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The increasing interest in light harvesting technologies highlights the need to
develop molecular systems with high efficiency in triplet state formation. A high
triplet efficiency is crucial for a wide range of applications, including lasers, sensing,
photovoltaics, organic light-emitting diodes (OLEDs), and particularly in
photodynamic therapy (PDT). While many studies have explored triplet-forming
materials, detailed insights into the mechanisms of photo-induced triplet state
generation are still relatively limited. Understanding these mechanisms is essential

for designing effective systems.

In my thesis, | extensively examined the photophysical behavior of various
heavy-atom-free molecular systems, both in solution and within confined cavities. |
investigated how intrinsic and extrinsic factors influence their triplet state dynamics.
This research not only expands current knowledge but also provides a solid
framework for designing innovative triplet-forming systems that enhance
photoluminescence applications and offer effective strategies for treating tumour

cells.
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Briefly, my first work was on the role of molecular motions in triplet state
generation in Cu(dimethylphenanthroline).Cl complex. This molecule is known for
its intriguing photophysical properties, characterized by ligand-twisting motion in
the excited state transitioning from an initially perpendicular geometry to a flattened
structure in unrestricted solvent media. | employed various viscous and confined
environments to examine the influence of molecular vibrations on the triplet
generation mechanism. It was observed that triplet state generation occurs along
specific volume-changing vibrational coordinates. Subsequently, | shifted my study
to thionated molecules, known for their inherently high intersystem crossing
efficiency and triplet generating efficacy. The introduction of a thio-substitution for
the carbonyl oxygen in coumarin 1 molecule (thiocoumarin 1, TC1) significantly
altered its photophysical properties, facilitating the formation of triplets on an
ultrashort timescale. | investigated the photophysical properties of TC1 in protic
solvent media and discovered the detrimental impact of hydrogen bonding
interactions on triplet yield. Furthermore, | found that thiocoumarins with
intramolecular charge transfer (ICT) characteristics are less efficient in triplet
generation compared to those without ICT. Overall, my research will contribute to

the design of molecules with enhanced abilities for quantitative triplet formation.

Summary of work done

(1) Triplet State Photophysics of Bis(dimethylphenanthroline)copper(l)
Might Involve Volume-Changing Molecular Motion: Ultrafast Absorption
and Emission Studies (Chem. Phys. Lett. 2024, 839, 141108)

The steady-state spectroscopic data for bis(dimethylphenanthroline)copper(l)
(Cu(dmphen)2Cl) indicate that factors such as surrounding polarity, viscosity, and
confinement significantly impact its phosphorescence quantum yield. Notably, high
phosphorescence yields are observed in glycerol-methanol mixtures with high
glycerol content, suggesting the involvement of volume-changing motions through

which the triplet state decays non-radiatively to the ground state. Similar constraints
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on phosphorescence yield are

Energy

also seen when the complex is
encapsulated within an AOT

reverse micelle of varying

water pool sizes, supporting
this hypothesis. Temperature-
dependent steady-state measurements in isoviscous glycerol/methanol mixtures
suggest an energy barrier in the singlet-to-triplet conversion pathway along the same
volume-changing coordinate. The pressing question concerns how environmental
restrictions affect the dynamics of triplet formation in viscous or confined media. To
investigate this, | first measured the fluorescence lifetime of the flattened-S; state,
which precedes to triplet state formation, in both glycerol-methanol mixtures and
confined AOT reverse micelle systems. The slower lifetime of Cu(dmphen).Cl in
high viscosity and confined media hints a delayed triplet generation. To further
examine triplet generation in restricted and unrestricted environments, femtosecond
transient absorption (TA) measurements were performed. These measurements
revealed that triplet generation is slowed in environments with high viscosity or
small water pool sizes in AOT reverse micelle. This finding underscores that triplet
state decay, and its generation in this complex, involves volume-changing motion
coordinates, leading to slower Kinetics in restricted media. Additionally, to
determine the activation energy barrier for triplet generation, I recorded TA data in
isoviscous glycerol/methanol mixtures at four different temperatures ranging from
303K to 333K. From the kinetic analysis of the TA data, | calculated the rate constant
for triplet generation. By employing a simple Arrhenius model, the activation energy
for triplet generation in the Cu(dmphen).Cl complex was determined to be 5.9
kJ/mol, achievable through increasing the system's temperature. This comprehensive
photophysical study of Cu(dmphen).Cl emphasizes that both the ultrafast formation
and decay of the triplet state occur via volume-changing vibrational coordinates,

having an activation barrier.



XXi

(2) Ultrafast Processes in Upper Excited Singlet States of Free and Caged
7-Diethylaminothiocoumarin (J. Phys. Chem. A 2024, 128, 6853-6863)

Recent literature suggests that a T
lifetime

Follows
Kasha’s rule

substitution of O-atom in carbonyl

High &
systems with a non-heavy S-atom alters

No ISC
?

the photophysical properties of the CH,
: N N e | RIS
molecule, leading to quantitative triplet |g,.
N 0" s fs to sub-ps

Ultrafast ISC

Et fluorescence lifetime and RTP

generation. In pursuit of an additional

triplet-forming system, | selected the thio/S-atom analog of coumarin 1, namely

thiocoumarin 1 (TC1), to investigate the fate of the photoexcited molecule.

