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Abstract 

This thesis delves into the ultrafast photophysics of various photoredox catalysts and metal-ligand 

complexes, expanding our understanding of their dynamic behaviors and photophysical properties 

through meticulous optical spectroscopy studies. The core focus lies on the elucidation of complex 

electron and energy transfer mechanisms, which are fundamental to the application of these 

materials in photocatalytic processes and other relevant fields. 

The study explores the temperature-dependent spin-driven dimerization in a copper(II)-bound 

tripyrrindione radical, TD1-Cu. It reveals that at low temperatures, TD1-Cu radicals undergo 

reversible dimerization, mediated by multicenter interactions and antiferromagnetic coupling 

between the unpaired electrons on the ligands. These insights into spin-coupled, temperature-

controlled molecular dynamics offer potential applications in spintronics, molecular switches, and 

catalytic systems.  

Further investigation focuses on a helical carbenium ion known as nPr-DMQA+, a red-light-

activated organic photocatalyst, examining its role in the oxidative hydroxylation of phenylboronic 

acid. The longevity of the excited triplet state of nPr-DMQA+ and the critical involvement of a 

sacrificial amine, DIPEA, in facilitating electron transfer processes highlight the capabilities of 

organic photocatalysts in sustainable chemistry under red-light activation. 

Additionally, the research extends to the ultrafast dynamics of the nPr-DMQA  radical, a stable 

neutral organic radical formed by reduction of the nPr-DMQA+ cation. Through transient 
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absorption spectroscopy, the study delineates how the radical participates in rapid internal 

conversion processes. This work contributes significantly to our understanding of the stability and 

reactivity of organic radicals. 

Overall, this thesis bridges significant gaps in our understanding of the fundamental properties of 

photoredox systems and lays the foundation for the development of novel photocatalysts. The 

methodologies and insights obtained pave the way for future innovations in photochemistry and 

photophysics, potentially revolutionizing approaches to sustainable and efficient photocatalytic 

applications.  
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Chapter 1: 

Introduction and Thesis Perspective 
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1.1 Introduction 

Neutral radicals, a fascinating class of molecules characterized by an unpaired electron on a non-

ionic framework, occupy a unique position in the realm of atomic, molecular, and optical physics. 

These species, unlike their charged counterparts, maintain a neutral charge state while harboring 

an electron that is not engaged in bonding [1]. This unpaired electron imparts to neutral radicals a 

distinct set of properties, including high reactivity [2], anti-Kasha emission [2, 3] and the ability 

to engage in spin-dependent interactions [4-6], making them subjects of intense study within the 

scientific community. The significance of neutral radicals extends beyond their intriguing 

theoretical aspects; they find applications in a diverse range of fields, from materials science [7] 

to organic synthesis [8], facilitating novel pathways for the construction of complex molecular 

architectures through radical polymerization processes [9] and even in biological systems [10]. 

Additionally, neutral radicals have been employed in the design of molecular magnets, where the 

manipulation of spin states and coupling interactions can lead to materials with desirable magnetic 

properties, relevant for data storage technologies [11, 12]. 

Metal-bound radical systems garner attention for their prowess in electron transfer processes 

[13], thereby facilitating chemical reactivity. These systems are pivotal in numerous functions, 

from biological processes [14-19] to polymerization [13, 20, 21]. Transition metal complexes with 

organic ligands have found extensive application in photoredox catalysis [22-24], offering a 

pathway to facilitate complex chemical reactions under mild conditions through the generation of 

highly reactive radical species upon light absorption. Recently, a radical metal-ligand copper-

hexaethyl tripyrrin-1,14-dione (TD1-Cu) complex was reported which is stable at ambient 

conditions and can be produced on milligram scale [3, 25-27]. This remarkable complex boasts a 
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non-innocent ligand which participate in redox chemistry [25, 28], featuring an electron-rich 

complex with a copper (II) metal center. Notably, TD1-Cu hosts two unpaired electrons, one within 

nother residing in the d-orbital of the copper center, rendering it a 

stable radical under ambient conditions [26]. Part of the work presented in this thesis explores the 

unique spin-interaction effect in TD1-Cu complex as a function of temperature.  

Since the landmark discovery of  stable organic radicals by Moses Gomberg in the early 20th 

century [29], these enigmatic species have captured the attention of researchers, owing to their 

intriguing chemical structure characterized by unpaired electrons [30, 31]. Beyond their 

fundamental significance, organic radicals have exhibited remarkable potential across various 

applications, including radical polymerization initiation [32], radical batteries [33, 34], and 

materials showcasing two-photon absorption properties [35-37]. Concluding this introduction, our 

exploration also pivots to the realm of open-shell doublet organic radicals. These radicals are 

generally produced in-situ, leveraging either electrochemical [38, 39] or photochemical [40] 

means. This innovative generation process transforms a closed-shell singlet precursor into an open-

shell doublet organic radical. Upon photoexcitation, this radical transitions into an excited state 

which boasts exceptional capabilities as a potent photoreducing agent [41]. Central to the 

discussions within this thesis is an in-depth examination of a unique photocatalytic duo: the closed-

-Di-n-propyl-1,13-dimethoxyquinacridinium (nPr-DMQA+), and its 

corresponding reduced doublet radical form, -di-n-propyl-1,13-dimethoxyquinacridine (nPr-

DMQA ), both entities serve as potent photocatalysts [42, 43]. 
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As we proceed, the remainder of Chapter 1 will delve into the sophisticated optical tools and 

methodologies instrumental in elucidating the excited-state dynamics of these molecular systems. 

The ultrafast spectroscopic instruments employed in this study are not only home-built but also 

require meticulous maintenance and calibration to meet the specific demands of each research 

project. Instrumentation automation has been handled using LabVIEW, ensuring precision and 

efficiency in data acquisition. 

 

1.2 Steady-State Spectroscopy 

1.2.1 Absorption  

Absorption spectroscopy is a fundamental optical technique used to study the interaction 

between electromagnetic radiation and matter. It measures the amount of light absorbed by a 

sample as a function of wavelength or frequency, providing essential information about the 

electronic and structural properties of molecules. In steady-state absorption spectroscopy, the 

absorption spectrum obtained reflects the population of molecules in the ground state absorbing 

light and transitioning to various excited states under equilibrium conditions. This method offers 

invaluable insights into the electronic structure, energy levels, and transition probabilities of 

molecules, serving as a cornerstone in the photophysical characterization of chemical species. 

Figure 1.1 shows an example of the absorption spectrum for nPr-DMQA+ cation in solvent 

mixture of ethanol and methanol. The intensity of absorption peaks in a spectrum is intrinsically 

linked to the "transition dipole moment", a vector quantity that describes the probability of a 
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to absorb light at a particular wavelength, correlating directly to the oscillator strength of the 

transition. A large transition dipole moment between ground state and higher lying states correlates 

to a higher oscillator strength, which in turn increases the absorption cross-section and the intensity 

of the absorption peak.  This principle is crucial in understanding the absorption behavior of 

molecules like the nPr-DMQA cation and radical systems, where specific transitions between 

ground and excited states dominate the absorption spectrum. 

While absorption spectroscopy provides a wealth of information about allowed electronic 

transitions, certain states that are optically not allowed, or "forbidden," do not appear in the 

absorption spectrum. Despite their invisibility in these spectra, these states can play a critical role 

in the relaxation pathways of molecules, offering alternative routes for the dissipation of excited-

state energy. For example, in the case of the nPr-DMQA+, the work presented in this thesis 

highlights transitions to optically forbidden triplet states due to spin selection rule might contribute 

to its photophysical behavior and excited-state dynamics, influencing its relaxation processes and 

photocatalytic efficiency. 

In conclusion, absorption spectroscopy serves as a powerful tool for probing the electronic 

structure and photophysical properties of molecules like the nPr-DMQA cation and radical. By 

understanding the principles underlying absorption peaks, transition dipole moments, and the role 

of both optically allowed and forbidden states, one can gain insights into the mechanisms 

governing light-matter interactions, laying the groundwork for advances in photophysics and 

photocatalysis. 
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1.2.2 Fluorescence 

 

Figure 1.1: Representative absorption and emission spectrum of nPr-DMQA+ cation at room 

temperature, in solution with ethanol and methanol in 4 to 1 v/v ratio. Absorption is presented by 

the blue trace while emission is shown in red.   

 

Photoluminescent or fluorescence spectroscopy stands as a pivotal analytical tool in the realm 

of physical chemistry. This technique, by measuring the spectrum of light emitted by a sample 

upon excitation, plays a crucial role in assessing radiative pathway as well as inferring the presence 

of non-radiative routes. Specifically, in cases where a sample supposed to be non-emissive is 

contaminated with radiative impurities, emission spectroscopy can detect these anomalies to gauge 

sample purity. The exceptional sensitivity of fluorescence emission enables a range of distinctive 

applications and detection techniques, from experiments involving individual molecules [44] to 

the study of energy transfer processes [45]. 
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Fluorescence spectroscopy provides important information about a molecule radiative state. 

Figure 1.1 shows emission from nPr-DMQA+ cation when dissolved in ethanol-methanol solvent 

mixture. This emission spectrum is collected by exciting a sample at one wavelength where it 

ex = 590 nm for emission trace in Figure 1.1) and collecting photons emitted due to 

fluorescence at different wavelengths to build an intensity vs wavelength plot. The associated 

excitation spectrum, obtained by keeping the detection wavelength fixed and scanning over the 

excitation wavelengths, reveals the various electronic transitions that the molecule can undergo, 

thereby providing a window into its energy levels that feed the lowest lying excited state [46]. 

Generally, excitation spectra closely mirror absorption spectra and is associated with the 

absorption of the emitting state. The intensity and position of the emission peaks can also shed 

the presence of intermolecular 

interactions, offering clues about its behavior in different settings. 

In essence, emission spectroscopy is a powerful technique that not only aids in the 

characterization and potential purity assessment of materials but also provides indispensable 

insights into the photophysical and photochemical properties of molecules, particularly 

photocatalysts, enabling the development of more efficient and selective catalytic processes. 

 

1.3 Ultrafast Spectroscopy 

Ultrafast spectroscopy, a pivotal tool in the arsenal of atomic, molecular, and optical physics, 

encompasses a range of techniques designed to probe the dynamics of molecules on femtosecond 

(10-15 s) to nanosecond (10-9 s) timescales and beyond. This enables the observation of fundamental 
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processes occurring at the speed of chemical reactions and the flow of energy within and between 

molecules. By capturing these fleeting moments, ultrafast spectroscopy offers unparalleled 

insights into the mechanistic underpinnings of complex systems, from elucidating the pathways of 

energy transfer and electron dynamics in molecular structures to unraveling the intricacies of spin 

manipulation. These insights are not merely academic; they have profound implications for the 

development of advanced materials, better photocatalysts, and innovative devices that leverage the 

principles of quantum dynamics. Through its ability to dissect the transient states and transitions 

that govern the behavior of molecules, ultrafast spectroscopy stands as a cornerstone in the quest 

to engineer the next generation of technological advancements. 

 

1.3.1 Pulse Characterization 

Pulse characterization holds paramount importance in the domain of ultrafast spectroscopy, 

enabling us to precisely understand and manipulate the temporal and spectral properties of ultrafast 

laser pulses. This knowledge is critical for optimizing the resolution and sensitivity of 

spectroscopic measurements, thereby unraveling the dynamics of molecular systems on 

femtosecond timescales. A common method for pulse compression, which is vital for achieving 

the shortest possible pulse durations, involves the use of a prism compression line. As detailed in 

previous work from our research group [47], this technique allows for the adjustment of pulse 

dispersion, compensating for the broadening effects inherent in pulse generation and propagation, 

thus sharpening the pulse for enhanced spectroscopic applications. Furthermore, pulse 

characterization often employs frequency doubling through -barium borate (BBO) crystals. This 

process not only serves to estimate the temporal resolution of the pulse but also plays a crucial role 
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in determining the "time zero"  a reference point essential for accurate time-delay measurements 

in dynamic spectroscopic studies. 

Additionally, an effective strategy for pulse characterization involves conducting frequency-

resolved transient absorption (TA) measurements on non-resonant materials like fused silica or 

carbon disulfide. This approach, coupled with Frequency-Resolved Optical Gating (FROG) 

techniques, allows for the comprehensive retrieval of pulse parameters. FROG provides detailed 

information on the pulse's phase, along with its temporal and spectral profiles, offering a complete 

picture of the pulse's characteristics. Such detailed pulse analysis is indispensable for fine-tuning 

ultrafast spectroscopic experiments, ensuring the accurate capture of ultrafast processes. In 

summary, pulse characterization is essential to ultrafast spectroscopy, enabling the detailed 

examination of molecular dynamics with unprecedented precision.  

 

1.3.2 Time-Correlated Single Photon Counting 

Time-Correlated Single Photon Counting (TCSPC) is a powerful technique used to measure the 

time-resolved emission properties of fluorescent molecules [48]. It offers valuable insights into the 

dynamics of excited states, particularly their radiative lifetimes, by recording the time delay 

between a light pulse exciting the sample and the subsequent emission of a photon. This data 

enables the construction of decay curves that can be analyzed to determine lifetimes, providing 

critical information about the photophysical and photochemical processes of the molecule under 

study [49, 50]. TCSPC is particularly useful in studying photoredox catalysts that exhibit 

fluorescence, allowing researchers to explore their excited-state dynamics and understand their 

mechanisms of action. The ability to resolve fluorescence decay over time is essential in dissecting 
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the pathways and kinetics of such catalysts, which are often central to various chemical reactions 

and applications and has been highlighted in Chapter 3 where change in radiative lifetime of nPr-

DMQA+ has been associated with its role as a photocatalyst. 

 

Figure 1.2: Simplified schematics of TCSPC.  

 

In our laboratory, TCSPC measurements begin with a NIR Ti:Sapphire oscillator (Vitara-T, 

Coherent), generating sub-100 femtosecond pulses at 800 nm with a repetition rate of 80 MHz. 

