the triplet states are T3 > T2 > T1, where T3 refers 

to the triplet charge transfer state, T2 refers to the BODIPY-centred triplet and T1 refers to 

the perylene-centered triplet state. The energy levels are illustrated in Figure 5.5. 

Additionally, Table 5.4 provides information on the decay time-constants. The 1S* and 1Sr* 

refer to the locally excited state and locally relaxed excited state respectively, while CRS 

denotes the charge recombination to the ground state. 

The time-resolved emission from LUVs consisting B2PI (1 M) and perylene (10 M) 

is shown in Figure 5.14. Similar to solution measurements, the growing part of the 

curve indicates the population growth of triplet species through TTET and the 

decaying part of the curve depicts decay of perylene triplets by TTA. The growing 

time-constants of the LUV sample is 8 s; whereas, five times higher concentration of 

sensitizer and annihilator (B2PI 5 M and perylene 50 M, Figure 5.12) in dioxane 

shows growing time-constants of 20 s, i.e. faster TTET in LUV sample. Similarly, 
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decaying time-constants of LUV and dioxane samples are 80 s and 180 s, 

respectively; i.e. faster TTA in the LUV sample. Despite higher viscosity of the DOPC 

lipid bilayer membrane, localized high concentration and long triplet lifetime of 

sensitizer and annihilator molecules enables efficient TTET (sensitizer to annihilator) 

and TTA (between triplet perylenes) processes. Previous studies have reported very 

high bimolecular energy transfer rates in polymer networks featuring confined pairs 

of sensitizer and annihilator;33,34 TTA rate is observed to be higher in the polymeric 

system investigated in Chapter 3 as well. The spectroscopic investigation performed 

by fs-TA and ns-TA are summarized in Figure 5.15.   

 



 
 

 Summary 
Triplet-triplet annihilation upconversion (TTAUC) is gaining prominence in the field 

of optical spectroscopy and holds the potential to revolutionize various emerging 

technologies such as solar cells, bioimaging and light-activated drug release. This is 

attributed to its capability of converting long-wavelength photons to higher energy 

photons, even at low excitation power densities (~5 mW cm-2). A large spectrum of 

solar radiation is beyond the absorption window of photovoltaics, the implementation 

of TTAUC system in solar cells can upconvert this part of solar radiation to the 

absorption window of the photovoltaics and thereby increasing the energy conversion 

efficiency. Similarly, the low excitation power density can activate the drug release 

without damaging the tissue by excitation radiation.  

The implementation of TTAUC in solar cells or light-activated drug release 

necessitates the transfer of the upconversion system comprising sensitizer and 

annihilator, from solution to solid phase. However, TTAUC is most efficient in 

solutions and needs inert conditions. The challenge lies in the fact that diffusion plays 

a crucial role in molecular processes for triplet-triplet energy transfer (TTET) and 

triplet-triplet annihilation (TTA).  In this context, tremendous efforts have been made 

by the scientific community; such as, to perform the TTAUC in solid state media, 

several methodologies have been developed to effectively incorporate both sensitizer 

and annihilator into polymers, or to combine a macromolecular annihilator with 

monomeric sensitizers. For drug delivery application, liposomes reconstituted with 

sensitizer, annihilator and drug molecules have been synthesized. The red to blue light 

upconversion from liposomes has enabled the drug release. Despite these 

advancements, the technology is still in the development phase.   

This thesis work fills selected gaps in the advancement of these promising 

applications. It is divided into three parts. In the context of solid-state application of 

TTAUC, macromolecule sensitizer (sensitizer molecules linked to polymer chain) has 

been investigated with monomeric annihilator as a TTAUC system, this scientific 

objective has been achieved in Chapter 3. In the context of light-activated drug release, 

two scientific problems have been addressed. First, the viscosity of the medium, which 

plays a crucial role in the diffusion of molecules and affects the crucial TTET and TTA 

process has been obtained using time-resolved anisotropy methods in Chapter 4. 

Second, triplet state lifetime of sensitizer and annihilator, which plays a vital role in 

determining the efficiency of energy transfer processes has been investigated in the 

lipid bilayer medium in Chapter 5. These studies are vital to optimize a TTAUC 
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process in the lipid bilayer system. These scientific objectives have been investigated 

using steady-state, time-resolved spectroscopy and computational simulation 

methods.  

In Chapter 3, ester decorated Ru(2,2-bipyridine)2 molecular sensitizer has been 

polymerized into the side chains of a poly methyl methacrylate (PMMA) polymer. The 

polymerized sensitizer serves as a macromolecular photosensitizer and is co-

dissolved with 9,10-diphenylanthracene as an annihilator. 