The fluorescence quantum yield of TC1 is exceptionally low (~thousands of times
smaller compared to the parent coumarin 1). This indicates that an efficient non-
radiative process occurs from the excited singlet state. Notably, the excitation
spectra are found to be red-shifted from the absorption band, suggesting that the
emissive state is not coupled to the strong absorption, and a dark state exists in the
molecule. Fluorescence lifetime measurements in bulk solvents (hexane, acetonitrile
and dichloromethane) reveal an ultrashort singlet state lifetime ranging from 100 fs
to 5 ps, in contrast to the nanosecond lifetime of the parent coumarin molecule. The
fluorescence decay is mostly biexponential, likely due to the two low-lying emissive

singlet states (S; and S,).

To further understand the ultrafast loss of the singlet state population, transient
absorption measurements were performed. These measurements confirmed that the
photoexcited singlet state rapidly converts into a triplet state on a fs-ps timescale,
explaining the negligible fluorescence quantum yield. Additionally, the spectral
pattern also reveals that both S; and S, states are involved in generating triplet
manifolds, and after several picoseconds, the higher-order triplet relaxes back to the
lowest triplet state, T, which persists for more than 2 ns. The global analysis of the
transient absorption data supports our initial hypothesis of coexisting emissive

singlet states (S; and S,) and population enrichment of the higher-order triplets. To
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have an insight into the feasibility of singlet to triplet transitions, | conducted time-
dependent density functional theory (TDDFT) calculations in acetonitrile. The
results indicate that the S; state is dark (f=0.0054) and the S, state is bright (f=0.54),
with both states meeting the energy and orbital criteria to transform into triplets
(S; » T, S; » T3, and S, — T,). This corroborates the ultrafast triplet formation

behavior of the thiocoumarin molecule in bulk solvent.

As TC1 must be delivered to the target site via a water soluble carrier for its potential
use in photodynamic therapy (PDT), I explored the complexation of TC1 with octa
acid (OA) and studied its photophysics within the complex. TC1 and OA are found
to form a 1:2 complex. Steady-state results inside the OA cavity show a strong
phosphorescence emission band alongside a weak fluorescence emission band. The
excitation spectra for the fluorescence emission band typically show a shift from the
absorption band, while those for the phosphorescence emission band align precisely
align with the main absorption. This suggests that a significant portion of the
population from the S, state transitions to triplets. However, the S, state exhibits
moderate fluorescence emission and triplet formation characteristics. Fluorescence
lifetime and transient absorption measurements inside the cavity align with the bulk
measurements, exhibiting ultrafast fluorescence decay and rapid triplet state
generation involving both emissive singlet states. The comprehensive experimental
and theoretical analysis elucidates the excited state behavior of this potent thio-

analog of coumarin 1 molecule, characterized by efficient triplet generation.

(3) Effect of Hydrogen Bonding on the Ultrafast Intersystem Crossing in 7-
Diethylaminothiocoumarin (J. Phys. Chem. A 2025, In press)

Hydrogen bonding interaction is crucial for maintaining the structure, geometry,
stability, and activity of a system, particularly in altering the excited-state dynamics
of molecular systems. Such an effect on the photophysical properties of light-
harvesting systems such as ketones, thioketones, and esters has been extensively

reported. Following these studies, | explored on how hydrogen bonding modifies the
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excited-state dynamics and,
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TC1l's  photophysical behavior.
Steady-state measurements revealed that an increase in the volume fraction of
methanol in acetonitrile shifts the fluorescence emission maxima toward the low-
energy side, suggesting stabilization of the excited singlet state in protic methanol.
This shift, along with deviations in the Lippert-Mataga plot indicates specific
interactions between the solvent and the TC1 molecule. Additionally, an increase in
methanol concentration correlates with higher fluorescence quantum yield and
lifetime that suggests an ineffective non-radiative decay processes of the singlet
excited state. Further analysis of fluorescence decay revealed an extra-long decay
component of approximately 100 ps in methanol, likely attributable to a hydrogen-
bonded singlet state absent in aprotic acetonitrile. Measurement of the singlet
oxygen quantum yield (a measure for triplet yield) showed a decrease with
increasing methanol content, indicating that hydrogen bonding restricts triplet
generation. To delve deeper into triplet generation, fs-transient absorption (TA)
measurements were performed in both the solvents. The global analysis of transient
data showed that TC1 in methanol exhibits three emissive decay-associated spectra
(~0.5 ps, 2 ps, and 66 ps), as opposed to just two in acetonitrile (~0.5 ps and 2 ps),
supporting the hypothesis of a hydrogen-bonded state with emissive characteristics
in methanol. Kinetic analysis of characteristics of triplet spectra demonstrated that
triplet state formation from the hydrogen-bonded singlet state is slower in methanol-
containing solvent and decreases further as the methanol content increases. These
experimental results suggest that hydrogen bonding interactions significantly slow