These pulses are not optimal for directly exciting most organic molecules, as their absorption peaks 

generally lie at higher energies. To remedy this, the 800 nm pulses are frequency-doubled using a 

type I BBO crystal, producing 400 nm pulses. This wavelength is well-suited for exciting a variety 

of organic molecules, as they have some absorption in this region, and excited state radiative 

lifetime is independent of the excitation wavelength [46] while organic solvents usually absorb at 

even higher energies. The 400 nm pulse is then directed into a quartz cuvette containing the sample, 

with a typical path length of 0.5 to 2 mm. The fluorescence emitted from the sample is collected 

by a pair of 90-degree off-axis parabolic (OAP) mirrors. These mirrors collect, collimate, and 

focus the fluorescence efficiently, making the most of the emitted light that radiates in all 

directions. The 90-degree arrangement of the mirrors aids in separating the excitation pulse from 

the collected fluorescence signal. The fluorescence is then guided through an afocal system, which 
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focuses it onto the entrance slit of a monochromator. This monochromator is connected to a 

photomultiplier tube (PMT), which detects the fluorescence signal. The monochromator serves to 

filter out stray wavelengths, ensuring that only the intended fluorescence wavelengths reach the 

detector. Additionally, reflective neutral density filters are used to modulate the intensity of the 

fluorescence signal before it enters the monochromator, preventing saturation of the sensitive PMT 

detector. 

In summary, TCSPC is a crucial technique for studying the dynamics of fluorescent molecules, 

offering precise measurements of excited-state radiative lifetimes and insights into photophysical 

and photochemical pathways. In our laboratory, a sophisticated setup involving a Ti:Sapphire 

laser, a BBO crystal, and a PMT enables detailed analysis of fluorescence decay curves, 

particularly for photoredox catalysts and organic molecules. The results from TCSPC 

measurements can complement other ultrafast measurements such as transient absorption (TA) in 

developing a complete understanding of intricate mechanisms underlying various chemical 

reactions and processes as illustrated in Chapter 3. 

 

1.3.3 Transient Absorption 

Transient absorption (TA) spectroscopy is a powerful technique for investigating the dynamic 

processes that occur in molecules following photoexcitation. This method provides an "ultrafast 

snapshot" of excited-state lifetimes, reaction intermediates, and photoinduced electronic and 

structural changes, thereby offering a comprehensive picture of molecular dynamics on timescales 

ranging from femtoseconds to nanoseconds and beyond. TA spectroscopy can reveal details about 

various types of signal contributions, such as ground state bleach (GSB), stimulated emission (SE), 
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and excited-state absorption (ESA), each providing unique insights into the photophysical and 

photochemical pathways of the system under study. GSB occurs when photoexcitation depopulates 

the ground state, leading to a reduced absorption at wavelengths corresponding to transitions from 

the ground state. SE reflects the emission of photons as an excited state relaxes radiatively to the 

ground state, typically appearing at wavelengths corresponding to the emission spectrum. ESA 

represents absorption of photons by molecules in excited states, leading to transitions to higher 

electronic states. A thorough understanding of these contributions and their meanings is critical 

for dissecting complex photoreactions. The methodology for global and targeted analysis of time 

and frequency-resolved spectra, as reviewed by Van Stokkum et al., [51] is indispensable for 

extracting and interpreting the wealth of information contained within TA spectroscopy data, 

offering a model-based analysis approach that combines kinetic schemes and spectrotemporal 

models to describe complex system dynamics concisely. 

 

 

Figure 1.3: Simplified schematics of TA setup with white light probe.  
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In our laboratory, the TA spectroscopy setup is designed to capture these dynamic processes 

with high precision. The setup begins with a source, typically a visible or NIR laser system. We 

employ an optical parametric amplifier (OPA) to generate the pump pulses, while the probe pulses 

are created via self-focusing in an argon-filled tube to produce broadband white light. This 

configuration ensures a high-intensity pump to effectively initiate the photoexcitation process, 

whereas the probe remains sufficiently weak to avoid perturbing the sample further. The temporal 

delay between pump and probe pulses is achieved using a mechanical translation stage along the 

probe line, ensuring precise control over the timing of the interactions. 

A crucial component of our setup is the pulse shaper, which acts as a chopper to alternately allow 

and block the pump beam from interacting with the sample. This mechanism is critical for 

acquiring differential measurements that form the basis of the TA signal. The pump and probe 

beams are focused at the sample position at a slight angle to ensure overlap at a single focal point, 

with the probe beam having a slightly smaller waist at the focal plane for optimal spatial overlap. 

Determining "time zero"  the point at which the pump and probe lines length coincide  is 

achieved via cross-correlation measurements. This step is vital for accurately mapping the 

dynamics observed in the TA spectra to real-time processes. After interacting with the sample, the 

pump beam is blocked, and the probe beam is directed towards the spectrometer using a series of 

flat mirrors and a concave mirror to focus the beam into the entrance slit. This routing ensures that 

the beam is focused into the spectrometer and careful attention is paid to prevent CCD (charge-

coupled device capable of photon detection and converting them to electronic impulses) saturation 

or damage by appropriately adjusting the beam intensity. 
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The spectrometer plays a pivotal role in performing frequency-resolved TA measurements, 

allowing for the separation of the various spectral components of the probe pulse after it has 

interacted with the sample. To minimize scatter and ensure accurate measurements, our lab 

incorporates several strategies, such as using a mask to contain the pump beam and set of irises 

around the probe beam to exclude scatter contributions. Additionally, the use of flat mirrors at 

right angles helps to further reduce scatter, ensuring that only the relevant signal reaches the CCD. 

In summary, transient absorption spectroscopy provides invaluable insights into the ultrafast 

processes that govern the behavior of molecules in excited states. Through careful design and 

implementation of TA spectroscopy setups, combined with sophisticated global and targeted 

analysis techniques, researchers can unravel the complex dynamics of molecular systems with 

unprecedented detail. The ability to probe these dynamics sheds light on fundamental 

photophysical phenomena, offering pathways to the rational design of more efficient 

photocatalysts, materials, and devices based on the principles of molecular excited-state processes. 

 

1.3.4 Two-Dimensional Electronic Spectroscopy 

Two-Dimensional Electronic Spectroscopy (2DES) has emerged as a revolutionary ultrafast 

spectroscopic tool, playing a crucial role in dissecting the complex dynamics of electronic states 

within molecular systems. Its importance lies in its unique capability to elucidate the couplings 

between electronic states and to discern the contributions of different dynamic processes to the 

spectral lineshape, as highlighted by Fuller and Ogilvie [52]. The correlation maps generated at 

various population times provide profound insights into the energy transfer processes, revealing 

how excitation energies evolve and how states interact over time. The field has seen considerable 
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advancements since its first successful demonstration by the Jonas group in 1998 [53], marking 

the onset of significant developments in multidimensional electronic spectroscopy [54-67]. 

 

 

Figure 1.4: Simplified schematics of pump-probe geometry 2DES.  

 

In our laboratory, 2DES is performed using a pump-probe geometry, an extension of the 

transient absorption setup previously discussed, often referred to as pump-probe 2DES. This 

method has been instrumental in the investigations presented in Chapter 2 of this thesis. A pivotal 

component of our setup is the pulse shaper (see Sec. 1.3.3), which introduces a controllable time 

delay between the first two light-matter interactions. This time delay is crucial as it is Fourier 

transformed to generate the excitation frequency axis, providing a detailed correlation map in 

2DES experiments. However, the pulse shaper's drawback includes a loss of power, which is 

wavelength dependent and typically sees efficiencies below 40%. Moreover, the physical 

dimensions of the birefringent crystal within the shaper limit the spectral bandwidth that can be 

manipulated, as well as imposing specific polarization requirements on the pulses. 
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Phase cycling is an essential technique in pump-probe 2DES, employed to eliminate unwanted 

background signals and isolate the crucial information regarding the electronic transitions within 

the sample. Phase cycling, analogous to 2D NMR [68], involves varying the phases of consecutive 

pump pulses, allowing for constructive and destructive interference of different signal components, 

thus enabling background signals to be selectively canceled out. Through multiple phase cycling 

schemes significant signal-to-noise ratio (SNR) improvements can be achieved [69, 70]. By 

collecting multiple traces for the same coherent time delay with varying relative phases between 

the collinear pump pulses, one can effectively isolate the desired signals. We applied phase cycling 

scheme as described by Ogilvie et al [62] /2 between the pump pulses 

to effectively cancel out the extraneous signals and isolate relevant ones along with access to 

rephasing and nonrephasing signal contributions. 

The 2DES correlation map plot may feature diagonal and cross-peaks. These peaks are indicative 

of strong electronic and/or vibronic coupling within the system. Notably, the signs of the signal 

contributions, as discussed in Sec. 1.3.3 namely ground state bleach (GSB), excited state 

absorption (ESA), and stimulated emission (SE), in 2DES are opposite to those observed in 

transient absorption (TA) spectroscopy. The resolution along the excitation axis offered by 2DES 

enables the recovery of individual contributions that are averaged in transient absorption (TA) 

measurements. In a TA experiment, the trace collected at a given population time corresponds to 

an integrated signal along the excitation axis of the 2DES plot at the same population time, 

resulting in an averaged response along the detection axis. This was particularly evident in the 

findings presented in Chapter 2, where 2DES provided unparalleled resolution in unraveling the 

intricate dynamics of TD1-Cu system which were hidden in TA measurements. 
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1.4 Outline of the Thesis 

This thesis delves into the intricate dynamics of novel molecular systems and their catalytic 

processes through the lens of ultrafast spectroscopy, unveiling the pivotal role of electronic states, 

spin interactions, and solvent effects. Each chapter is structured to progressively build upon the 

fundamental understanding of these systems, leveraging advanced spectroscopic techniques to 

provide comprehensive insights into their behavior and mechanisms. 

Chapter 2 explores the ultrafast properties of a stable neutral radical system, Cu(II) hexaethyl 

tripyrrin-1,14-dione (TD1-Cu), which exhibits temperature-dependent spin-tunable properties. 

This unique molecular complex, characterized by unpaired electrons localized on both the copper 

center and the tripyrrolic ligand, showcases switchable temperature-dependent spin coupling. 

Employing 2DES, the study investigates the system at room temperature, where monomeric forms 

predominate with short picosecond lifetimes, and at 77 K, were ferromagnetic and 

antiferromagnetic coupling mediate dimerization. This spin-driven reversible dimerization alters 

the optical properties, creating long-lived excitonic states, thus providing valuable insights into the 

interplay between spin interactions and molecular dynamics. 

-Di-n-propyl-1,13-

dimethoxyquinacridinium (nPr-DMQA+), through TA and TCSPC spectroscopy. This 

investigation sheds light on the optical properties of nPr-DMQA+ and elucidates the role of its 

triplet state in the catalytic process. The study reveals how the excited state cation captures an 

electron from an amine to form its reduced radical, which subsequently interacts with an oxygen 

molecule to generate the superoxide anion. This superoxide anion then reacts with arylboronic 
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acid, leading to the formation of aromatic alcohol after hydrolysis, thus uncovering the mechanistic 

pathways underpinning the photocatalytic activity of nPr-DMQA+. 

Chapter 4 presents an ultrafast spectroscopic study of the reduced radical form of nPr-DMQA+, 

characterized by an additional electron on the central carbon. Employing TA, this chapter 

highlights the picosecond decay lifetime of the excited state, consistent with behaviors observed 

onse similarity in polar and 

nonpolar solvents, with slightly longer excited state lifetime in the nonpolar solvent environment. 

This observation underscores the negligible influence of solvent polarity on the dynamics and 

stability of radical species. 

Chapter 5 concludes the thesis with a summary of the key findings and implications of the 

research presented. This chapter synthesizes the insights gained from studying the dynamic 

behaviors and catalytic processes of TD1-Cu and nPr-DMQA systems. It paves the way for further 

characterization of nPr-DMQA+'s catalytic processes and explores potential pathways by which 

nPr-DMQA  might manifest extreme reduction chemistry [43], thus setting the stage for advancing 

our understanding of catalysis and radical chemistry. 

Each chapter of this thesis contributes to the broader knowledge of molecular dynamics, 

catalysis, and radical chemistry, offering a scaffold for future investigations into the fundamental 

processes governing the behavior of complex molecular systems. 
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Chapter 2: 

Temperature-Dependent Spin-Driven Dimerization 

Determines the Ultrafast Dynamics of a Copper(II)-

Bound Tripyrrindione Radical 

 

Adapted with permission from Kumar, A., Thompson, B., Gautam, R., Tomat, E. and Huxter, V. 

M., Temperature-Dependent Spin-Driven Dimerization Determines the Ultrafast Dynamics of a 

Copper (II)-Bound Tripyrrindione Radical. The Journal of Physical Chemistry Letters 2023, 

14(50), pp.11268-11273. Copyright 2023 American Chemical Society. 
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2.1 Chapter Summary 

Chapter 2 explores the ultrafast dynamics of the TD1-Cu complex, a novel system where spin-

driven dimerization modulates photophysical properties across different temperatures. Employing 

two-dimensional electronic spectroscopy, this study reveals how temperature influences the 

complex's transition from a monomeric to a dimeric state, highlighting the significant differences 

in the excited state lifetimes. The insights from this chapter enhance our understanding of metal-

ligand interactions and their implications for catalysis and redox processes, laying a foundational 

role in the thesis by linking molecular structure to dynamic photophysical behavior. 
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2.2 Introduction 

Metal-bound radical systems are of particular interest for their ability to perform electron transfer 

and to enable chemical reactivity. They participate in a wide range of biological processes 

including photosynthesis and enzyme catalysis. For example, the oxidization of alcohols by the 

fungal enzyme galactose oxidase is facilitated by a combination of a copper metal center and a 

tyrosine radical cofactor [14, 15]. In natural light harvesting, the oxidation of chlorophyll, a 

macrocyclic chlorin with phytyl chain bound to a magnesium metal center, generates a cationic 

radical that enables water splitting [16-19]. Complexes consisting of a transition metal center 

bound to organic ligands have been widely used in photoredox catalysis [22-24]. Following optical 

excitation, these systems can form highly reactive radicals that permit challenging chemical 

transformations without the use of harsh conditions. 

In this paper we present the ultrafast dynamics of a stable neutral radical complex featuring both 

a ligand-based and a metal-based unpaired spin: a hexaethyl tripyrrin-1,14-dione radical bound to 

a Cu(II) center (i.e., [Cu(TD1 )(H2O)], abbreviated TD1-Cu) [3, 25-27]. This configuration is 

unusual and allows for the direct investigation of novel spin-mediated dynamics and interactions. 