 

Figure 6.1: Graphical summary of Chapter 3. Left: Representation of upconversion emission 

from monomeric and polymeric sensitizers with monomeric annihilators. Right: the 

characteristics of the upconversion systems. Upward and downward arrows represent 

higher and lower values with respect to each other.    

The study demonstrates that the macromolecular sensitizer and monomeric 

annihilator can produce upconversion photons at very low excitation power densities 

(6 mW cm-2). Although, the upconversion intensity remains lower than that of the 

monomeric counterparts; the threshold power density (Ith) where upconversion 

system achieves its 50% efficiency is lower in the case of polymeric systems. The 

polymeric sensitizer, which is much larger than the monomeric sensitizer shows 1.6 

times lower TTET rate due to slow diffusion of larger size; but produces localized 

triplet annihilators for TTA process, which results in 2.2 times higher TTA rate than 

monomeric counterpart, high TTA rate is also responsible for low Ith in polymeric 

systems. The low Ith observation made in the polymeric system shows the 

effectiveness of the system at low excitation power density. This is useful in designing 

TTAUC system for application in solar cells to harness solar radiation of longer 
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wavelengths. The summary of Chapter 3 is illustrated in Figure 6.1.  

In Chapter 4, rotational diffusion of BODIPY-derivative (BODIPY-Ar-chol) is 

investigated in dichloromethane (DCM) and 1,2-Dioleoyl-sn-glycero-3-

phosphocholine (DOPC) made giant unilamellar vesicles (GUVs) using polarization 

resolved confocal microscopy, time-resolved emission anisotropy and transient 

absorption anisotropy. The polarization resolved confocal microscopy of a GUV at the 

equatorial plane reveals the placement of the BODIPY-moiety in close proximity to 

the polar headgroups of the lipids, while the cholesterol-moiety is situated along the 

acyl-chain of the lipids within the membrane. 

 

Figure 6.2: Graphical summary of the Chapter 4. Left: transient absorption anisotropy 

measurement setup for BODIPY-Ar-chol in DCM and GUVs. Right: orientation of the 

BODIPY-Ar-chol molecule and its rotation in a GUV.  Para: parallel to pump polarization; 

Perp: perpendicular to pump polarization. D1 and D2 are two detectors employed to 

measure the transmitted light. rot: rotational relaxation times.  

Transient absorption anisotropy (TAA) does not rely on the emission of the 

chromophore to measure the rotational relaxation times and possesses higher 

resolution than time-resolved emission anisotropy (TEA). The spheroid shape of the 

BODIPY-Ar-chol results in tri-exponential decay of anisotropy in DCM; whereas, rigid 

embedment in GUVs leads to biexponential decay to anisotropy. The microviscosity 

is estimated to be 6.4±1.2° cP. The observations made using transient absorption 

anisotropy (TAA) measurements are crucial in determining the true rotational 

dynamics of a molecule. Most of the molecules in applications are of non-spherical 

shapes, but most of the time-resolved anisotropy systems cannot resolve all rotational 
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relaxation times due to poor resolution, there TAA can be advantageous. This method 

can be used to determine the rotational relaxation times of non-emissive molecules as 

well. The summary of Chapter 4 is illustrated in Figure 6.2.  

In Chapter 5, BODIPY-perylene dyads are selected as sensitizer due to long triplet 

lifetime. The intersystem crossing pathway is investigated using femtosecond 

transient absorption spectroscopy and computational simulations. The dyads go 

through charge separation and recombination to form triplet species; this indicates the 

spin-orbit charge transfer intersystem crossing (SOCT-ISC) as triplet formation 

pathway. The non-orthogonal geometry of the dyads leads to the formation of triplet 

charge transfer species through spin-orbit coupling. The presence of iodine on dyad 

enhances the triplet yield and upconversion emission intensity. The species formed 

through ISC possess long triplet lifetime.  

 

Figure 6.3: Graphical summary of the Chapter 5. Top: intersystem crossing in BODIPY-

perylene dyad. Bottom: TTAUC in lipid bilayer. S: sensitizer, A: annihilator. SOCT: spin-

orbit charge transfer, SO: spin-orbit, RP: radical pair. TTET: TTET timescale, TTA: TTA 

timescale. Upward and downward arrows represent higher and lower values with respect 

to each other.  