down the ISC process and triplet generation.
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This conclusion is supported by TDDFT-based theoretical calculations, where
Franck-Condon (FC) point analysis revealed that hydrogen bonding unfavorably
alters energies and orbital characteristics, potentially explaining the observed slow
ISC dynamics and reduced triplet yield in methanol. Building upon insights from the
literature, |1 explored potential ISC coordinates in TC1. An examination of the
twisted intramolecular charge transfer (TICT) by rotating the NEt. group relative to
the molecular plane showed increasing singlet-triplet energy gaps, reaching a
crossing point at the S;-T; state, which presents an energy barrier (~0.3 eV)
inaccessible at room temperature (298 K). Thus, | conclude that TC1 might not
undergo triplet formation along the TICT coordinate. On the otherhand, scanning
along the C=S bond stretching coordinates revealed that the S; and T; states remain
energetically close, crossing in their potential well and potentially facilitating triplet
formation through energy and orbital feasibilities. When explicit hydrogen bonding
interactions of methanol with TC1 were considered, the transition from singlet to
triplet became energetically and orbitally unfavorable, with reduced spin-orbit
coupling, underscoring the significant role of hydrogen bonding along the C=S
coordinate. Additionally, exploration of two other dihedral angle coordinates
showed that while triplet generation is feasible in non-hydrogen-bonded solvents,
hydrogen bonding interactions disfavor triplet generation along these coordinates.
Overall, both experimental and theoretical findings strongly indicate that hydrogen
bonding interactions play a counteractive role in triplet state generation in the

thiocoumarin 1 molecule.

(4) Inhibitory Effect of Charge Transfer on Ultrafast Triplet Formation in

Thiocoumarins (Manuscript under preparation)
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In this study, I explored the effect of [ oumarid't
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polarity, which is pivotal in
determining the excited state properties of the molecule. | focus on two thio-
derivatives of coumarins, differentiated by their functional groups. Of these, one has
a diethyl amino group at the 7-position of the thiocoumarin structure (TC1), while
the other contains an acetoxy group (Acetoxy-TC). Steady-state absorption
measurements reveal that the amino-functionalized TC1 exhibits solvent polarity
dependent photophysics, confirming the presence of a CT state, while in Acetoxy-

TC such a dependence is not observed.

Furthermore, TC1 displays a higher fluorescence quantum yield than Acetoxy-TC
across the solvents. The low fluorescence quantum yield of Acetoxy-TC, having no
CT character, is corroborated by its higher singlet oxygen yield. Additionally,
fluorescence lifetime measurements show that Acetoxy-TC undergoes ultrashort
fluorescence decay, in contrast to the longer lifetimes found in TC1. To further probe
the triplet state dynamics, femtosecond transient absorption experiments were
conducted. The results revealed distinctive triplet state characteristics in Acetoxy-
TC compared to TC1. The kinetic analyses indicate that while the triplet state in TC1
is generated through two singlet states including the CT state in a slower time-scale,
Acetoxy-TC undergoes triplet generation via an ultrafast pathway (~200 fs). This
supports the high singlet oxygen yield observed in Acetoxy-TC. These experiments
in various solvent media underline the crucial yet opposing roles of intramolecular

charge transfer state in the generation of triplet states in thiocoumarins.

To probe the excited state dynamics within a confined environment, | conducted
photophysical studies of Acetoxy-TC encapsulated inside an octa acid (OA) cavity.

Steady-state measurements revealed significantly strong phosphorescence emission
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bands within the cavity, unlike those observed in bulk, suggesting minimal non-
radiative decays of triplet states. Notably, the fluorescence lifetime decay of
Acetoxy-TC is markedly shorter within the OA cavity compared to the TC1. Further
insights were gained through transient absorption (TA) measurements performed
inside the OA cavity. These experiments showed that Acetoxy-TC, which lacks a
charge transfer (CT) state, forms its triplet state on an ultrafast timescale (~350 fs).
In contrast, the triplet formation is relatively slow with two-time constants (~500 fs
and 2-10 ps) for TC1, which features a CT state. These findings underscore that the
presence of a CT state in thiocoumarins significantly influences the efficiency and

Kinetics of triplet state formation, acting counteractively in the process.

To elucidate the reasons behind these observations, | conducted theoretical
calculations using TDDFT method. The calculations revealed that Acetoxy-TC
exhibits a relatively small singlet-triplet energy gap and high spin-orbit coupling
(SOC) factors, which facilitate extremely efficient intersystem crossing (ISC).
Conversely, the energy gaps and SOC values in TC1, which display charge transfer
(CT) characteristics, are less favorable. This difference correlates with the solvent

polarity and leads to slower ISC and lower triplet yield in TC1.



XXVil

This page left blank intensionally



XXViil

Table of Contents

Acknowledgements Xi
Chapter 1. Introduction 2-47
1.1. Light-Induced Phenomena in Molecular Systems 4-6

1.2. Intersystem crossing (ISC): Role of Heavy-Atom Effect (HAE) 6-26

and Spin-Orbit Coupling (SOC)

1.2.1. Spin-Interconversion Mechanism in
Singlet-Triplet non-Radiative ISC Transition

1.2.2 Selection Rule of Intersystem Crossing (ISC)

1.2.3 Vibronically Assisted ISC

1.2.4 Effects of Surrounding Rigidity in ISC Dynamics

1.2.5 Transition Metal Complexes and 1SC

1.2.6 ISC Affinity of thio-Carbonyl Compounds

1.2.7 1SC Dynamics Inside Caged Octa acid Capsule

12

13-14
15-17
17-18
18-21
21-22
22-24

1.2.8 Role of Hydrogen Bonding in ISC: A Brief Overview 24-25

1.2.9 Photoinduced Charge Transfer and ISC Modulation

in Amino Thiocoumarins 25-26
References 27-47
Chapter 2. Experimental Methods 48-93
2.1. Steady State Measurements 50-51
2.2. Time Correlated Single Photon Counting (TCSPC) Method 51-56
2.2.1. Basic Principle 51-54
2.2.2. Data Analysis Procedure 55-56
2. 3. Femtosecond Fluorescence Up-conversion Spectroscopy 57-66
2.3.1. Basic Principle 57-58
2.3.2. Instrumental setup 58-59