The square planar TD1-Cu complex, shown in Figure 2.1(a), features a monodentate aqua ligand 

and a tridentate tripyrrindione, with an electron- -

electron oxidation and reduction chemistry that is of interest for catalytic and redox sensing 

applications. The neutral radical TD1-

system of the tripyrrindione ligand and a second unpaired electron associated with the d9 copper 

center. These unpaired spins are in near-orthogonal orbitals, resulting in an overall triplet ground 

state [26]. 
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Figure 2.1: (a) Structure of TD1-Cu (i.e., [Cu(TD1 )(H2O)]) and (b) selected metrics of a 

structure (CCDC 1496214). Carbon-bound hydrogen 

atoms and ethyl substituents are omitted for clarity.   

Recently, our group reported the ultrafast dynamics of TD1-Cu at room temperature using 

transient absorption spectroscopy. These studies showed that the lifetime of the excited state of 

the monomer biradical form of TD1-Cu was sub 20 picoseconds [71]. At low temperature, metal-

bound tripyrrindione radicals reversibly form stacked dimers, as shown in Figure 2.1(b), 

mediated by multicenter interactions (also described as pancake bonding [72, 73]) and 

antiferromagnetic coupling between the unpaired electrons on the ligands [26, 74, 75]. Here we 

use time-resolved ultrafast spectroscopy to show that the formation of a spin-coupled dimer 

changes the electronic dynamics. In this paper we use temperature-dependent two-dimensional 

electronic spectroscopy (2DES) to observe ultrafast dynamics of TD1-Cu in its monomeric and 

dimeric forms. These measurements show that TD1-Cu forms excitonic dimers with long-lived 

excited states at low temperatures compared to the short excited-state lifetime of the room 

temperature radical monomer.
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2.3 Result and Discussion 

 

 

 

 

 

 

 

Figure 2.2: Steady-state absorption of TD1-Cu in a 6:1 v/v methylcyclohexane-toluene mixture, 

illustrating the temperature-dependent changes from 295 K to 77 K.  

 

Figure 2.2 shows the temperature-dependent absorption spectrum of TD1-Cu in a 

methylcyclohexane:toluene mixture (6:1 volume ratio) from 295 K to 77 K. The steady-state 

absorption spectra were collected using an Agilent Cary 100. No fluorescence was observed for 

TD1-Cu in the monomer or the dimer form. In our previous work on TD1-Cu, we did not observe 

any fluorescence at room temperature for either the neutral radical or the oxidized species [71]. 

The lack of fluorescence in TD1-Cu is unsurprising due to the existence of low-lying states that 

allow relaxation via radiationless transitions (energy gap law) [76-78]. These low-lying states with 

very small oscillator strengths are characteristic of ligand-based radicals of oligopyrrole complexes 

and appear in the near IR region (see Figure 2.6 in the Supporting Information).  
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The 295 K absorption spectrum displays a prominent band in the visible region at 600 nm. These 

 [71] localized on the tripyrrindione ligand. As the 

temperature is lowered, the primary absorption peak in the visible shifts from 600 nm to 521 nm. 

This change in the absorption spectrum is associated with the formation of a dimer at low 

temperatures enabled in part by interactions between the unpaired electrons. In the monomer, the 

unpaired electron on the metal center is localized in the dx2-y2 orbital, which is near orthogonal to 

 [26, 71], stabilizing the triplet 

ground state. Upon lowering the temperature, TD1-Cu undergoes a reversible dimerization process 

facilitated by antiferromagnetic coupling between the electrons localized on the ligand as well as 

ferromagnetic interactions between the electrons localized on the Cu(II) metal centers [26]. The 

presence of an isosbestic point implies the existence of two interconverting equilibrium 

populations and is representative of the conversion of the monomer to the dimer. The peaks in the 

near-IR (Figure 2.6 in the Supporting Information) also shift and display isosbestic points 

consistent with dimerization involving a change in the local environment of the ligand-based 

electron. Upon freezing into a glass, the scatter from the sample increases slightly, leading to a 

small amount of uncertainty in the isosbestic point.  

The temperature-dependent absorption data was used to determine thermodynamic parameters 

for the dimerization process in the methylcyclohexane-toluene mixture. Assuming that the 

monomer and the dimer are the primary contributions to the absorption at 295 K and 77 K 

respectively, relative absorption intensities were used to determine values for equilibrium 

constants and  at different temperatures (additional information in Section 3 of the Supporting 

Information). The temperature dependence of  (Figure 2.8 in the Supporting Information) was 
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used to determine dimerization enthalpy and entropy changes. The values obtained, 

 kCal/mol and  Cal/mol K, are consistent with previously 

published values [26]. Both  and  are negative, indicating that dimerization is spontaneous 

at low temperatures. The temperature at which  switches from positive to negative is 

approximately 185 K. This is consistent with our steady-state absorption spectra, which show a 

significant change between the 200 K and 175 K traces.  

Figure 2.3 (a) (f) presents several representative 2DES spectra of TD1-Cu at room temperature. 

These spectra were acquired using a laser pulse centered at 600 nm, covering a spectral range of 

570 nm to 633 nm. A brief description of the experimental setup is provided here (additional details 

can be found in Section 2.5.3 of the Supporting Information). The 2DES measurements were 

collected using a home-built femtosecond pump-probe geometry 2DES setup. A 1kHz 

regenerative-amplifier laser system, Coherent (Libra), was used to power a home-built single-pass 

noncolinear optical parametric amplifier (NOPA). The NOPA output was compressed using a 

prism compression line and later split to generate pump and probe pulses. The pump pulse was 

passed through a pulse shaper, FASTLITE Dazzler, to provide controllable variable time delay 

between two collinear pump pulses. This delay between the two pump pulses is called t1 or the 

coherence time, and the delay between the pump pulses and the probe is called t2 or the population 

time.  The spot size of the pump and probe beams at the sample position was approximately 80 

µm. The NOPA output was centered at 600 nm and 529 nm for the room temperature (295 K) and 

77 K measurements respectively (see Supporting Information). Second harmonic generation signal 

generated with a BBO revealed a temporal width of sub-45 fs and sub-40 fs for the pulses used for 

the room temperature and 77 K measurements, respectively, which was complemented by 
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polarization gated frequency resolved optical gating (PG-FROG) using a non-resonant sample (see 

Figures 2.9 and 2.10 in the Supporting Information). After the sample position, the probe was 

focused onto a spectrometer (SpectraPro HRS-300) and detected on a CCD (PIXIS 400, Princeton 

Instruments). The detection frequency axis collected using the CCD corresponds to the 3 axis in 

the 2DES plots, the 1 axis is generated from the Fourier transform of the delay between the pump 

pulses t1. Each 2DES plot corresponds to a single point along the population time, t2 [52, 79].

Additional experimental details for the 2DES measurements can be found in the Supporting 

Information. 

In Figure 2.3, the strong feature that appears on the diagonal at 600 nm in panel (a) is associated 

(295K) absorption spectrum (Figure 2.2).  

Figure 2.3: Representative absorptive 2DES surfaces for TD1-Cu at 295 K at various t2 delay 

times: (a) 0.4 ps, (b) 1.2 ps, (c) 13 ps, (d) 30 ps, (e) 100 ps, (f) 400 ps. 
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A second ground state bleach (GSB) feature associated with an electronic transition at 581 nm 

appears on the diagonal in Figure 2.3 (see also Supporting Information Figure 2.11), coinciding 

with the shoulder observed in the 295 K absorption spectrum. However, due to its proximity to the 

edge of the laser spectrum, the associated signal is weak. In Figure 2.3 (b)-(d), an excited-state 

absorption (ESA) feature is observed as an off-diagonal peak at 1 = 606 nm and 3 = 625 nm. 

Although this signal is extremely weak, we can assign it based on our previous work [71]. It 

exhibits a blue shift in its peak as the population time increases (Supporting Information Figure 

2.12), which is consistent with our previous findings.  

To determine the decay timescales associated with the diagonal 600 nm peak in Figure 2.3 (a)

(f), the associated region of the 2DES data was integrated (see also Supporting Information Figure 

2.13) and plotted as a function of t2 and fit to decaying exponentials. From these data, two 

timescales were recovered, 2.5 ± 0.4 ps and 13.8 ± 1.0 ps. These timescales are in agreement with 

our previously reported results for this system at room temperature [71], with the shorter timescale 

corresponding to vibrational relaxation and the longer timescale to the lifetime of the excited state. 

Due to low signal, a reliable timescale could not be extracted from the ESA feature at 1 = 606 nm 

and 3 = 625 nm, however, that signal is also gone at long t2 times.   
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Figure 2.4: Representative absorptive 2DES surfaces for TD1-Cu at 77 K at various t2 delay times: 

(a) 0.4 ps, (b) 1.2 ps, (c) 13 ps, (d) 30 ps, (e) 100 ps, (f) 400 ps. 

The 2DES experiments at 77 K used a laser pulse with a central wavelength of 529 nm (see 

Supporting Information Figure 2.7). This pulse is overlapped with the primary absorption feature 

in the 77 K spectrum. As the spectral bandwidth of this pulse did not span the entire transition, 

there is some shaping of the features in the 2DES spectrum due to a convolution of the absorption 

with the laser pulse. Figure 2.4 (a) (f) displays representative 2DES surfaces at 77 K for various 

t2 delays. The change in temperature from 295 K to 77 K and the associated dimerization of TD1-

Cu significantly changes the observed signal. At 295 K, the 2DES measurements are dominated 

by the GSB on the diagonal at 600 nm (Figure 2.3 (a) (d)) and all features disappear on the order 

of tens of picoseconds. At 77 K, we observe two closely spaced narrow diagonal peaks at 528 nm 
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and 539 nm (Figure 2.4 (a) (f)). These correspond to GSBs from two excitonic energy levels. A 

crosspeak also appears at 1 = 528 nm and 3 = 539 nm, associated with energy transfer between 

the higher to the lower state. The crosspeak appears due to electronic coupling in the dimer. All 

features observed in the 2DES spectra at 77 K persist to the maximum experimental delay of 400 

ps, while at 295 K, the signal has fully decayed within the first 100 ps, highlighting the presence 

of much longer-lived excited state in the TD1-Cu dimer compared to its room temperature 

monomer counterpart. 

The two diagonal peaks at 539 nm and 528 nm in the 77 K 2DES spectra arise from the GSB of 

two closely positioned electronic transitions originating from the triplet ground state of the dimer. 

Based on EPR measurements [26], the ligand spin in the dimer is quenched due to strong 

antiferromagnetic coupling, while the spins on the Cu metal centers pair, resulting in a signal 

typical of a Cu(II) dimeric species with a spin triplet [26]. These GSB features are associated with 

the peak in the 77 K steady-state absorption spectrum (Figure 2.2) near 525 nm and a broad 

shoulder on the low energy side. The signal corresponding to these GSBs persists throughout the 

entire experimental delay of 400 ps. Notably, the off-diagonal crosspeak between these two states 

is present from the beginning of the experiment, providing evidence of strong excitonic coupling 

between these states. This crosspeak also persists beyond the maximum experimental delay. 
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Figure 2.5:  Short time dynamics for the 528 nm electronic transition and the crosspeak at 1 = 

528 nm and 3 = 539 nm. The dots correspond to data points from integrated regions of the 2DES 

spectra at delay times, t2. The solid lines are fit with exponential terms reported in the main text. 

The retrieved decay timescales for the 528 nm diagonal peak are 240 ± 70 fs and a nanosecond 

timescale (beyond the maximum experimental delay). The crosspeak shows an initial rise of 165 

± 70 fs followed by a biexponential decay with timescales of 460 ± 80 fs and a nanosecond 

timescale. The inset presents the level structure for the dimer.  

 

The decay timescales for the two diagonal peaks as well as the crosspeak below the diagonal in 

the 77 K 2DES data were determined by integrating the corresponding regions (Figure 2.5, Figures 

2.14 to 2.16) for all t2 delay times and fitting those integrated traces with exponentials. The 

integrated trace of the GSB at 528 nm has a biexponential decay with timescales of 240 ± 70 fs 

and a nanosecond timescale that persists beyond the maximum delay time of the 2DES experiment 

(400 ps). As the maximum experimental delay is significantly shorter than the lifetime of the 
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signal, the associated nanosecond timescale cannot be reliably determined from the 2DES 

experiment. To determine this longer lifetime, a transient absorption measurement with a 

maximum delay of 1.4 ns was performed. The recovery of the ground state bleach was fit to 

exponential terms, recovering a long timescale of 1.0 ± 0.3 ns associated with the excited state 

lifetime. The transient absorption data and associated fit can be found in the SI (Figures 2.17 and 

2.18).  

The lower energy state at 539 nm displays a biexponential decay profile with a fast decay 

component of 480 ± 60 fs, followed by a nanosecond timescale. Unlike the diagonal features, the 

crosspeak signal rises during the early population times with a timescale of 165 ± 70 fs. The higher 

energy diagonal peak has a corresponding but oppositely signed sub-250 fs timescale. These 

timescales are associated with an energy transfer process between the two states resulting from 

excitonic coupling [80]. Following the rise in the signal from the fast energy transfer, the crosspeak 

then undergoes a biexponential decay with timescales of 460 ± 80 fs and a nanosecond timescale.  

The 460 fs and 480 fs timescales observed for the crosspeak and the diagonal peak at 539 nm, 

respectively, correspond to vibrational relaxation in the lower energy transition.  

Both diagonal peaks as well as the crosspeak in the 77 K data persist beyond the maximum delay 

of the experiment. From the transient absorption measurement, the lifetime of the excited state at 

77K was found to be 1.0 ± 0.3 ns.  In contrast, at room temperature, the lifetime of the excited 

state is on the order of tens of picoseconds. The significantly longer excited-state lifetime at low 

temperature means that the process facilitating fast (picosecond) excited-state relaxation in the 

monomer at 295 K is not available at 77 K due to a change in the electronic structure associated 

with dimerization. Fast excited-state decay in the monomer at 295 K is likely mediated through 
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coupling to metal-centered states. Dimerization involves coupling between the spins localized on 

the copper metal centers and significantly modifies the electronic structure, as shown by the shift 

in the absorption spectra. This change in the electronic structure likely makes the 295 K 

deactivation pathway unfavorable and leading to longer-lived excited-state lifetimes.  

The temperature-dependent change in the electronic structure arises from excitonic coupling in 

the dimer. At 77 K, the TD1-Cu dimer behaves like a model excitonic system. Upon dimerization, 

the resulting excitonic states, denoted as e1 and e2 in the inset in Figure 2.5, appear in the 77 K 

2DES data at 539 nm and 528 nm, respectively. Up arrows signify transitions to higher energy 

electronic states, while down dashed arrows denote population relaxation to lower energy 

electronic states. The formation of an excitonic dimer at 77 K is supported by the observation of 

an energy transfer crosspeak. Based on the thermodynamic parameters (Supporting Information 

Section 2 and Figure 2.8) recovered from our absorption data,  of dimerization is equal to zero 

at approximately 185 K. Considering the value of kT at that temperature, the coupling interaction 

driving dimerization is approximately 16 meV. In addition, the average energy of excitonic states 

is blue-shifted by approximately 250 meV with respect to the ground state in the dimeric form in 

comparison to the energy difference between the excited state and ground state of the monomer. 