The reconstitution of sensitizer and annihilator in large unilamellar vesicles (LUVs) 

localizes the molecule within the lipid bilayer. Therefore, increasing the local 

concentration leads to self-quenching of sensitizer triplets, but localization enhances 

the energy transfer rates. The observations made using time-resolved study of TTAUC 

in LUVs indicate despite higher viscosity of the medium, energy transfer is faster in 

lipid bilayer system. Long triplet lifetimes of the sensitizer and annihilators are 

advantageous in getting high upconversion yield, this study will be crucial in 

designing efficient light-activated drug delivery systems using liposomes. The 
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summary of Chapter 5 is illustrated in Figure 6.3.  

The scientific investigations conducted in this thesis are summarized in Figure 6.4. 

The subsequent steps of this thesis endeavor will entail an examination of polymer-

constrained sensitizer and annihilator (TTAUC systems) within gel media, as well as 

time-resolved investigation of sensitizer, annihilator and drug-containing liposomes. 

The findings of this thesis will be pivotal in comprehending these objectives, which 

will pave the way to find applications in solar cells and light-activated drug release 

from lab to practical applications.     

 

Figure 6.4: Schematic conclusion of the thesis.  

 

    



 
 



 
 

 Zusammenfassung 
Die Triplett-Triplett-Annihilations-Hochkonversion (engl. Upconversion) (TTAUC) 

gewinnt auf dem Gebiet der optischen Spektroskopie zunehmend an Bedeutung und 

birgt ein immenses Potenzial verschiedene neue Technologien wie Solarzellen, 

Bioimaging und lichtaktivierte Arzneimittelfreisetzung zu revolutionieren. Dies ist 

auf die Fähigkeit zurückzuführen selbst bei niedrigen Anregungsleistungsdichten (~5 

mW cm-2) langwellige Photonen in energiereichere Photonen umzuwandeln. Ein 

großer Teil der Sonnenstrahlung liegt jenseits des Absorptionsfensters von 

Fotovoltaik; die Implementierung des TTAUC-Systems in Solarzellen kann diesen Teil 

der Sonnenstrahlung in das Absorptionsfenster der Fotovoltaik hochkonvertieren. 

Ebenso kann durch die niedrige Anregungsleistungsdichte die Freisetzung von 

Medikamenten aktiviert werden, ohne das Gewebe durch die Anregungsstrahlung zu 

schädigen.  

Die Anwendung von TTAUC in Solarzellen oder bei der lichtaktivierten 

Medikamentenfreisetzung erfordert den Transfer des Hochkonversionsystems, 

bestehend aus Sensibilisator und Annihilator, von der flüssigen in die feste Phase. Die 

TTAUC ist jedoch in Lösungen am effizientesten und benötigt inerte Bedingungen. 

Die Herausforderung besteht darin, dass die Diffusion eine entscheidende Rolle bei 

den molekularen Prozessen des Triplett-Triplett-Energietransfers (TTET) und der 

Triplett-Triplett-Annihilation (TTA) spielt.  Um die TTAUC in Festkörpermedien 

durchzuführen wurden von der Wissenschaft enorme Anstrengungen unternommen; 

zum Beispiel wurden verschiedene Methoden entwickelt, um sowohl Sensibilisator 

als auch Annihilator effektiv in Polymere einzubauen oder einen makromolekularen 

Annihilator mit monomeren Sensibilisatoren zu kombinieren. Für die Verabreichung 

von Medikamenten wurden Liposomen synthetisiert, die mit Sensibilisator, 

Annihilator und Medikamentenmolekülen rekonstituiert wurden. Die Umwandlung 

von rotem in blaues Licht durch die Liposomen hat die Freisetzung des Medikaments 

ermöglicht. Trotz dieser Fortschritte befindet sich die Technologie noch in der 

Entwicklungsphase.   

Die vorliegende Arbeit füllt ausgewählte Lücken bei der Weiterentwicklung dieser 

vielversprechenden Anwendungen. Sie ist in drei Teile gegliedert. Im 

Zusammenhang mit der Festkörperanwendung von TTAUC wurden Makromolekül-

Sensibilisatoren (Sensibilisatormoleküle, die an eine Polymerkette gebunden sind) mit 

monomerem Annihilator als TTAUC-System untersucht; dieses wissenschaftliche Ziel 

wurde in Kapitel 3 erreicht. Im Zusammenhang mit der lichtaktivierten 

Wirkstofffreisetzung wurden zwei wissenschaftliche Fragestellungen angegangen. 
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Erstens wurde die Viskosität des Mediums, die eine entscheidende Rolle bei der 

Diffusion von Molekülen spielt und die entscheidenden TTET- und TTA-Prozesse 

beeinflusst, mit Hilfe zeitaufgelöster Anisotropiemethoden in Kapitel 4 bestimmt. 

Zweitens wurde in Kapitel 5 die Triplett-Zustandslebensdauer, die die Effizienz der 

Energietransferprozesse bestimmt, im Medium der Doppellipidschicht untersucht. 