2.3.3. Principle of Second Harmonic and
Sum Frequency Generation 60-64
2.3.4. Data Analysis Procedure 64-66
2.4. Time Resolved Emission Spectra 66-67



XXIX

2.5. Femtosecond Broadband

Transient Absorption Spectroscopy 68-78

2.5.1. Basic Principle 68-72

2.5.2. Instrumental Setup 72-74

2.5.3. Instrument Response Function (IRF) and Chirp 74-76

2.5.4. Data Analysis 77-78

2.6. Density Functional Theory (DFT) Calculations 78-84

2.7. Materials 84-85

2.8. Synthetic Procedures 85-86
2.8.1. Synthesis of Thiocoumarin 1 (TC1) 85

2.8.2. Synthesis of 7-Acetoxy Thiocoumarin (Acetoxy-TC) 86

References 87-93

Chapter 3. Triplet State Photophysics of Bis(dimethylphenanthroline)
copper(l) Might Involve Volume-Changing Molecular

Motion: Ultrafast Absorption and Emission Studies 94-117
3.1. Introduction 96-98
3.2. Results and Discussion 98-110
3.3. Conclusions 110
References 111-116

Chapter 4. Ultrafast Processes in Upper Excited Singlet States

of Free and Caged7-Diethylaminothiocoumarin 118-157
4.1. Introduction 120-122
4.2. Results and Discussion 122-147

4.2.1. Steady-state and time-resolved absorption/emission

studies in solution 123-137

4.2.2. Steady-state and time-resolved absorption/emission
studies within a confined capsule 137-142



XXX

4.2.3. TDDFT calculation 142-147
4.3. Conclusions 147-148
References 149-156

Chapter 5. Effect of Hydrogen Bonding on the Ultrafast Intersystem

Crossing in 7-diethylaminothiocoumarin 158-197

5.1. Introduction 160-162

5.2. Results and Discussion 162-185
5.2.1. Steady-State and Time-Resolved Absorption and

Emission Studies 162-172

5.2.2. Quantum chemical calculations 172-185

5.2.2.1. Energy level ordering 172-179

5.2.2.2 Possible ISC coordinate 179-185

5.4. Conclusions 185-186

References 187-197

Chapter 6. Inhibitory Effect of Charge Transfer on Ultrafast Triplet Formation

in Thiocoumarins 198-235

6.1. Introduction 200-202

6.2. Results and Discussion 202-224

6.3. Conclusions 224-225
References 226-235
Chapter 7. Conclusions and Future Outlook 236-240

List of Publications 242-243



This page left blank intentionally



Chapter-1

Chapter 1

Introduction
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In this chapter, | have outlined the fundamental theories governing various
photophysical processes using the Jablonski diagram, with a particular emphasis on
intersystem crossing (ISC). Special focus has been given to the mechanistic aspects
of ISC and the diverse factors that govern its efficiency. Throughout my thesis, | have
systematically investigated the ISC dynamics of triplet-forming molecules, both in
bulk solvents and within confined environments. To elucidate the triplet generation
dynamics in thiocoumarin systems under spatially restricted conditions, | employed

a water-soluble molecular cage, Octa Acid (OA), as the caged medium.
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1.1 Light-Induced Phenomena in Molecular Systems

The interaction between light and matter is a fundamental phenomenon in light-
absorbing molecules and materials. This occurs when the transition dipole moment
of a molecule interacts with the electric dipole of the light wave, leading to changes
in the molecule's electronic energy. These shifts can trigger a range of chemical and
physical transformations within the molecule. Light-induced chemical reactions
primarily proceed through bond-breaking or bond-forming pathways, resulting in
the formation of new chemical species. Such light-driven reactions are classified as
photochemical processes.'™ Alternatively, photo-excited species can dissipate
energy through various electronic (radiative and non-radiative) or vibrational
relaxations, collectively known as photophysical phenomena. In my thesis, | focus
solely on the photophysical processes in different molecular systems under various

experimental conditions.

Vibrational
S ] Relaxation (VR)
2 -
Internal
Conversion (IC)
—F——=
e NANNN—
S, .
Intersystem crossué T
(ISC) 2
IC %
Abs. —
Flu. —
T1
Phos.
A 4

< =

< S

kY N
S

‘Abs.=Abs0rbance Flu.=Fluorescence Phos.=Ph0sph0rescence‘

Figure 1.1.1: Jablonski diagram. Through interactions with light, ground state (So) molecules
absorb electronic energy and become excited to higher vibrational levels of upper electronic
singlet states (e.g., S2). From these higher vibrational levels, the molecules dissipate energy
and relax to the lowest vibrational level of the excited electronic state, a process known as
vibrational relaxation (VR). From the lowest vibrational level of the higher electronic singlet
states (S2), the molecules undergo internal conversion (IC) to reach higher vibrational levels of
the first excited singlet state (Si1). They then relax further to the lowest vibrational level of the
S: state through the VR mechanism. Due to the large energy gap between the Si and So states,
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molecules in the lowest vibrational level of Si primarily release energy through a radiative
process known as fluorescence. However, if molecules in the S: state follow an alternate
pathway to triplet states (e.g., T2), this process is called intersystem crossing (ISC). From higher
electronic triplet states (e.g., T2), they relax to the lowest vibrational level of the lowest triplet
state (T1) through both VR and IC mechanisms. From the T: state, the population decays to the
So state via either radiative or non-radiative mechanisms (IC). If the decay from Ti to So (T1 —
So) occurs radiatively, this process is known as phosphorescence.