This shift in energy is an order of magnitude greater than the coupling interaction, as expected for 

molecular dimers [80, 81]. 

 

2.4 Conclusion 

In conclusion, the temperature-dependent reversible spin-mediated dimerization of TD1-Cu 

modifies the optical properties, leading to significant changes in the electronic structure and the 
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ultrafast dynamics. At room temperature, the triplet monomer form of TD1-Cu is a Cu(II)-bound 

radical whose excited state decays with a picosecond timescale. At 77 K, dimerization mediated 

by spin interactions between unpaired electrons on each of the monomers results in an excitonic 

system with a long excited-state lifetime. The unusual properties of TD1-Cu as a stable radical 

with two unpaired electrons results in spin-based temperature-switchable optical properties. These 

findings suggest that the TD1-Cu system may be useful as a spin- and temperature-controlled 

molecular switch with applications in areas ranging from spin dynamics to redox chemistry and 

catalysis.   

 

2.5 Supporting Information 

2.5.1 Steady-State UV-Visible Spectroscopy 

The TD1-Cu complex was synthesized according to previously reported methods [25, 26, 82]. 

A solution of the TD1-Cu complex was prepared in a solvent mixture of methyl cyclohexane (86% 

V/V) and toluene (14 % V/V) to facilitate formation of an optically clear glass at cryogenic 

temperatures. These samples were used for steady-state absorbance spectroscopy, performed using 

an Agilent Cary 100 in a 1 mm pathlength quartz cuvette. A zoomed in region of the low energy 

region of the absorption spectrum showing low-lying states with very small oscillator strengths is 

shown in Figure 2.6. Representative laser spectra used for the 2DES measurements as well as 

temperature-dependent absorption measurements are shown in Figure 2.7.  
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Figure 2.6:  Zoomed in region of the steady-state absorption spectra between 650 nm and 900 nm 

- -Cu complex dissolved in 

methyl cyclohexane-toluene solvent mixture at various temperatures. The 295 K spectrum shows 

low oscillator strength peaks near 720 nm and 816 nm while the 77 K spectrum has a small peak 

at 777 nm and another one beyond 900 nm.  
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Figure 2.7: Plot representing the change in absorption line shape of the TD1-Cu complex in 6:1 

vol/vol solvent mixture of methylcyclohexane:toluene as the temperature is lowered to 77 K. The 

optical density of the absorption is along the left y-axis while the right y-axis represents the 

intensity of the excitation pulse used for performing the room temperature (295 K) and 77 K 

experiment on a log scale. The pump spectra used to collect the 2DES data are shown as dotted 

lines in gray and dark magenta for 295 K and 77 K measurements, respectively.  

 

2.5.2 Thermodynamic Parameters 

The thermodynamic parameters for dimerization of the TD1-Cu complex as a function of 

temperature are calculated using the UV-Vis absorption spectra (see Figure 2.7). The rate of 

dimerization at any temperature T is calculated using the following relation: 

 

Where is the dimer concentration at temperature T while  is the monomer 

concentration at temperature T. Using conservation of mass and assuming there is no appreciable 

dimer population at room temperature, we can substitute the monomer concentration using the 

following relation:  

 

Although the signal at room temperature is assumed to be dominated by the monomer, this does 

not mean that there is no dimer present, just that its contribution is minimal. Initial monomer 

concentration at room temperature (295 K) was determined using the optical density for the 

monomer  transition at 600 nm. Dimer concentrations at various temperature was 

determined using the absorption peak at 521 nm which is associated with the dimer  
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transition. The corresponding values of  values are plotted in Figure 2.8 as a function of 

temperature.  

 

 

Figure 2.8: Gibbs free energy for dimerization of TD1-Cu complex obtained from the steady-state 

absorption spectra (Figure 2.7). 

 

2.5.3 Two-Dimensional Electronic Spectroscopy (2DES) 

Pump-probe geometry 2DES measurements were performed using a home-built apparatus. A 

regenerative-amplifier laser system from Coherent (Libra) was used to generate sub 100 fs pulses 

with around 4 mJ centered at 800 nm at a 1kHz repetition rate. About 250 µJ of this output was 

used to power a home-built single-pass noncollinear optical parametric amplifier (NOPA) 

generating pulses from 500 nm to 700 nm with a spectral FWHM between 20 nm and 50 nm. The 

NOPA output was sent through a prism compression line for chirp compensation. The pulse was 

then split to generate a pump (stronger intensity) and a probe (weaker intensity) beam. After going 
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through a variable neutral density filter consisting of a waveplate/polarizer pair, the pump pulse 

passed though FASTLITE Dazzler pulse shaper which provided two collinear identical pump 

pulses with a controllable variable time delay. The probe pulse was routed first through a 

waveplate/polarizer pair and then along a mechanical delay line. At the sample position, the probe 

was focused using f = 100 mm lens while pump was focused using f = 150 mm, resulting in a spot 

size of 80 µm at the focus. The pulses were iteratively compressed by maximizing the peak 

intensity and minimizing the temporal width of the cross-correlation signal from a 1 mm BBO 

collected on a Si-based detector from Thorlabs (Det10A2) connected to a lock-in amplifier while 

chopping the pump. For the 2DES experiments, the probe was focused into a spectrometer 

(SpectraPro HRS-300) after the sample position. The light was detected using a CCD (PIXIS 400, 

Princeton Instrument). The pulse was centered at 600 nm and 529 nm, as shown in Figure 2.7, 

when performing the experiments at 295 K and 77K respectively, in resonance with the lowest 

energy main transition in the visible region at the respective temperatures. As shown in Figure 2.7, 

the NOPA pulses did not span the entire absorption spectrum of the Cu-TD1 sample. This is a limit 

of the experimental apparatus. A BBO was used to generate an SHG signal to evaluate the pulse 

temporal resolution, giving a compressed temporal width of sub-45 fs and sub-40 fs pulse for room 

temperature and 77 K measurements respectively. Additional pulse characterization was 

performed by polarization gated frequency resolved optical gating (PG-FROG) using a non-

resonant sample (carbon disulfide, CS2. The PG-FROG measurement with the 600 nm pulse 

resulted in a temporal width of sub-45 fs. Representative PG-FROG data is shown in Figure 2.9. 

The 529 nm pulse used for the 77 K measurements was sub-40 fs. Representative PG-FROG data 
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is presented in Figure 2.10. All 2DES measurements at 77 K were performed using a nitrogen 

vapor cryostat (OptistatDN, Oxford Instruments). 

 

 

 

 

 

 

 

Figure 2.9: FROG output for 600 nm laser pulse used for the 2DES experiment at room 

temperature (295 K).  

 

 

 

 

 

 

Figure 2.10: FROG output for 529 nm laser pulse used for the 2DES experiment at 77 K. 
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Figure 2.11: Real-value 2DES surface plots from the room temperature (295 K) measurement of 

the TD1-Cu complex taken at various t2 delay points (0.5, 1.4, 13, and 30 ps in the following order 

for (a) to (d)). The boxed region in the top right corner highlights the transition centered at 581 

nm.  
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Figure 2.12: Blue- 1 axis between 597 nm  615 nm 

in the boxed region in (b). The TA traces plotted in panel (a) generated after integrating over the 

excitation frequencies corresponding the horizontal length of the black box in panel (b). X-axis of 

panel (a) is same as the vertical length of the black box region shown in panel (b).  

 

The timescales reported in the paper were obtained by integrating regions of the 2DES data 

associated with different signal components and fitting that data to exponentials. These fits are 

shown in Figures 2.13 to 2.16. Short time dynamics and associated fits for the data in Figures 2.15 

and 2.16 are also presented in Figure 2.5. Figure 2.13 shows a biexponential fit to the recovery of 

the ground state bleach at approximately 600 nm for Cu-TD1 at room temperature. This fit 

obtained timescales of 2.5 ± 0.4 ps and 13.8 ± 1.0 ps. Figure 2.14 presents the data and associated 

biexponential fit for the dynamics of the diagonal peak for Cu-TD1 at 77K at approximately 540 

nm. The fit parameters were 480 ± 60 fs and 1.7 ns ± 500 ps. The time-resolved dynamics of the 

diagonal peak at approximately 530 nm for Cu-TD1 at 77K and associated biexponential fit are 
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shown in Figure 2.15. The timescales for this fit were 240 ± 70 fs and 1.8 ns ± 300 ps. Figure 2.16 

presents the time-resolved dynamics of the below the diagonal crosspeak at approximately 1 = 

530 nm and 3 = 540 nm. This data was fitted using one rising and two decaying exponentials 

respectively with timescales of 165 ± 70 fs, 460 ± 80 fs and 1.5 ns ± 300 ps. The nanosecond 

timescales associated with the fits to the 77 K data significantly exceed the maximum delay of the 

2DES measurements and, as a result, are only estimates. For all fits, the error tolerances were 

estimated by calculating the standard deviation of the timescales obtained from repeat 

measurements.  

 

 

Figure 2.13: Integrated intensities for the room temperature 2DES data for the region between 

1 3 axes are represented here by a red dot for each population 

- 

The solid red trace is a biexponential fit to the data with 2.5 ± 0.4 ps and 13.8 ± 1.0 ps timescales. 



63

Figure 2.14: Integrated intensities for the 77K 2DES data for the region between 536 nm to 544 

1 3 axes (lower diagonal peak) are represented here by an orange dot for each 

population time. The solid orange line is a biexponential fit to the data with 480 ± 60 fs and a 

nanosecond timescales.
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Figure 2.15: Integrated intensities for the 77K 2DES data for the region between 524 nm to 532 

1 3 axes (upper diagonal peak) are represented here by an orange dot for each 

population time. The solid orange line is a biexponential fit to the data with retrieved timescales 

being 240 ± 70 fs and a nanosecond decay.

Figure 2.16: Integrated intensities for the 77K 2DES data for the region between 525 nm to 531 

1 3 axis (below diagonal crosspeak) 

are represented here by a blue dot for each population time. The solid blue line is a three-

exponential fit to the data with one rising (165 ± 70 fs) and two decaying (460 ± 80 fs and a 

nanosecond timescale).
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2.5.4 Transient Absorption

Transient absorption measurements were performed using a home-built experimental apparatus. 

A 1kHz Ti:Sapphire laser system was used to generate pulses centered at 540 nm from a 

commercial OPA (TOPAS) and to generate white light by plasma formation in an argon filled 

tube. The pluses from the OPA served as the pump and the white light was used as the probe. The 

probe pulse was generated by Kerr-optic self focusing via 800 nm (using approximately 1.9 mJ 

input pulses) light from our previously described Libra into an approximately 1.6 m tube after a 2 

m focus to generate white light with sub 2% stability spanning 400 nm to 720 nm. The pump and 

probe were delayed relative to each other using a mechanical stage with a maximum delay of 1.4 

ns. The transient absorption signal was frequency dispersed using a spectrometer (SpectraPro 

HRS-300) and collected using a CCD (PIXIS 400, Princeton Instruments). 

Figure 2.17: Integrated region of the ground state bleach obtained from the transient absorption 

measurement on Cu-TD1 at 77 K. The 1.0 ± 0.3 ns timescale obtained from this data corresponds 

to the lifetime of the excited state. 
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Figure 2.18: Broadband probe detected transient absorption measurement of Cu-TD1 at 77K. The 

signal has been background scatter corrected.  
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Chapter 3:  

Ultrafast Dynamics of a Red-Light Activated Organic 

Photocatalyst in the Oxidative Hydroxylation of 

Phenylboronic Acid 
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3.1 Chapter Summary 

Chapter 3 delves into the role of the nPr-DMQA+ cation in photoredox catalysis, focusing on its 

mechanism in the oxidative hydroxylation of phenylboronic acid. Through transient absorption 

and time- -lived 

triplet state and its interactions with sacrificial amines. These findings elucidate the intricate 

photophysical dynamics that drive catalytic activity, enriching the thesis by linking structural 

characteristics to functional outcomes in photocatalytic processes.  
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3.2 Introduction 

Photoredox catalysis has been the subject of significant interest [83-93] due to its potential 

environmental and economic advantages [94-97]. Over the past decade, the growth of photoredox 

catalysis has significantly influenced chemical methodologies, enabling the development of new 

synthetic pathways through light activation [89-91, 98-100], simplifying complex reactions under 

milder conditions [85, 98, 101-104], minimizing the reliance on harmful reagents [85, 105, 106], 

and enhancing waste reduction and process efficiency. While photoredox catalysis using transition 

metal complexes allows access to a wide array of reactions [22, 89, 107-113], issues such as cost 

and potential toxicity persist. Organic photocatalysts have emerged as a potential solution due to 

their structural flexibility and low cost. Red-light-activated photoredox catalytic processes have 

recently been an area of great interest [114-119]. The benefits of red-light photocatalysis include 

its lower energy requirement, reduced side reactions, minimized health risks, and its greater 

penetration through scattering media [42, 43, 120-122]. 

This work investigates the ultrafast dynamics of the organic -di-n-propyl-1,13-

dimethoxyquinacridinium (nPr-DMQA+) red-light photocatalyst to understand its mechanism in 

the aerobic oxidative hydroxylation of phenylboronic acid. nPr-DMQA+, shown in Figure 3.1 inset, 

is a member of the helicene family characterized by a condensed aromatic structure, with fused 

rings arranged in a nonplanar fashion to alleviate steric hindrances [123]. This arrangement, 

-electron system with nonplanarity, is known to favor enhanced 

intersystem crossing rates [123-126]. Here we use transient absorption (TA) and time correlated 

single photon counting (TCSPC) to track the dynamics of the catalyst. These measurements 

suggest that the mechanism proceeds through a long-lived triplet state of nPr-DMQA+. 
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3.3 Experimental Section 
nPr-DMQA+ was synthesized according to a previously reported method [43]. For all optical 

measurements, solutions were prepared by dissolving 2.5 mg of nPr-DMQA+ in 5 mL of N,N-

dimethylformamide (DMF). 0.5 mmol of phenylboronic acid and 1 mmol of DIPEA were added 

to nPr-DMQA+ in DMF, to generate a previously reported oxidative hydroxylation reaction 

mixture [42]. Steady-state UV/Vis absorbance measurements were collected using an Agilent Cary 

100. Fluorescence spectra were gathered using an Agilent Cary Eclipse. All measurements were 

performed at room temperature.  