Diese Studien sind für die Optimierung eines TTAUC-Prozesses in einem 

Doppellipidschichtsystem unerlässlich. Diese wissenschaftlichen Ziele wurden mit 

Hilfe von stationärer, zeitaufgelöster Spektroskopie und computergestützten 

Simulationsmethoden untersucht.  

In Kapitel 3 wurde ein esterverbundenes molekularer Ru(2,2-Bipyridin)2-

Sensibilisator in die Seitenketten eines Polymethylmethacrylat (PMMA)-Polymers 

polymerisiert. Der polymerisierte Sensibilisator dient als makromolekularer 

Photosensibilisator und wird zusammen mit 9,10-Diphenylanthracen als Annihilator 

aufgelöst. 

 

Abbildung 7.1: Grafische Zusammenfassung von Kapitel 3. Links: Darstellung der 

Hochkonversionsemission von monomeren und polymeren Sensibilisatoren mit 

monomeren Annihilatoren. Rechts: Charakteristika der Hochkonversionssysteme. Pfeile 

nach oben und unten weisen auf verhältnismäßig größere und kleinere Werte hin. 

Die Studie zeigt, dass der makromolekulare Sensibilisator und der monomere 

Annihilator Hochkonversionsphotonen bei sehr niedrigen 

Anregungsleistungsdichten (6 mW cm-2) erzeugen können. Obwohl die Intensität der 

Hochkonversion geringer ist als die der monomeren Gegenstücke, ist die 

Leistungsdichtenschwellwertes (engl. threshold intensity, Ith), bei der das 

Hochkonversionssystem seine 50%ige Effizienz erreicht, im Falle der polymeren 

Systeme niedriger. Der polymere Sensibilisator, der viel größer ist als der monomere 
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Sensibilisator, zeigt eine 1,6-mal niedrigere TTET-Rate aufgrund der größenbedingten 

langsameren Diffusion. Er erzeugt aber lokalisierte Triplett-Annihilatoren für den 

TTA-Prozess, was zu einer 2,2-mal höheren TTA-Rate als bei dem monomeren 

Gegenstück führt. Die hohe TTA-Rate ist auch für die niedrige Ith in polymeren 

Systemen verantwortlich. Die Beobachtung des niedrigen 

Leistungsdichtenschwellwertes (Ith) im Polymersystem zeigt die Wirksamkeit des 

Systems bei niedriger Anregungsleistungsdichte, was bei der Entwicklung von 

TTAUC-Systemen für die Anwendung in Solarzellen nützlich sein kann, um 

Sonnenstrahlung längerer Wellenlängen zu nutzen. Eine Zusammenfassung des 

Kapitels 3 ist in Abbildung 7.1 dargestellt. 

 
Abbildung 7.2: Grafische Zusammenfassung von Kapitel 4. Links: Aufbau der transienten 

Absorptionsanisotropiemessung für BODIPY-Ar-Chol in DCM und GUVs. Rechts: 

Orientierung des BODIPY-Ar-Chol-Moleküls und seine Rotation in einem GUV.  Para: 

parallel zur Pump-Polarisation; Perp: senkrecht zur Pump-Polarisation. D1 und D2 sind 

zwei Detektoren, die zur Messung des durchgelassenen Lichts verwendet werden. rot: 

Rotationsrelaxationszeit. 

In Kapitel 4 wird die Rotationsdiffusion des BODIPY-Derivats (BODIPY-Ar-Chol) in 

Dichlormethan (DCM) und 1,2-Dioleoyl-sn-Glycero-3-Phosphocholin (DOPC) in 

riesigen unilamellaren Vesikeln (engl. giant unilamellar vesicles, GUVs) mittels 

polarisationsaufgelöster konfokaler Mikroskopie, zeitaufgelöster 

Emissionsanisotropie und transienter Absorptionsanisotropie untersucht. Die 

polarisationsaufgelöste konfokale Mikroskopie eines GUV in der Äquatorialebene 

zeigt die Platzierung der BODIPY-Moleküle in unmittelbarer Nähe der polaren 

Kopfgruppen der Lipide, während die Cholesterin-Moleküle entlang der Acyl-Kette 

der Lipide innerhalb der Membran angeordnet sind. 
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Die transiente Absorptionsanisotropie (TAA) benötigt nicht die Emission des 

Chromophors, um die Rotationsrelaxationszeiten zu messen, und besitzt eine höhere 