Light, as an electromagnetic wave, spans a broad range of frequencies responsible
for inducing multiple transitions. Within the broad electromagnetic spectrum, the
UV-visible region is particularly responsible for electronic transitions in molecules.
The outcome of electronic excitation by light in molecular systems is often
visualized through the Jablonski diagram (see Figure 1.1.1).1* Upon the
instantaneous absorption (1014 s) of light at a specific frequency, a ground-state
molecule is excited into higher vibrational levels of singlet excited states called the
Franck-Condon (FC) state. These vibrationally excited molecules rapidly relax to
the lowest vibrational energy level of that singlet state within an ultrafast timescale
of 107'2 seconds, a process known as vibrational relaxation (VR). Due to small
energy gaps and multiple electronic state couplings, excited molecules from higher-
order singlet states (Sn) may undergo non-radiative transitions into the higher
vibrational levels of the first-order singlet state (S:). This process is referred to as
internal conversion (IC). Once again, through VR, the population relaxes to the
lowest vibrational levels of the S state. Since the energy gap between the first singlet
excited state and the ground state is relatively large, most of the excited population
returns to the ground state via a radiative pathway, adhering to Kasha's law. This
radiative transition between two singlet states is known as fluorescence, with typical
lifetimes ranging from 1072 to 10~° seconds.

However, depending on the system, the singlet-state population may also take an
alternative, non-radiative route into a nearby triplet state within 107'? to 107°
seconds. This intersystem population transfer between states with different spin
characteristics is called intersystem crossing (ISC). From the lowest vibrational

levels of the triplet state, the population may relax back into the ground state through
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non-radiative processes, such as collisional quenching. If the population returns to
the ground state via a radiative pathway, the process is termed phosphorescence.
Owing to the forbidden nature of singlet-triplet transitions, phosphorescence exhibits
significantly longer lifetimes, typically in the range of microseconds to

milliseconds.t*

1.2 Intersystem crossing (ISC): Role of Heavy-Atom Effect (HAE) and Spin-
Orbit Coupling (SOC)

Intersystem crossing (ISC) is a non-radiative electronic transition between two
different electronic spin states. In the diabatic representation, ISC involves
transitions between pure singlet and pure triplet states (see Figure 1.2.1), where these
electronic states intersect at a single point without electronic overlap. In this case,
spin interconversion is strictly forbidden, and ISC can only occur through a
tunnelling process. Under this condition, the electronic transitions are strongly
decoupled from nuclear motion. 14

However, in the adiabatic representation, singlet and triplet states are coupled via
spin-orbit coupling (SOC). This coupling creates a mixed region where the Born-
Oppenheimer approximation breaks down, allowing an electron to transition from
the singlet to the triplet state non-adiabatically in response to small nuclear
perturbations. The degree of mixing between singlet and triplet states is directly
influenced by the extent of SOC between them. If the coupling is strong, significant
energy splitting occurs after mixing, leading to an avoided crossing due to the

repulsion between the states.!*
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Figure 1.2.1: Diabatic and Adiabatic Representations of Singlet to Triplet Interconversion

Spin-orbit coupling (SOC) refers to the interaction between an electron’s spin-
angular momentum (§) and its orbital angular momentum (Z), ensuring that the total
angular momentum remains conserved.® It can be visualized as the interaction
between the magnetic moment (i) due to the spin angular momentum (§) and the
magnetic moment (u,) due to the orbital angular momentum. If the spinning electron

has a gyromagnetic ratio y, the spin magnetic moment (i) can be written as

. =yhS (1.2.1)
Where,
y=—ge > (1.2.2)

(ug 1s Bohr magneton, a natural unit of expressing the magnetic moment of an

electron due its orbital or spin angular momentum and can be expressed as

__leln

(1.2.3)

Up

ge 1s the electronic g-factor of the electron, commonly approximated as 2.
Combining equation 1.2.1 and 1.2.2,

N

s = —Zelip S (1.2.4)
When the magnetic dipole of the electron (i) finds another magnetic field (B), it

creates a torque (7) on the magnetic dipole which can be expressed as

T=7.xB (1.2.5)
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Using the expression of 1, the torque can be written as

T=—gous SXB (1.2.6)
= —% X hS (1.2.7)
= —®, X hS (1.2.8)

B . . _
Where, % is the frequency vector and written as @; .