TCSPC data were collected using a previously described home-built system [50]. Briefly, the 

output of a Coherent Vitara Ti:Sapphire oscillator generating pulses of 100 fs at 800 nm was 

frequency-doubled to 400 nm through a type- -barium borate (BBO) crystal and focused into the 

sample to generate fluorescence. The fluorescence was then directed to a monochromator and 

photomultiplier tube detector and lifetime decays were measured using a SPC-130 TCSPC 

(Becker-Hickl). 

Broadband-detected TA experiments were performed using a home-built apparatus. Our 

regenerative amplifier laser system (Libra, Coherent) delivered 100 fs pulses at 800 nm with an 

energy output of approximately 4 mJ per pulse at a frequency of 1kHz. For our experiments, we 

allocated 1.5 mJ from this output to create a broad spectrum of visible light. This was achieved by 

focusing the beam into an argon-filled tube generating white light that spanned 450 nm to 700 nm 

for broadband detection. The broadband pulses were temporally compressed using chirped mirrors 

(Laser Quantum). Following compression, the broadband light was split into pump and probe 

beams. The intensity of the pump beam was controlled using a variable neutral density filter, 
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consisting of a waveplate and polarizer duo, before being shaped by a Dazzler (FASTLITE) pulse 

shaper. Post-shaping, the pump beam exhibited a uniform intensity profile with a spectral range of 

570 nm and 630 nm. The probe beam also passed through a variable neutral density filter and was 

delayed relative to the pump pulse using a mechanical delay line (DL325, Newport). The pump 

and probe were focused to the sample position using 150 mm and 100 mm focal length lenses, 

respectively, resulting in a focal spot size of 100 µm. The signal was collected using a SpectraPro 

HRS-300 spectrometer and a PIXIS 400 CCD camera (Princeton Instruments). To determine the 

temporal resolution of the pulses, a BBO crystal was utilized to generate a second harmonic signal 

for cross-correlation. This signal was measured using a silicon-based detector (Det10A2) from 

Thorlabs connected to a lock-in amplifier. The temporal width of the pulses was 40 fs as shown 

in Figure 3.10 (see supporting information). The power at the sample position was approximately 

50 nJ. 

 

3.4 Result and Discussion 

Figure 3.1 inset shows molecular structure of the helical carbenium ion, N,N -di-n-propyl-1,13-

dimethoxyquinacridinium (nPr-DMQA+). The steady state absorption spectrum of nPr-DMQA+ in 

N, N-dimethylformamide (DMF) is presented in Figure 1. The main feature at 620 nm corresponds 

to the S0 to S1 with a shoulder around 585 nm [42, 127] associated with a vibrational mode. The 

fluorescence, shown in Figure 3.1, is maximized at 685 nm, corresponding to a Stoke shift of 0.2 

eV.  



 

 

72 
 

 

Figure 3.1: Normalized absorption (blue trace) and fluorescence (red trace) spectra of nPr-DMQA+ 

dissolved in N, N-Dimethylformamide (DMF). Inset top right: structure of nPr-DMQA+. Carbon-

bonded hydrogen atoms are omitted for clarity.  

 

nPr-DMQA+ is used here to catalyze the oxidative hydroxylation reaction of phenylboronic acid 

(PhB(OH)2) in the presence of N,N-Diisopropylethylamine (DIPEA). DIPEA acts as a sacrificial 

amine while PhB(OH)2 is the reagent. The absorption spectrum of nPr-DMQA+ does not exhibit a 

spectral shift when in solution with either DIPEA, and/or PhB(OH)2. However, the fluorescence 

is quenched by about 60% in the presence of DIPEA with no shift in the peak position of the 

emission (see Figure 3.11 in the supporting information). The presence of PhB(OH)2 does not 

affect the nPr-DMQA+ fluorescence.  
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Figure 3.2 shows the TCSPC traces of nPr-DMQA+ fluorescence in DMF with and without 

DIPEA. The recorded fluorescence lifetime of nPr-DMQA+ is 5.8 ± 0.8 ns, which is unchanged by 

the presence of PhB(OH)2. In the presence of DIPEA, this lifetime is quenched to 2.0 ± 0.3 ns. 
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Figure 3.2: (a) Comparison between TCPSC data for nPr-DMQA+ alone in DMF alone (blue) and 

in the presence of both DIPEA and PhB(OH)2 in DMF (red). The solid traces show a single 

exponential fit to the corresponding data. (b) Comparison between the TCPSC data for nPr-

DMQA+ in the presence of PhB(OH)2 (purple) and DIPEA (green). The solid traces of the 

respective colors show fits to the corresponding data. Both plots are on a semi-log scale. The 
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fluorescence lifetime of cation alone (or with PhB(OH)2) is 5.8 ± 0.8 ns which is quenched to 2.0 

± 0.3 ns in the presence of DIPEA. 

  

TA data for nPr-DMQA+ in DMF is presented in Figure 3.3 (a). A large ground state bleach 

(GSB) signal is observed around 625 nm immediately after pump excitation. This GSB signal 

exhibits red shift of 16 meV by 150 ps. Complete recovery of this bleach was not achieved within 

the 1.4 ns maximum observation time of the measurements. Another bleach minimum feature 

centered at 585 nm exhibited a similar response. A third bleach feature associated with 

fluorescence was also observed at 680 nm. Complete recovery of this feature did not occur within 

the maximum delay time of the experiment, consistent with the TCSPC lifetime of 5.8 ± 0.8 ns.  

The excited state absorption (ESA) feature that appears at wavelengths lower than 500 nm 

provides further insight into the nPr-DMQA+ dynamics. An ESA centered at 485 nm shifted to 495 

nm over the first 200 ps and then maintained most of its amplitude by the end of 1.4 ns 

experimental timespan. A gradually evolving ESA signal was observed around 530 nm, although 

this was initially obscured by the broad negative bleach. The signal changes sign around 100 ps, 

and reached its maximum positive amplitude around 300 ps. The slow rise and persistence of this 

signal beyond 1.4 ns suggests it originates from the S1 state, potentially corresponding to 

transitions from S1 to higher lying triplet states [128]. 
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Figure 3.3: (a) TA traces of nPr-DMQA+ in DMF at different delay times. (b) Comparison between 

the normalized traces produced after integrating the highlighted region in panel (a) highlighting 

the slower recovery of bleach for nPr-DMQA+ alone in DMF (blue trace) in comparison to when 

DIPEA is present (red trace) in the solution with y-axis on log scale. 

 

TA data for nPr-DMQA+ in the presence of PhB(OH)2 is shown in Figure 3.12 (see supporting 

information). As shown in Figure 3.12, the ultrafast dynamics of nPr-DMQA+ are unchanged in 

the presence of PhB(OH)2. TA data of nPr-DMQA+ in DMF following excitation at 620 nm in the 

presence of DIPEA alone is shown in Figure 3.13 (see supporting information). Following pump 

excitation, a GSB feature centered around 625 nm is observed. This GSB undergoes a red shift of 

16 meV over 150 ps, consistent with that observed for the photocatalyst alone. The immediate 

photoinduced response is confirmed by the bleach minimum established within the instrument 
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response time, accompanied by rapid recovery within 0.5 ps. Although the bleach did not fully 

recover over the experimental timescale, its recovery was faster compared to nPr-DMQA+ with or 

without PhB(OH)2 (see Figure 3.3 (b)), consistent with quenching in the presence of the amine. 

The bleach around 585 nm displays similar behavior to that of the GSB, with the overall recovery 

being relatively faster compared to nPr-DMQA+ alone. Additionally, the bleach feature at 685 nm 

did not fully recover over the experimental timescale, although it was comparatively faster than 

that observed for nPr-DMQA+ alone. This observation of overall faster bleach recovery is 

consistent with the TCSPC measurement for nPr-DMQA+ in the presence of DIPEA shown in 

Figure 3.2 (b) with a lifetime of 2.0 ± 0.3 ns. The ESA at 485 nm is present immediately 

following pump excitation, while the other ESA feature emerges at 530 nm after 100 ps, initially 

as part of the broad bleach feature and is possibly associated with transition from excited state to 

higher lying triplet state. Both ESA features persist throughout the maximum delay of the 

measurement, indicating a long-lived nature similar to that observed for nPr-DMQA+ alone. 
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Figure 3.4: TA spectral traces of nPr-DMQA+ in the presence of DIPEA and PHB(OH)2 in DMF 

at different delay times. 

 

TA data of nPr-DMQA+ in DMF in the presence of DIPEA and PhB(OH)2 is presented in Figure 

3.4. The combination of DIPEA and PhB(OH)2 at 100:50 ratios to that of nPr-DMQA+ in DMF 

corresponds to the previously demonstrated conditions for a photocatalytic oxidative 

hydroxylation reaction [42]. The TA data shown in Figure 3.4 is similar to that of nPr-DMQA+ 

alone although with faster bleach recovery, as observed in the case when only DIPEA is present 

(see Figure 3.13 in supporting information). The negative signal from 500 nm to 700 nm appears 

immediately following pump excitation. Within the negative feature there are three minima at 

685 nm, 625 nm, and 585 nm. GSB is observed around 625 nm post pump excitation, with a 

red shift of 16 meV over 150 ps, consistent with that observed for the photocatalyst alone. The 

prompt photoinduced response is confirmed by the bleach minimum established within the 
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instrument response time, accompanied by rapid recovery within 0.5 ps. Although the bleach does 

not fully recover over the experimental timescale, its recovery is faster compared to nPr-DMQA+ 

with or without PhB(OH)2, which is consistent with quenching in the presence of the amine (see 

Figure 3.3 (b)). The bleach at 585 nm exhibits similar behavior to that of the GSB, with overall 

recovery being relatively faster compared to nPr-DMQA+ alone. Additionally, the third bleach 

feature associated with stimulated emission (SE) at 685 nm does not fully recover over the 

experimental timescale, although the recovery is comparatively faster than that observed for nPr-

DMQA+ alone. This observation of overall faster bleach recovery is consistent with the TCSPC 

measurement shown in Figure 3.2 (a), with a lifetime of 2.0 ± 0.3 ns, corresponding with quenching 

in the presence of the amine. Similar to previous observations, the ESA at 485 nm is present 

following pump excitation, while the other ESA feature emerges around 530 nm after 100 ps, 

initially as part of the broad bleach feature. Both ESA features persist throughout the maximum 

delay of the measurement. 

For all TA measurements presented here, we observe a broad negative signal extending from 

500 nm to 700 nm, associated with GSB and SE. Moreover, characteristic bleach features 

associated with SE and GSB are consistently observed around 685 nm, 625 nm, and 585 nm, 

respectively. Additionally, we observe ESA signals around 485 nm and 530 nm, which persist 

throughout the experimental timescale. However, notable differences arise in the overall recovery 

dynamics of the bleach features at longer delay times. In the presence of DIPEA and for the 

reaction conditions with both DIPEA and PhB(OH)2, the recovery of the negative signal between 

580 nm and 700 nm is faster compared to nPr-DMQA+ alone, supporting the effect of amine 
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quenching on the excited state lifetime. In addition, the presence of PhB(OH)2 does not alter the 

dynamics of the nPr-DMQA+ cation (see Figure 3.12 in supporting information). 

The TA measurements presented here show dynamics occurring across a broad range of 

timescales. We have constructed a kinetic model building upon prior investigations into helicenes, 

which have highlighted pathways involving intersystem crossing to triplet states [124, 126, 129-

132], which can be particularly pronounced in nonplanar aromatic molecules [123, 125, 133]. 

Target analysis of the TA data was conducted based on the model depicted in Figure 3.5 (c) using 

Python-based package, KIMOPACK [134]. In all cases, the best fit to the data was achieved by 

considering a total of five decay rates, with the rate for intersystem crossing from the triplet state 

to the singlet ground state held as an offset due to its microsecond timescale [123, 124, 131, 135] 

which is significantly longer than the maximum delay time of the TA experiments. 
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Figure 3.5: (a) Species-associated spectra (SAS) from the targeted analysis using the model shown 

in panel (c), and (b) raw TA data (dots) and fit (solid traces) for nPr-DMQA+ in DMF. (c) Kinetic 

model used in the targeted analysis with (d) corresponding kinetics for the model with the delay 

axis on log-scale. 

 

Spectral analysis of the TA data reveals distinct features across the five species-associated 

spectra (SAS). Figure 3.5 presents the results for nPr-DMQA+ alone in DMF. The first three SAS 
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exhibit a bleach minimum centered around the ground state bleach (GSB) minimum at 625 nm, 

accompanied by a shoulder at 585 nm, corresponding to a vibronic sub-band observed in the 

absorption spectrum. The first two SAS display similar spectral characteristics. SAS1 undergoes 

decay within 135 ± 60 fs (all error estimates based on a 95% confidence interval), attributed to 

solvent-induced vibrational cooling. It is accompanied by positive amplitude below 500 nm, 

corresponding to ESA to higher-lying Sn states. In contrast, SAS2 decays over a longer timescale 

of 3.4 ± 0.5 ps, attributed to intramolecular vibrational redistribution (IVR). SAS3, corresponding 

to a time constant of 5.8 ns, consistent with our TCSPC results, has another local minimum beyond 

660 nm related to SE and represents the S1 to S0 decay along with residual GSB. We assign SAS4 

to ISC from the excited singlet state to the triplet manifold, with an associated timescale of 110 ± 

18 ps [136-140]. Spectrally centered around 530 nm, this component has a local minimum around 

620 nm, associated with GSB. Previous reports on azahelicenes compounds have indicated a 

typical S1-T1 energy gap to be more than 0.5 eV [123, 130]. This is consistent with the absence of 

phosphorescence observed up to 900 nm at cryogenic temperatures for nPr-DMQA+ (see Figure 

3.14 in supporting information). 

Given the timescale associated with ISC in this system, the population of the S1 state may 

initially transition to a higher-lying Tn state, followed by rapid internal conversion to T1 and 

subsequent return to the S0 ground state. This sequence has been reported previously for 

aza[7]helicene and other conjugated systems [126, 133]. Ultrafast ISC has been previously 

observed in organic molecules [136, 138, 139, 141-144], despite the absence of heavy atoms. This 

phenomenon has been attributed to the very small energy difference between the excited S1 and Tn 

states [136, 138-140]. Reports also highlight enhanced spin-orbit coupling in nonplanar aromatic 
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compounds, which facilitates transitions between states with different spin [123, 125, 140, 143]. 