Auflösung als die zeitaufgelöste Emissionsanisotropie (TEA). Die sphäroidische Form 

des BODIPY-Ar-Chols führt zu einer tri-exponentiellen Abnahme der Anisotropie in 

DCM, während die starre Einbettung in GUVs zu einer bi-exponentiellen Abnahme 

der Anisotropie führt. Die Mikroviskosität wird auf 6,4±1,2° cP geschätzt. Die 

Beobachtungen, die mit Hilfe von Messungen der transienten Absorptionsanisotropie 

(TAA) gemacht wurden, werden bei der Bestimmung der wahren Rotationsdynamik 

eines Moleküls vorteilhaft sein. Die meisten verwendeten Moleküle sind nicht 

kugelförmig, aber die meisten zeitaufgelösten Anisotropiesysteme können aufgrund 

der schlechten Auflösung nicht alle Rotationsrelaxationszeiten auflösen, daher ist 

TAA hilfreich. Diese Methode kann auch zur Bestimmung der 

Rotationsrelaxationszeiten von nicht-emissiven Molekülen nützlich sein. Eine 

Zusammenfassung des Kapitels 4 ist in Abbildung 7.2 dargestellt. 

 

Abbildung 7.3: Grafische Zusammenfassung von Kapitel 5. Oben: Kreuzung der Systeme 

in der BODIPY-Perylen-Dyade. Unten: TTAUC in einer Doppellipidschicht. S: 

Sensibilisator, A: Annihilator. SOCT: Spin-Orbit-Ladungstransfer, SO: Spin-Orbit, RP: 

Radikalpaar. TTET: TTET Zeitskala, TTA: TTA Zeitskala. Pfeile nach oben und unten weisen 

auf verhältnismäßig größere und kleinere Werte hin. 

In Kapitel 5 werden BODIPY-Perylen-Dyaden aufgrund ihrer langen Triplett-

Lebensdauer als Sensibilisatoren ausgewählt. Der Weg des Übergangs zwischen den 

Systemen wird mit Hilfe von Femtosekunden-Absorptionsspektroskopie und 

Computersimulationen untersucht. Die Dyaden durchlaufen Ladungstrennung und 

Rekombination, um Triplett-Spezies zu bilden, was auf den Spin-Orbit-

Ladungstransfer-Intersystemübergang (engl. spin-orbit charge transfer intersystem 

crossing, SOCT-ISC) als Triplett-Bildungsweg hinweist.  
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Die nicht orthogonale Geometrie der Dyaden führt zur Bildung von Triplett-

Ladungstransferspezies durch Spin-Orbit-Kopplung. Das Vorhandensein von Iod auf 

der Dyade erhöht die Triplettausbeute und die Intensität der Hochkonversions-

Emission. Die durch beide ISC-Wege gebildeten Triplett-Spezies besitzen eine lange 

Lebensdauer. Die Rekonstitution von Sensibilisator und Annihilator in großen 

unilamellaren Vesikeln (engl. large unilamellar vesicles, LUVs) lokalisiert die 

Moleküle innerhalb der Doppellipidschicht und erhöht somit die lokale 

Konzentration, was zum Selbst-Quenching der Sensibilisator-Tripletts führt; die 

Lokalisierung erhöht jedoch die Energietransferraten. Die Beobachtungen, die mit der 

zeitaufgelösten Studie von TTAUC in LUVs gemacht wurden, zeigen, dass trotz der 

höheren Viskosität des Mediums die Energieübertragungsraten in 

Doppellipidschichtsystemen höher sind, dass lange Triplett-Lebensdauern des 

Sensibilisators und der Annihilatoren hilfreich sind, um eine höhere Upconversion-

Ausbeute zu erhalten, und dass diese Studie bei der Entwicklung effizienter 

lichtaktivierter Medikamentenfreisetzungssysteme mit Liposomen hilfreich sein 

wird. Eine Zusammenfassung des Kapitels 5 ist in Abbildung 7.3 dargestellt. Eine 

Übersicht aller wissenschaftlichen Untersuchungen dieser Arbeit ist in Abbildung 7.4 

zu sehen. Die weiteren Schritte dieser Arbeit umfassen eine Untersuchung der 

Polymer-basierten Sensibilisator und Annihilatoren in Gelmedien sowie 

zeitaufgelöste Analysen von Sensibilisatoren, Annihilatoren und arzneimittelhaltigen 

Liposomen. Die Ergebnisse dieser Arbeit werden entscheidend zum Verständnis 

dieser Ziele beitragen, die den Weg für Anwendungen in Solarzellen und für die 

lichtaktivierte Freisetzung von Arzneimitteln vom Labor in die Praxis ebnen werden.    

 
Abbildung 7.4: Schematischer Abschluss der Arbeit.    
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