As the change in angular momentum is the torque,

- d(hS)
T=— (1.2.9)
We can write
2 %, xS (1.2.10)
dt

E or wp

Figure 1.2.2: Larmor precession of an electron due to the torque exerted by a magnetic field
Binit having spin angular momentum S and precession frequency ,

Due to this torque, the spin angular momentum of the electron (5‘) start to be precise
around the magnetic field vector (E) with an angular frequency (w;). This is called

the Larmor precision (see Figure 1.2.2), and the corresponding frequency is known

as the Larmor frequency.

However, in the atomic/molecular system, no external magnetic field is present
rather magnetic field is provided by the nucleus. For such a system during the
calculation of interaction energy of the electron-magnetic field, we must consider
the magnetic field at the site of the electron due to the nucleus. According to Bio-
Savart law when a charged (say electron around the nucleus) particle moves around

a point it creates a magnetic field at the nucleus.® In different frames, the atomic
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system can also be visualized as an electron is stationary and the nucleus is rotating
around the stationary electron. In such case, an electron with charge e and a nucleus
with charge Ze, are present at the distance r, and the magnetic field generated by the

nucleus at the electron site is

r ﬂIZeI X7
B = pP— (1.2.11)
Where,

U, 1S the permeability of free space,
Ze is the charge of the nucleus, (Z=atomic number)
v is the velocity of the electron,

r is the distance between the electron and the nucleus,

7 IS the unit vector along the electron-nucleus line (& = r;).

Therefore, the spin-orbit interaction energy Hamiltonian (77[50) Is associated with
the interaction of the electron’s magnetic moment with the magnetic field created by
its orbital motion (B") can be expressed as

Hsp = —1,.B'= ®,.hS (1.2.12)
However, this expression does not consider the relativistic precision effect of the
electron acceleration and its rotation of the nucleus, called Thomas precession.

Therefore, the corrected interacting Hamiltonian can be written as

Hso = (@, + ®7).hS (1.2.13)
Where, w; is the Thomas precession vector and equal to —iaL and therefore
equation 1.2.13 can be modified as

Hso = @, hS (1.2.14)
This Thomas factor G) adjusts the strength of the spin-orbit coupling due to the

precession of the electron’s spin in its rest frame. Therefore, by using the expression

of i, the corrected spin-orbit Hamiltonian can be written as

f[so = —_(_geI;B S)5' (1.2.15)
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= Lela o8 (1.2.16)

Incorporating the expression of uz from equation 1.2.3 and

_ @(@) (ﬂ) |Ze| vx7 (1.2.17)

2 \2mg/ \4m r3

By replacing, uy&, = ciz (Where, ¢, is the permittivity of the vacuum)

zg( lelh )(L)M (1.2.18)

2 \2megpc2/ \4m r3

Multiplying m, in both numerator and denominator

_ geS ( lelh )(ﬁ)m (1.2.19)

2 \2mg2ggc? r3

By replacing the orbital angular momentum vector m,% x 7 as hL the equation

1.2.19 can be further written as

o =25 () () 51 a2
- () 1) 22
) ez
= AZ f_j (1.2.23)

WhereA:gTe(ﬂ)

8mme2eyc?
This is the final expression spin -orbit coupling Hamiltonian and the expectation

value of this Hamiltonian can be written as
(Fso) = () (L.S) (1.2.24)
In the equation 1.2.24, the first term is the spin-orbit coupling factor, {s,. Therefore,

(Fso) = Gso(L.S) (1.2.25)
Determination of (L.S) is quite straight forward.
J2=(L+S).(L+S)=1*+S*+2L.S (1.2.26)

Rearrangement gives
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L.S=-[7?-1-S5?% (1.2.27)

(L.S) =[5 = I3 = (SH] =[G+ D -1+ D —s(s + 1] (12.28)

To determine its value, we need to integrate the expression of (g,

G0 = €5 = (RO Z|RCIn) (1229)
= {50 = fomR(r)n‘lz':—frzdr = AZ fOOOR(r)n,lzr‘“Zdr (1.2.30)

The solution to the above integration can be done by using the Gamma function

below.

[7 2R, dr = agkZ ¥ P (n, 1) (1.2.31)

In the case of, k = —3. Therefore,

_ A z4
ZSO = AZClO 3Z3P_3 (n, l) = $n3(l+1)(l+1/2)l (1232)
And
(Hgo) = -2 2 [GH+D =LA+ 1) —s(s+ 1] (1.2.33)

2a03 n3(1+1)(1+1/,)1

Therefore, if we estimate (Hg,) for H-atom for n = 2 and [ = 1, we will get value
in the order of 10~°eV which is insignificant due to the very weak spin-orbit
coupling interaction. However, as {5, « Z*, dictates that for heavy-atom containing
molecule, the strength of spin-orbit coupling is extremely high. Therefore, the
introduction of heavy atoms externally or internally to a system has been a well-
known technique to increase spin-orbit coupling and facilitate ISC. This
phenomenon is referred to as the heavy atom effect (HAE). 723

If we estimate (Hy, ) for the hydrogen atom with n = 2 and [ = 1, the resulting value
is on the order of 107>eV, which is negligible due to the very weak spin-orbit

coupling interaction. However, since (g, « Z*, the spin-orbit coupling strength
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increases dramatically for molecules containing heavy atoms. Thus, introducing
heavy atoms, either externally or internally into a system, is a well-known method

to enhance spin-orbit coupling and facilitate intersystem crossing (ISC).