The amplitude of SAS5 is similar to that of SAS1 and SAS2 (see Figure 3.5(a)). We proposed that 

it is associated with ISC from T1 to S0. This non-decaying offset is consistent with the long 

lifetimes associated with such transitions [123, 124, 131, 135].   

The results of the target analysis on the TA data for nPr-DMQA+ and PhB(OH)2 in DMF are the 

same as those of the cation alone, indicating that the acid does not influence the photocatalyst 

dynamics (see Table 3.1 in supporting information). Figure 3.6 summarizes these results and 

compares them with the raw TA data. All the SAS are associated with the same components as in 

the case of the photocatalyst alone in DMF and have similar timescales. As before, SAS1 and 

SAS2 follow each other, while SAS3 shows bleach near 680 nm consistent with emission from the 

photocatalyst. SAS4 remains unchanged from the previous case when only the photocatalyst is 

present in DMF, while SAS5 represents an offset associated with the transition from T1 to S0 state.  
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Figure 3.6: (a) SAS from the targeted analysis based on the model shown in Figure 3.5 (c) and (b) 

raw TA data (dots) and fit (solid traces) for nPr-DMQA+ in the presence of PhB(OH)2 in DMF and 

(c) corresponding kinetics with the delay axis on log-scale. 
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Target analysis of the TA data for nPr-DMQA+ in DMF in the presence of DIPEA is summarized 

in Figure 3.7. The lifetimes of SAS1 and SAS2 remain nearly unchanged at 112 ± 60 fs and 3.3 ± 

0.6 ps, respectively, with bleach minima situated around 625 nm, mirroring those of nPr-DMQA+ 

alone. SAS3, with a lifetime of 2.0 ns (consistent with TCSPC measurements shown in Figure 3.2 

(b), exhibits excited state quenching in the presence of amine. This is attributed to the introduction 

of additional non-radiative decay pathways [145-147]. SAS4 (assigned to ISC) has approximately 

the same timescale (110 ± 18 ps) as in the data for the cation alone but shows significant change 

in the spectral distribution. This includes a bleach minimum shift from 530 nm to 570 nm and a 

pronounced bleach near 610 nm. The observed quenching of the S1 lifetime by the amine likely 

facilitates ISC to the triplet state [147]. This is suggested by the increased relative amplitude of 

SAS4 (Figure 3.7 (a)) suggesting an enhanced population transfer to the triplet state. After the 

triplet state is populated, an electron transfer occurs from the amine to this excited state as has 

been previously observed in other organic molecules [147-152]. This is further supported by the 

difference observed in the spectral profile of SAS5, an offset associated with the transition from 

T1 to S0, with diminished amplitude in comparison to SAS1 and SAS2 (Figure 3.7 (a)). This newly 

populated triplet state engages in a reaction with oxygen in solution to generate the superoxide 

anion. 



 

 

86 
 

 

Figure 3.7: (a) SAS from the targeted analysis and (b) raw TA data (dots) and fit (solid traces) for 

nPr-DMQA+ in the presence of DIPEA in DMF and (c) corresponding kinetics with the delay axis 

on log-scale. 
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Global target analysis of the TA data for nPr-DMQA+ in DMF in the presence of PhB(OH)2, and 

DIPEA presented in Figure 3.8 is consistent with the results from the analysis of the TA data for 

nPr-DMQA+ and DIPEA shown in Figure 3.7. The lifetimes associated with SAS1 and SAS2 are 

similar to those observed for nPr-DMQA+ in DMF, which indicates that solvation and IVR 

processes are not significantly modified by the presence of DIPEA or PhB(OH)2 (see Table 3.2 in 

supporting information). SAS3 has a 2.0 ns timescale consistent with the TCSPC measurements 

shown in Figure 3.2 (a). SAS4, with a 112 ± 21 ps lifetime, has the same spectral profile as shown 

in Figure 3.7 (a) where DIPEA is present. This suggests that there is enhanced population transfer 

to the triplet state [147]. Finally, SAS5, an offset associated with the transition from T1 to S0, has 

a lower amplitude compared to the first 2 SAS, consistent with the behavior in the presence of 

DIPEA alone (Figure 3.7 (a)) when juxtaposed to the relative amplitude of SAS5 with respect to 

SAS1 and SAS2 in the cases of the cation alone in DMF or when the reagent PhB(OH)2 is also 

present (Figure 3.5 (a) and 3.6 (a)). This suggests a depletion of the triplet state, possibly due to 

the formation of a radical ion-pair resulting from electron transfer from the amine to the triplet 

state of the photocatalyst [147] leading to the formation of superoxide anion [153]. This anion can 

interact with phenylboronic acid to yield phenol as the final product as previously reported [42]. 
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Figure 3.8: (a) SAS from the targeted analysis based on the model shown in Figure 3.5 (c), and 

(b) raw TA data (dots) and fit (solid traces) for nPr-DMQA+ in the presence of DIPEA and 

phenylboronic acid in DMF and (d) corresponding kinetics for the model with the delay axis on 

log-scale. 
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Analysis of the TA and TCSPC data suggests that the aerobic hydroxylation of PhB(OH)2 by 

nPr-DMQA+ proceeds through the triplet state as shown in Figure 3.9. The process begins with 

excitation to the S1 state, followed by vibrational cooling and solvent reorganization. The system 

returns to the ground state either by radiative or non-radiative transitions from S1 to S0 or through 

ISC to triplet states followed by another ISC process from T1 to S0. The ISC process from S1 to Tn 

is enhanced in the presence of DIPEA and is associated with the quenching of the radiative 

lifetime. Kinetic analysis of the TA data supports the presence of a rapid ISC process to a higher-

lying triplet state, which is close in energy to S1 [138, 139, 142]. Enhanced spin-orbit coupling can 

be associated with a nonplanar aromatic molecular structure, with the magnitude of the 

enhancement being directly proportional to the deviation from planarity [123, 125]. This 

phenomenon has been previously observed in studies of aza[7]helicene, where the rate of ISC from 

S1 to T3 was found to be three orders of magnitude faster than that from S1 to T1 [133]. A similar 

trend has been observed for 4-dimethylaminochalcone, showing an ISC rate significantly 

exceeding the radiative transition [142]. Electron transfer from DIPEA (iPr2NEt/iPr2NEt  = +0.72 

V vs SCE in DMF) to an excited triplet state (E1/2(C+*/C ) = +1.18 V vs SCE in DMF) [43, 147-

151] can then lead to the formation of the ground state neutral DMQA radical which can 

subsequently reduce oxygen to superoxide radical anion under aerobic conditions [153]. 

Alternatively an oxidative pathway is also viable if the excited triplet state of the cationic DMQA 

(E1/2 (C /C+ is oxidized under aerobic condition (O2/O2  

V vs SCE in DMF [43]) generating dicationic radical species of the DMQA and the superoxide 

radical anion. In both cases, the superoxide radical anion can then react with PhB(OH)2, producing 

phenol through a subsequent hydrolysis step. 
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Figure 3.9: Mechanism for hydroxylation of PhB(OH)2 to phenol using nPr-DMQA+ as a 

photoredox catalyst. DIPEA enhances the triplet population of photocatalyst due to formation of a 

radical ion-pair which is facilitated by electron transfer from the amine to the triplet state of the 

photocatalyst. Alternatively, O2 in solution can react with the nPr-DMQA+ triplet state to form 

O2 . The oxidative reaction of O2  with PhB(OH)2 and subsequent hydrolysis results in the 

production of phenol. 

 

3.5 Conclusion 

Steady-state absorption, fluorescence spectroscopy, TCSPC, and TA data were used to study the 

mechanism of nPr-DMQA+ acting as a photoredox catalyst for the oxidative hydroxylation of 

PhB(OH)2. While the absorption of nPr-DMQA+ in DMF was insensitive to the presence of either 

DIPEA or PhB(OH)2, the fluorescence was quenched by DIPEA. TA measurements tracked the 
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ultrafast dynamics, revealing features consistent with rapid relaxation processes such as solvent 

reorganization and IVR, as well as longer-lived singlet and triplet excited states. Global target 

analysis of the TA data suggests that ISC is enhanced in the presence of DIPEA. This facilitates 

the formation of a long-lived triplet state which then can generate superoxide radical anion in two 

analogous pathways. This superoxide radical anion, in turn, interacts with PhB(OH)2, leading to 

the production of phenol. 

 

3.6 Supporting Information 

 

Figure 3.10: Cross-Correlation of the pump with white light probe generated by frequency 

doubling in a BBO crystal.  
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Figure 3.11: Fluorescence spectra of nPr-DMQA+ alone (green trace) and with DIPEA (red trace) 

when normalized to the peak intensity of emission in DMF alone to show the quenching of 

emission in the presence of amine without a shift in the peak position.  
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Figure 3.12: (a) TA spectral traces of nPr-DMQA+ in the presence of PhB(OH)2 with DMF being 

the solvent taken at different delay times. (b) Comparison between the normalized integrated traces 

produced after integrating the highlighted region in Figure 3.12 (a) highlighting the similar 

recovery of bleach rate for nPr-DMQA+ alone (blue trace) in comparison to the presence of 

PhB(OH)2 in DMF (red trace). 
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Figure 3.13: TA spectral traces of nPr-DMQA+ in the presence of DIPEA with DMF being the 

solvent taken at different delay times. 

 

 

 

Figure 3.14: Emission from nPr-DMQA+ cation at 77 K. The sample was prepared in a solution 

mixture of ethanol and methanol with volume ratio of 4:1.  
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Table 3.1: Timescales obtained from TA data for the nPr-DMQA+ cation in presence of PhB(OH)2.  

 

 

  

  

  

  

  

  

Table 3.2: Timescales obtained from TA data for the nPr-DMQA+ cation in presence of PhB(OH)2 

and DIPEA.  
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Chapter 4:  

-di-n-propyl-1,13- 

dimethoxyquinacridine (nPr-DMQA ) Radical: A Potent 

Photoredox Catalyst 

 

  



 

 

97 
 

4.1 Chapter Summary 

-di-n-

propyl-1,13-dimethoxyquinacridine (nPr-DMQA ) radical, a stable neutral radical with significant 

implications in the field of photoredox catalysis. Employing electronic transient absorption 

spectroscopy, we explore the excited-state behaviors of nPr-DMQA  in different solvent 

environments, highlighting the minimal effect of solvent polarity and role of higher lying excited 

state. The findings contribute to a deeper understanding of radical stability and reactivity, enriching 

the broader themes of the thesis by linking molecular dynamics to catalytic efficiency and offering 

insights that advance the development of novel photoredox systems based on organic radicals. 
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4.2 Introduction 

Open-shell radicals that have gained significant attention in recent decades across various fields 

of molecular science. Open-shell radicals are prized for their unique electronic properties [31, 154-

156] which are starkly different than their closed-shell counterparts [157-167] and have found 

applications in areas ranging from organic electronics to energy storage [168-173]. Aromatic 

hydrocarbon radicals have been suggested as potential contributors to the elusive diffuse 

interstellar bands observed in space, linking organic radical chemistry to celestial phenomena 

[174-177]. In the field of synthetic chemistry, the reactivity of these radicals has sparked interest 

in photoredox catalysis, a rapidly growing area within synthesis that leverages the unique reactivity 

accessible through open-shell species [162, 178-190]. Such catalysis provides a milder alternative 

to traditional methods, often enabling the transformation of unactivated substrates into valuable 

products. Despite their widespread study and application, organic radicals in liquids generally 

exhibit very short excited-state lifetimes [157, 163, 183, 191-199]. This rapid decay is often 

attributed to accessible conical intersections between the lowest excited state and the ground state 

[195, 200-203], a characteristic that limits their utility in some photophysical applications and 

underscores their dynamic nature. 

-di-n-propyl-1,13-dimethoxyquinacridinium (nPr-DMQA+) [127, 204] as 

key intermediate [42, 43, 205] -di-n-propyl-1,13- 

dimethoxyquinacridine (nPr-DMQA ) radical has been chemically synthesized and characterized 

[206, 207] and has a reduction potential < -3.4 V vs SCE [43]. The current study focuses on the 

excited-state dynamics of this stable neutral nPr-DMQA  radical, exploring its photophysical 
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properties through electronic transient absorption (TA) spectroscopy. This approach aids in 

understanding the fundamental behavior of such radicals highlighting the short-lived nature of the 

excited state demonstrating sub-50 ps lifetime. By detailing the characterization, and dynamics of 

the nPr-DMQA  radical, this chapter aims to contribute to the ongoing development of novel 

molecular systems with enhanced and exploitable radical properties. 

 

4.3 Experimental Section 

The preparation of the nPr-DMQA  radical has been reported previously [206, 207]. The 

solutions containing the radical were prepared using solvents that had been degassed and handled 

within a nitrogen-filled glovebox to prevent any oxidative degradation. For optical 

characterization, steady-state absorption spectra were collected using an Agilent Cary 100 UV/Vis 

spectrometer. The experimental setup for transient absorption (TA) measurements with broadband 

detection, as discussed in chapter 3, was adapted to facilitate two-color experiments. This setup 

was powered by a Libra regenerative amplifier from Coherent, which drove an optical parametric 

amplifier (OPA) to produce the pump beam, while the broadband white light probe was generated 

through self-focusing in an argon-filled tube. The OPA output, tuned to 560 nm, was chosen to 

resonate with the lowest energy main visible transition of the neutral helicene radical. This light 

effectively excited the sample while the generated white light probe allowed for broadband 

detection across 450 nm to 700 nm. The temporal chirp in the OPA output was corrected using a 

home-built fused silica prism compression line, and paired chirped mirrors from Laser Quantum 

were utilized to compress the white light probe. 
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All transient absorption measurements were conducted at room temperature within an oxygen-

free setup, housed inside a nitrogen vapor cryostat (OptistatDN). This controlled environment was 

critical as nPr-DMQA  converts back to its cationic form in the presence of oxygen. Continuous 

monitoring through UV-Vis absorption and fluorescence confirmed that the nitrogen environment 

effectively prevented oxygen intrusion for over 12 hours, well beyond the duration needed for TA 

measurements. The samples were maintained in a sealed 1 mm pathlength cuvette within the 

cryostat, with an optical density of approximately 0.5 at the excitation wavelength of 560 nm. The 

temporal profile of the pulses was characterized using polarization-gated frequency-resolved 

optical gating (PG-FROG), employing CS2 as a non-resonant sample. The PG-FROG setup 

revealed a temporal pulse width of ~100 fs, ensuring precise temporal resolution for the TA 

experiments. The PG-FROG measurement, as shown in Figure 4.1, specifically covered the 

spectral range where both the pump and the probe displayed significant intensity. 

 

Figure 4.1: Spectrograph for retrieved pulse from PG-FROG analysis. 
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4.4 Result and Discussion 

Figure 4.2: -di-n-propyl-1,13-dimethoxyquinacridine (nPr-DMQA ). (b) 

Absorption spectra of nPr-DMQA in acetonitrile (blue trace) and benzene (red trace). In 

acetonitrile, the radical has absorption features at 391 nm, 440 nm, 467 nm and 557 nm and 650 

nm. In benzene, the absorption features appear at 401 nm, 445 nm, 477 nm and 559 nm and 660 

nm.

Figure 4.2(a) shows the structure of the neutral open-shell doublet radical N,N -di-n-propyl-

1,13-dimethoxyquinacridine (nPr-DMQA ). The absorption spectra of nPr-DMQA in acetonitrile 

(MeCN) and benzene is presented in Figure 4.2(b). The absorption spectra in both solvents are 

similar, indicating that the radical is relatively invariant to the solvent environments and does not 

display strong solvatochromism (see Figure 4.6 in supplementary information). In MeCN, nPr-

DMQA has a relatively weak absorption near 650 nm, corresponding to the D0 to D1 transition. 

a b
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Peaks with larger oscillator strength are present at 557 nm and 391 nm, and are attributed to D2 

and D3 transitions, respectively. The peaks in the absorption spectrum are slightly red shifted in 

benzene, appearing at 401 nm, 559 nm, and 660 nm.  

The nPr-DMQA  does not fluoresce in either MeCN or benzene due to coupling to lower lying 

states according to energy gap law [76] and their relatively short excited state lifetime. The lack 

of fluorescence has been observed for many organic radical systems [163, 196, 208-213].  
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Figure 4.3: (a) Transient absorption (TA) spectral traces of nPr-DMQA  in acetonitrile recorded 

at various delay times. (b) TA data spectral traces of nPr-DMQA  in benzene taken at different 

delay times. Both data sets show similar behavior with comparatively slightly slower decay for the 

radical in benzene.  
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Transient absorption (TA) spectroscopy data was collected to measure the ultrafast dynamics of 

nPr-DMQA  in benzene and MeCN. The TA data in MeCN is presented in Figure 4.3(a). The pump 

excitation used here was at 560 nm associated with the D2 transition as that is the lowest energy 

absorption feature with significant oscillator strength. Immediately following the excitation, we 

observe strong positive features from 450 nm to 700 nm. A negative feature associated with ground 

state bleach (GSB) is expected to appear at the pump wavelength, however, it is nearly completely 

swamped by the positive signal components, appearing only as a dip in the spectrum. The positive 

features here likely correspond to strong excited-state absorption (ESA) contributions, which 

effectively mask the bleach signal. Such an occurrence has parallels in the literature, notably in the 

study of the 1,3,5-triphenylverdazyl organic radical, where similar spectral behaviors were noted 

[208]. The ESA features, with peaks on either side of the bleach dip at ~540 nm and ~585 nm, 

decay on similar timescales. This suggests that relaxation from higher lying states is dominated by 

internal conversion. After approximately 150 ps, the TA signal has nearly returned to baseline due 

to fast excited state relaxation, which is expected for organic radicals in solution at room 

temperature [191, 196, 198, 211, 212, 214-216]. 

Figure 4.3(b) presents TA data for nPr-DMQA  in benzene. Benzene was chosen as a non-polar 

comparison to MeCN. The dynamics observed for the radical in benzene is very similar to MeCN, 

with the main difference appearing as a difference in amplitude between the ESA components on 

either side of the GSB associated dip at 560 nm and the spectral position of the peak. The ESA 

peaks at ~525 nm and ~590 nm on either side of the pump excitation. The similarities between 

nPr-DMQA  in MeCN and benzene show a relative solvent insensitivity in the time-resolved 

spectra in addition to the steady-state absorption. The ESA features decay by approximately 200 
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ps due to internal conversion, highlighting comparatively slower transition rate in nonpolar 

solvent. 

The TA data was analyzed using the global analysis KIMOPACK package [134]. A sequential 

model with three components plus a background offset was used to fit the TA spectra for both 

MeCN and benzene solvents. Figure 4.4 presents the results of the global analysis of the TA data 

for nPr-DMQA  in MeCN. We observe a fast component, characterized by a sub-120 fs timescale 

(not shown) most likely associated with internal conversion from higher-lying states to first excited 

state [212, 214]. DAS1, shown in Figure 4.4(a), has a timescale of 2.0 ± 0.3 ps (error estimates the 

spread based on repeat measurements under same condition) and has been assigned to 

intramolecular vibrational redistribution (IVR) [215, 217], consistent with evolutionary kinetics 

presented in Figure 4.4(d). DAS2 is associated with a timescale of 24 ± 2.0 ps, corresponds to non-

radiative internal conversion to the ground state.  
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Figure 4.4: (a) Decay associated spectra (DAS) acquired through global analysis employing a 

sequential model for the radical in acetonitrile. (b) TA data represented with selected points and 

fitted traces (solid lines). (c) Kinetic model employed for the global analysis with the average 

timescales obtained from repeat measurements with spread represented by the error bars and (d) 

corresponding kinetics for the model with the delay axis presented on a log scale. 
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Figure 4.5: (a) Decay associated spectra (DAS) acquired through global analysis employing a 

sequential model for the radical in benzene. (b) TA data represented with selected points (dots) 

and fitted traces (solid lines). (c) Kinetic model employed for the global analysis with the average 

timescales obtained from repeat measurements along with spread represented by the error bars and 

(d) corresponding kinetics for the model with the delay axis presented on a log scale. 

 

Figure 4.5 presents the global analysis results for nPr-DMQA  in benzene. As in the MeCN data, 

there is a sub-120 fs decay, that likely corresponds to internal conversion [212, 214]. DAS1 
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corresponds to intramolecular vibrational redistribution (IVR) with a lifetime of mapped 2.0 ± 0.3 

ps [215, 217]. Further, DAS2 encapsulates the dynamics of the D1 excited state's relaxation 

pathway, exhibiting a prolonged decay lifetime of 30 ± 2.0 ps. This represents a slightly slower 

excited state relaxation processes in comparison to the ones observed in the MeCN solvent 

environment, hence highlighting the minimal impact of solvent characteristics on the 

photophysical relaxation pathways of the nPr-DMQA . This observation is consistent with the lack 

of strong solvatochromism (see Figure 4.6 in supplementary information). Additionally, DAS3 is 

delineated as a component accounting for the persistent background offset. 

nPr-DMQA  has been reported to be an exceptionally potent photoreducing agent (E1/2
reduction -

3.4 V vs SCE) [43]. Its large reduction potential in combination with the fast internal conversion 

and short excited state lifetime in MeCN and benzene observed from the TA data suggests that it 

may form a closed-shell Meisenheimer complex. This concept, as demonstrated by Rieth et al. in 

their investigation of naphthalene monoamide [211], reveals that such complexes can act as 

strongly reducing photoreagents with extended excited-state lifetimes. The Meisenheimer 

complex's excited-state lifetime extending beyond a nanosecond, a timescale typical for diffusion-

limited processes driving molecular encounters in solution at typical reagent concentrations (~ 0.1 

M), could explain the radical's high photoreduction potential despite rapid decay processes [211]. 

These insights into the nPr-DMQA 's photophysical and photocatalytic properties underscore its 

significant potential in applications requiring high photoreduction capabilities, bridging the gap 

between rapid photophysical processes and the demands of efficient photocatalytic reactions. 
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4.5 Conclusion 

The investigation of the nPr-DMQA  radical has provided significant insights into its 

photophysical behavior and hence its utility in photoredox catalysis. The absorption spectra of nPr-

DMQA  in both acetonitrile and benzene show relatively invariant features, indicating limited 

solvatochromism. Transient absorption spectroscopy has confirmed that the excited state lifetimes 

of nPr-DMQA  are remarkably short, under 50 ps in both solvents, which is consistent with rapid 

internal conversion processes observed in similar organic radicals. The global analysis of the 

transient absorption data elucidated the presence of intramolecular vibrational redistribution and 

non-radiative internal conversion processes from higher lying doublet states, with solvent-

dependent relaxation timescales from first excited state. The observed behavior suggests that nPr-

DMQA  may form closed-shell Meisenheimer complexes with long lived excited state hence 

mitigating the diffusion limit barrier required to overcome for molecular encounters, contributing 

to its potent photoreducing capabilities. 
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4.6 Supplementary Information 

 

Figure 4.6: Absorption solvatochromism of nPr-DMQA  radical in various solvents - acetonitrile 

(blue), benzene (cyan), toluene (orange), THF (red), and hexane (brown). All absorption traces are 

normalized to the peak around 560 nm. 
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Chapter 5:  

Summary and Conclusion 
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This thesis explored the intricate dynamics and structural characteristics of various molecular 

systems through detailed optical spectroscopy studies, providing deep insights into the 

fundamental processes within metal-ligand complexes and organic photoredox species. These 

investigations highlight the versatility of optical spectroscopy in elucidating not only photoredox 

catalysis processes but also the fundamental nature of electronic coupling and excited state 

behaviors essential for understanding broader chemical phenomena. The interplay between 

electronic properties and catalytic behavior has been thoroughly examined, contributing to a more 

comprehensive understanding of the photophysics involved in these molecules. The main findings 

from each chapter are summarized in the following paragraphs. 

Chapter 2 delved into the distinctive spin-driven dynamics of the TD1-Cu complex, examining 

its behavior in both monomeric and dimeric forms through temperature-dependent two-

dimensional electronic spectroscopy (2DES). This investigation revealed that the formation of 

spin-coupled excitonic dimer form, mediated by ferromagnetic and antiferromagnetic interactions, 

leads to long-lived excited states in contrast to the short-lived nature of the monomer form. The 

study effectively highlights how the TD1-Cu complex serves as a prototype for exploring spin-

mediated electronic dynamics in metal-organic frameworks, opening pathways for the 

development of advanced materials with tunable photophysical properties as well as applications 

in the field of spin dynamics, photoredox catalysis and redox chemistry. 

Chapter 3 provided a comprehensive examination of the ultrafast dynamics of the nPr-DMQA+ 

cation, a helical carbenium red-light activated organic photocatalyst utilized in the oxidative 

hydroxylation of phenylboronic acid. Through advanced optical spectroscopy techniques such as 

transient absorption (TA) and time-correlated single photon counting (TCSPC), this chapter 
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illuminated the critical role of the long-lived triplet state of nPr-DMQA+ in facilitating electron 

transfer processes essential for catalytic activity. The findings underscored the influence of 

quenching effects and demonstrating 

mechanism. This detailed exploration of the nPr-DMQA+ 

understanding of its photophysical properties but also contributes valuable insights into designing 

more efficient photoredox systems for sustainable chemical synthesis. 

-di-n-propyl-1,13-

dimethoxyquinacridine (nPr-DMQA ) radical, a stable neutral radical used as an extreme 

photoredox catalyst. Utilizing transient absorption (TA) spectroscopy, the study provided detailed 

insights into the short-lived excited states of this radical, with lifetimes demonstrating sub-50 ps 

decay across different solvents. This understanding is crucial for advancing the use of organic 

radicals in photoredox catalysis despite short-lived excited state, offering pathways to enhance 

reaction efficiencies and expand the scope of photoredox applications in organic synthesis. 

In conclusion, this thesis has underscored the instrumental role of optical spectroscopy in 

deciphering the intricate photophysical and photochemical mechanisms at the heart of innovative 

catalytic systems. From intricate metal-ligand complexes to sophisticated organic photoredox 

molecules, this research has illuminated the critical function of time-resolved spectroscopy in 

dissecting the complex behaviors inherent in these systems. It is anticipated that the methodologies 

and insights gained here will provide a platform for future research aimed at developing new 

catalytic systems with optimized performance and broader applicability. 
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Appendix:  

MATLAB Scripts  
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A.1 CCD Calibration Using Atomic Line Lamps 

clear 
 
%read file 
filestr = fileread('filename'); 
 
filebyline = regexp(filestr, '\n', 'split'); 
filebyline( cellfun(@isempty,filebyline) ) = []; 
filebyfield = regexp(filebyline, '\n', 'split'); 
 
%pad out so each line has the same number of fields 
numfields = cellfun(@length, filebyfield); 
maxfields = max(numfields); 
fieldpattern = repmat({[]}, 1, maxfields); 
firstN = @(S,N) S(1:N); 
filebyfield = cellfun(@(S) firstN([S,fieldpattern], maxfields), filebyfield, 
'Uniform', 0); 
 
fieldarray = vertcat(filebyfield{:}); 
 
 
len = 15; %length = size for each coherent time repeat 
num_waveforms = 1; 
pro = (len-2)*num_waveforms; 
ccd = zeros(pro,1340); 
k =1; 
 
for i = 1:num_waveforms 
    for m = 3:len-1 
        b = len*(i-1)+m; 
        data = fieldarray{b}(:,:); 
        ccd(k,:) = str2num(data); 
        k = k+1; 
    end     
end 
 
avg = zeros(num_waveforms,1340); 
 
a = len-3; % # of images taken at each coherent time excluding the first image 
 
for i = 1:num_waveforms 
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    for m = 0:a-1 
       avg(i,:) = ccd(a*i-m,:)+avg(i,:); 
    end 
    avg(i,:) = avg(i,:)/a; 
end 
 
calibration = avg; 
 
figure(2)  
plot(calibration) 
% This is to select the peaks index from the collected data and corresponding 
wavelength values from atomic lamp data. 