1.2.1 Spin-Interconversion Mechanism in Singlet-Triplet non-Radiative 1SC

Transition

Introducing heavy atoms enhances spin-orbit coupling (SOC), thereby increasing the
likelihood of spin interconversion. This interconversion can occur via two pathways:
(1) Spin-flipping and (2) Spin-rephrasing (see Figure 1.2.3). In the spin-flip
mechanism, the electron undergoes a direct flip of its spin while transitioning
between electronic states of different spin multiplicities (e.g., from a singlet to a
triplet state or vice versa), with minimal change in orbital angular momentum. This
mechanism requires strong SOC to facilitate the spin change. In contrast, the spin-
rephrasing mechanism involves changes in both orbital and spin angular momenta.
The electron not only flips its spin but also shifts its orbital configuration (e.g.,
moving from a w-orbital to an n-orbital), making this pathway consistent with El-

Sayed's rule for intersystem crossing (ISC).

(a) Spin-rephrasing mechanism of spin interconversion

H, Tightly coupled Loosely coupled Tightly coupled
z-axis z-axis

Sl V ' Sl
s s s s,
\__’

Triplet, Ty Singlet

(b) Spin-flip mechanism of spin interconversion

Tightly coupled Loosely coupled Tightly coupled

S, S, V vsz A Sy
— =5 V4 —
X,y axis s
2
Torque produces a rotation of 52
S, about x ory

Triplet, T, H, {or Hy) Singlet

Figure 1.2.3: Spin Interconversion Mechanism of Singlet and Triplet States
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1.2.2 Selection Rule of Intersystem Crossing (1SC)

As discussed in Section 1.2.1, intersystem crossing (ISC) can occur via either a
"spin-flip" or "spin-rephrasing” mechanism. In any horizontal transition between
electronic states, both energy and momentum are conserved, which also applies to
non-radiative ISC from a singlet to triplet state. However, ISC involves a change in
spin-angular momentum. To conserve total angular momentum, this change must be
compensated by another form of angular momentum. In a two-electron spin system,
ISC possibilities for a molecule involving p-orbitals can be visualized as follows:
During a spin-flip, if the electron remains in the same orbital (Py—Py), there is no
change in orbital angular momentum, preventing a spin transition (see Figure 1.2.4).
Conversely, if the electron jumps from a Py—Px orbital, the system's orbital angular
momentum changes by one unit, corresponding to a 90° rotation about the z-axis.
This change in orbital angular momentum leads to a corresponding change in spin-
angular momentum, thus conserving the total angular momentum of the system. For
effective changes in orbital angular momentum, the interconverting orbitals (Py and
Px) must be degenerate. Spin-orbit coupling (SOC) facilitates mixing between spin
states and generates orbital angular momentum due to the Py—Px transition, leading
to a spin-flip.

P Am=0, Am=1

y
P, Am=1, Am_=0

g/g

AIIowed (PQ P, Amg=l,Am=1

Figure 1.2.4: Conservation of Angular Momentum of an ISC Transition Involving p-orbitals
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S;=n(T) T (TH* () S;=n(T!) T (H)m* (1) S,=n(Tl) T (V)m* (1) S=n(T)  (tH)m* (1)
z = %—c%@ %—c%)
Spin-flip
Allowed Spin-flip Spin-flip Spin-flip
Forbidden Allowed Forbidden
/’% v% /’8 v % . L / % ,’% v %
T=n(N) m ()m* (1) T,=n(T!) T () T=n(l) (I D)* () T=n(T) T (V)m* (1)
)
ISC allowed ISC forbidden ISC allowed ISC forbidden

Figure 1.2.5: Possible Singlet to Triplet ISC Transition in Carbonyl Compounds

Carbonyl systems serve as an excellent example for understanding SOC. In these
systems, the singlet state can arise from an nn* or mn* configuration, and four
possible electronic transitions are illustrated in Figure 1.2.5. For S1 (nn*) to T1 (nm*)
or Si (nm*) to T1 (mm*) transitions, the orbitals remain unchanged during spin
transition, resulting in no change in orbital angular momentum. Consequently, spin-
flip cannot be compensated by orbital angular momentum, rendering these
transitions forbidden. However, in the case of ISC from S; (nn*) to T1 (nmt*) or S1
(nmt*) to T1 (nn*), orbital configurations change, leading to a shift in orbital angular
momentum, which compensates for the spin-angular momentum and allows the
spin-flip to occur. Therefore, these transitions (nn* — an* or an* — nn*) are
allowed, leading to the deduction of the selection rule (EI-Sayed's rule) for the S; —

T transition (see Figure 1.2.6).

S,(n*) ——— T,(n*) Forbidden Transition
S,(hm*) = T,(nm*) Allowed Transition
S,(mm*) ——————— T,(n*) Allowed Transition
§,(mtn*) ———— T (r") Forbidden Transition

Figure 1.2.6: EI-Sayed Selection Rule ISC Process in Carbonyl Compounds
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1.2.3 Vibronically Assisted ISC

As discussed in the previous section, the potential of heavy atoms to significantly
alter the SOC is well established. In an ultrafast time scale, the non-radiative
transition breaks the universal Born-Oppenheimer (BO) approximation and is thus
governed by the matrix elements acting between the same multiplicity i.e. Internal
conversion (IC). The same can also be applied to electronic states of different spin-
multiplicities. In this regime, states are not coupled only through the SOC but are
mixed non-adiabatic and spin-orbit coupling. Therefore, according to the Pauli’s

approximation, the electronic Hamiltonian can be written as

P

Ho = Hes + Hy, (1.2.34)

Where, H,, is the electrostatic Hamiltonian and diagonal elements represent the

energies of the spin-free states and %, is the spin-orbit coupling Hamiltonian.