Generating Calibration based on selected peaks 

column = 1:1340; 
wlen = zeros(1,1340); 
 
pixel = [389; 654; 731; 1014]; %% From the selected peaks from Figure(2)   
wavelength = [435.8335; 546.075; 578.06; 696.54]; 
f1 = fit(pixel,wavelength,'poly3'); % using cubic fitting to generate 
calibration file.  
coeff = coeffvalues(f1); 
for i = 1:1340 
        wlen(1,i) = coeff(1)*(column(i))^3 + coeff(2)*(column(i))^2 + 
coeff(3)*column(i) + coeff(4); 
end 

Saving the calibration file 

save('calibrated_frequency_axis_23_09_19', 'wlen', '-ascii', '-double', '-
tabs'); 
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A.2 Plotting 2D emission with varying excitation wavelengths 

clear; 
 
data = readtable('test1.csv'); % replace "test1.csv" with the filename of the 
data 
 
data_all = table2array(data); 
axis_emission = data_all(:,1); 
data_2D = data_all(:,2:2:end); 
 
axis_excitation = 200:5:750; % Making the excitation axis based on the 
excitation data collection setup 

Contour on logscale 

 plotmin = min(min(data_2D)); 
 plotmax = max(max(data_2D)); 
 log2_values = 1:log2(plotmax)/15:log2(plotmax); 
 cline = [plotmin 0 2.^log2_values]; 
 
 nidx = 1; 
 nfig = figure(nidx+0); 
 hold off; 
 contourf(axis_excitation,axis_emission,data_2D, cline); colormap("jet");     
 xlabel ('Ex. Wavelength (nm)'); ylabel ('Em. Wavelength (nm)'); colorbar; 
 set(gca,'FontSize',15, 'TickDir', 'out', 'LineWidth', 1);   
 axis equal tight; 
 set(gca,'Layer', 'top'); 
 set(gca,'TickDir','in'); 
 box on; 

Saving the plots 

  saveas(nfig,'filename_V1.fig'); 
 saveas(nfig,'filename_V1.png'); 



 

 

118 
 

A.3 Generating Input Data File for Global Analysis Using 

KIMOPACK 

wlen = wlen'; % wavelength axis  
 
Time = Taxis; % delay axis from raw data 
ta_input_data = plot_2D'; % TA data used for surface plot     
kimo_inputdata = zeros(length(Taxis)+1,length(wlen)+1);  
 
for i = 1:length(Taxis)+1 
    for j = 1:length(wlen)+1 
        if i == 1 && j == 1 
            kimo_inputdata(i,j) = 0; 
        elseif i == 1 && j > 1 
            kimo_inputdata(1,j) = wlen(j-1); 
        elseif j == 1 && i > 1 
            kimo_inputdata(i,1) = Time(i-1)/1000; 
        else 
            kimo_inputdata(i,j) = ta_input_data(i-1,j-1); 
        end 
    end 
end 
 
 
save('input_KiMoPack_V1','kimo_inputdata', '-ascii', '-double', '-tabs'); 
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A.4 Plotting GLOBAL ANALYSIS output from KIMOPACK 

clear; clc; 
 
das = readtable('DAC.txt'); % DAS/SAS input data 
das = table2array(das); 
 
measured_matrix = readtable('measured_matrix.txt'); % Raw TA input data after 
chirp correction 
measured_matrix = table2array(measured_matrix); 
 
calculated_matrix = table2array(readtable('calculated_matrix.txt'));  
% Calculated TA matrix 
 
concentration = table2array(readtable('concentration_temporal_evolution.txt'));  
% Concentration evolution of kinetic components 
 
time = table2array(readtable('Taxis.txt')); % Delay axis 
 
lambda = measured_matrix(1,:); % Detection wavelength 
 
taxis_fit = time(length(time)+2-size(measured_matrix,1):end); % delay axis 
correct to match time axis used for global analysis 

Plotting DAS 

axes_font = 15; linwdth = 3.5; 
c_idx = 4; 
 
DAS_fig = figure(7); 
hold off; 
 
cc = jet(8);  
plot(lambda,das(2:end,1)/1e9,'LineWidth',linwdth,'Color',cc(1,:))   % 1E9 is a 
scaling factor 
hold on; 
plot(lambda,das(2:end,2)/1e9,'LineWidth',linwdth,'Color',cc(3,:))  
plot(lambda,das(2:end,3)/1e9,'LineWidth',linwdth,'Color',cc(6,:)) 
plot(lambda,das(2:end,4)/1e9,'LineWidth',linwdth,'Color',cc(8,:))   
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plot([450 710],[0 0],'--','LineWidth',linwdth-2,'Color',[0 0 0]) 
 
ylabel('DAS');  
xlabel('Wavelength (nm)');   
xlim([450 700]); 
set(gca,'FontSize',axes_font, 'TickDir', 'in', 'LineWidth', 1.5); 
legend('A (0.12 ps)', 'B (1.8 ps', 'C (23.9 ps)','D (non decaying)'); % Example 
used for legend 
legend boxoff; 
 
saveas(DAS_fig,'DAS_XYZ_V1.fig'); 
saveas(DAS_fig,'DAS_XYZ_V1.png'); 

Plotting Measured Matrix and Calculated Matrix with Error 

fig_idx_matrix = 8^5;  
linewdth = 2; axes_font = 15;  
cline = 20; 
Matrix_Plot = figure(fig_idx_matrix);  
hold off; 
 
subplot(1,2,1) 
plot_2D = measured_matrix(2:end,:); % Plotting raw data 
contourf(lambda,taxis_fit/1000,plot_2D,cline,'LineStyle','-');  
colormap(jet); colorbar; 
xlabel('Wavelength (nm)','Interpreter','Latex','fontweight','bold'); 
ylabel('Delay (ps)','Interpreter','Latex','fontweight','bold');  
hold off; 
xlim([450 700]); 
yticks([1 10 100 1000]); 
title('Measured (A)') 
set(gca, 'YScale', 'log') 
set(gca,'FontSize',axes_font, 'TickDir', 'in', 'LineWidth', 1);  
 
subplot(1,2,2) 
plot_2D = calculated_matrix(2:end,:); % Plotting calculated data 
contourf(lambda,taxis_fit/1000,plot_2D,cline,'LineStyle','-');  
colormap(jet); colorbar; 
xlabel('Wavelength (nm)','Interpreter','Latex','fontweight','bold');  
ylabel('Delay (ps)','Interpreter','Latex','fontweight','bold');  
hold off; 
xlim([450 700]); 
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yticks([1 10 100 1000]); 
title('Calculated (B)') 
set(gca, 'YScale', 'log') 
set(gca,'FontSize',axes_font, 'TickDir', 'in', 'LineWidth', 1);  
 
subplot(1,3,3) 
plot_2D = 10*(measured_matrix(2:end,:) - calculated_matrix(2:end,:)); % 
Plotting 10*(Measured - Calculated) 
contourf(lambda,taxis_fit/1000,plot_2D,cline,'LineStyle','-');  
colormap(jet); colorbar; 
xlabel('Wavelength (nm)','Interpreter','Latex','fontweight','bold');  
ylabel('Delay (ps)','Interpreter','Latex','fontweight','bold');  
hold off; 
xlim([450 700]); 
yticks([1 10 100 1000]); 
title('10*(A-B)') 
set(gca, 'YScale', 'log') 
set(gca,'FontSize',axes_font, 'TickDir', 'in', 'LineWidth', 1);  
 
saveas(Matrix_Plot,'Comparison_Matrix_XYZ_TA_V1.fig'); 
saveas(Matrix_Plot,'Comparison_Matrix_XYZ_TA_V1.png'); 

Plotting Kinetic Traces 

s_reg = [500,520,590,610]; % example of spectral region of interest 
l1_idx = find(lambda > s_reg(1)-2 & lambda < s_reg(1)+2); 
l2_idx = find(lambda > s_reg(2)-2 & lambda < s_reg(2)+2); 
l3_idx = find(lambda > s_reg(3)-2 & lambda < s_reg(3)+2); 
l4_idx = find(lambda > s_reg(4)-2 & lambda < s_reg(4)+2); 
 
% Generating kinetic traces from measured matrix 
k1_raw = sum(measured_matrix(2:end,l1_idx-2:l1_idx+2)/5,2); 
k2_raw = sum(measured_matrix(2:end,l2_idx-2:l2_idx+2)/5,2); 
k3_raw = sum(measured_matrix(2:end,l3_idx-2:l3_idx+2)/5,2); 
k4_raw = sum(measured_matrix(2:end,l4_idx-2:l4_idx+2)/5,2); 
 
% Generating kinetic traces from CALCULATED matrix 
k1_cal = sum(calculated_matrix(2:end,l1_idx-2:l1_idx+2)/5,2); 
k2_cal = sum(calculated_matrix(2:end,l2_idx-2:l2_idx+2)/5,2); 
k3_cal = sum(calculated_matrix(2:end,l3_idx-2:l3_idx+2)/5,2); 
k4_cal = sum(calculated_matrix(2:end,l4_idx-2:l4_idx+2)/5,2); 
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axes_font = 18; linwdth = 3; 
marker = 18; cc = jet(11);  
kinetic_trace_fig = figure(9^4 + 7); 
hold off; 
plot(taxis_fit/1000,k1_raw,'.','MarkerSize',marker,'Color',cc(1,:))  
hold on; 
plot(taxis_fit/1000,k1_cal,'LineWidth',linwdth,'Color',cc(1,:))  
plot(taxis_fit/1000,k2_raw,'.','MarkerSize',marker,'Color',cc(4,:))  
plot(taxis_fit/1000,k2_cal,'LineWidth',linwdth,'Color',cc(4,:))  
plot(taxis_fit/1000,k3_raw,'.','MarkerSize',marker,'Color',cc(7,:))  
plot(taxis_fit/1000,k3_cal,'LineWidth',linwdth,'Color',cc(7,:))  
plot(taxis_fit/1000,k4_raw,'.','MarkerSize',marker,'Color',cc(11,:))  
plot(taxis_fit/1000,k4_cal,'LineWidth',linwdth,'Color',cc(11,:))  
plot([.01 1400],[0 0],'--','LineWidth',linwdth-2,'Color',[0 0 0]) 
ylabel('Amplitude (au)');  
xlabel('Delay (ps)'); 
xticks([1 10 100 1000]);  
set(gca, 'XScale', 'log'); % x-axis on log-scale 
 
set(gca,'FontSize',axes_font, 'TickDir', 'in', 'LineWidth', 1.5); 
legend('500 nm','','520 nm','','590 nm','','610 nm'); legend boxoff; 
 
saveas(kinetic_trace_fig,'log_kinetic_trace_XYZ_V1.fig'); 
saveas(kinetic_trace_fig,'log_kinetic_trace_XYZ_V1.png'); 

Plotting Spectral traces 

t_reg = [0.5 2.9 50 100 300 1100]; % example for selecting temporal region for 
plotting traces 
taxis = taxis_fit/1000; 
 
t1_idx = find(taxis == t_reg(1)); 
t2_idx = find(taxis == t_reg(2)); 
t3_idx = find(taxis == t_reg(3)); 
t4_idx = find(taxis == t_reg(4)); 
t5_idx = find(taxis == t_reg(5)); 
t6_idx = find(taxis == t_reg(6)); 
 
axes_font = 14; linwdth = 2; 
marker = 20; cc = jet(16);  
spectral_trace_fig = figure(10^4 + 7 + 100 + 100); 
hold off; 
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plot(lambda(1:3:end),measured_matrix(t1_idx+1,1:3:end),'.','MarkerSize',marker,
'Color',cc(1,:))  
hold on; 
plot(lambda,calculated_matrix(t1_idx+1,:),'LineWidth',linwdth,'Color',cc(1,:)) 
plot(lambda(1:3:end),measured_matrix(t2_idx+1,1:3:end),'.','MarkerSize',marker,
'Color',cc(3,:))  
plot(lambda,calculated_matrix(t2_idx+1,:),'LineWidth',linwdth,'Color',cc(3,:)) 
plot(lambda(1:3:end),measured_matrix(t3_idx+1,1:3:end),'.','MarkerSize',marker,
'Color',cc(5,:))  
plot(lambda,calculated_matrix(t3_idx+1,:),'LineWidth',linwdth,'Color',cc(5,:)) 
plot(lambda(1:3:end),measured_matrix(t4_idx+1,1:3:end),'.','MarkerSize',marker,
'Color',cc(7,:))  
plot(lambda,calculated_matrix(t4_idx+1,:),'LineWidth',linwdth,'Color',cc(7,:)) 
plot(lambda(1:3:end),measured_matrix(t5_idx+1,1:3:end),'.','MarkerSize',marker,
'Color',cc(9,:))  
plot(lambda,calculated_matrix(t5_idx+1,:),'LineWidth',linwdth,'Color',cc(9,:)) 
plot(lambda(1:3:end),measured_matrix(t6_idx+1,1:3:end),'.','MarkerSize',marker,
'Color',cc(14,:))  
plot(lambda,calculated_matrix(t6_idx+1,:),'LineWidth',linwdth,'Color',cc(14,:)) 
plot([450 700],[0 0],'--','LineWidth',linwdth-2,'Color',[0 0 0]) 
 
ylabel('\Delta OD','fontweight','bold');  
xlabel('Wavelength (nm)'); 
xlim([450 700]);   
set(gca, 'YScale', 'linear') 
set(gca,'FontSize',axes_font, 'TickDir', 'in', 'LineWidth', 1.5); 
legend('0.5 ps','','2.9 ps','','50 ps','','100 ps','','300 ps','','1.1 ns'); 
legend boxoff; 
 
saveas(spectral_trace_fig,'spectral_trace_XYZ_V1.fig'); 
saveas(spectral_trace_fig,'spectral_trace_XYZ_V1.png'); 

Concentration Profile as a function of time delay 

axes_font = 18; linwdth = 4; 
marker = 18; cc = jet(8);  
concentration_fig = figure(9^5 + 7); 
hold off; 
 
plot(taxis_fit/1000,concentration(2:end,1)/1e-
11,3,'LineWidth',linwdth,'Color',cc(1,:)) % 1E-11 is a scaling factor 
hold on; 
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plot(taxis_fit/1000,concentration(2:end,2)/1e-
11,3,'LineWidth',linwdth,'Color',cc(3,:))  
plot(taxis_fit/1000,concentration(2:end,3)/1e-
11,3,'LineWidth',linwdth,'Color',cc(6,:)) 
  
ylabel('a.u.');  
xlabel('Delay (ps)'); 
xticks([1 10 100 1000]) 
set(gca, 'XScale', 'log') 
set(gca,'FontSize',axes_font, 'TickDir', 'in', 'LineWidth', 1.5); 
legend('A (0.12 ps)', 'B (1.8 ps', 'C (23.9 ps)');  % Example of legend 
legend boxoff; 
 
saveas(concentration_fig,'concent_XYZ_V1.fig'); 
saveas(concentration_fig,'concent_XYZ_V1.png'); 
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