Thus, the addition of %, make the electronic Hamiltonian (#,) is a non-pure
Hamiltonian i.e. mixture of singlet and triplet states. This electronic Hamiltonian
(a combination of both #£,; and H,) only considers a certain reference geometry of
the nuclear coordinate. However, in reality, these individual Hamiltonians can also
depend on the nuclear geometry i.e. Q. Thus, the electronic Hamiltonian (#,;) can

be further written as

Pes 4 Llso) (1.2.35)

0Qa 9Qa

}Tel = ﬁes(Qo) + }TSO(QO) + Za [ 0

Q, is the reference geometry (FC geometry)

It is evident from equation 1.2.35 that coupling elements depend on the vibrational
degrees of freedom «a of specific molecular vibrations and allow the mixing among

equilibrium configurations of close-lying states with different spin-multiplicities.

Therefore, the total contribution from the spin-orbit coupling can be written as,
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67{50
}[so = }[so (Qo) + Za

~ Qa (1.2.36)

The first part of the Hamiltonian is only contributed by the direct spin-orbit coupling
of the electronic states and the second part of the equation is contributed by the
vibrational spin-orbit coupling along a particular coordinate Q. Considering the
higher-order (mainly second order) dependence, the above equation 1.2.36 can

further be modified as

aQaaQﬂ

}T - so(Qo) + Za Qa + = Za Z,B QaQﬂ (1-2-37)

Considering the transition from the S; state to the T, state

92 (VJSl |ﬁso |1/JT1) Qa

(s Iﬂ lwr,)
= (s, [Hso|r,) + Da—2 L Qq += ZaZﬂ 2002

Qp
(1.2.38)

However, according to Albrecht,?* there are two other spin-vibronic processes of

ISC and incorporating those possibilities, the final expression of #,, can be

modified as
_ -~ o(Ps |ﬁso|¢T ) 1 0% (s |ﬁso|IPT )
H, o — <¢Sl|}[so|¢T1) + Za 13Qa . Qa + EZaZ/} aéaaQﬂ . QaQ,B+
Hso 7 Hso 7
5 WYs,| |1£Tnigl/'rn| n|wT,) Yy Ws .l |§T1_)l(;l)51| N|Ws,,) (1.2.39)
Ty S1 S» T1

where 1 represents the molecular wave function for a particular state, 75, represents

67{65

the vibronic mixing and 7 = Za Qa. The third part of the above expression

is the coupling between the spin-vibronic operator with the vibronic coupling factor
in the triplet manifolds and the last part is the coupling between the spin-vibronic

operator with the vibronic coupling factor in the singlet manifolds.

The efficiency of intersystem crossing (ISC) is highly influenced by the energy gap
between states, spin-orbit coupling (SOC), and non-adiabatic coupling between

states of different spin multiplicities. Direct SOC, often associated with heavy atom
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substitution, and El-Sayed’s rule are commonly used to assess ISC rates in rigid
molecules with strongly localized electronic states. However, in molecules with
greater structural flexibility, deviations from these standard rules are observed.
These deviations stem from the potential mixing of energy states, driven by
vibrational modes within the molecules. Several studies on benzene, naphthalene,
pyrene-based compounds have already investigated the role of vibrational motions
in enhancing ISC efficiency.?>3! Beyond conjugated aromatic molecules, research
has also focused on how metal-metal vibrations facilitate ISC. In xanthone
derivative, spin mixing of ISC occurs along the C=0 elongation coordinate.
Additionally, our work on the carbonyl-based compound benzanthrone revealed that
both in-plane C=0 vibrations and out-of-plane molecular vibrations impact the ISC
process.3 Therefore, accounting for vibrational contributions in ISC is essential. Our
recent studies demonstrated that C-X bond vibrations significantly influence ISC in

halo-coumarins.33

1.2.4 Effects of Surrounding Rigidity and Micellar Confinement in ISC

Dynamics

The relaxation dynamics of the photoexcited state in a molecule are significantly
influenced by the polarity and viscosity of the surrounding environment.3?344¢ For
positively solvatochromic dyes, the extent of solvation is strongly dependent on the
solvent's polarity. Beyond polarity, factors such as viscosity and the confinement of
the medium can also profoundly impact the photophysical behavior of the excited
state. In molecular rotor systems, non-radiative transitions are particularly sensitive
to the confinement and viscosity of the medium.34424445 Notably, the polarity and
environments, leading to altered excited state dynamics within the structurally rigid
space. Numerous studies have shown that photophysical properties like solute
translation, rotation, solvation, and other behaviors can vary significantly in

confined systems.*%47-51 Micelle and reverse micelle systems are especially popular
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due to their ease of synthesis and high-water solubility. Reverse micelles, such as
those formed with sodium bis(2-ethylhexyl) sulfosuccinate (AOT), serve as
excellent models for studying nanoconfined agueous environments.%>% AOT
reverse micelles, with their narrow size distribution dictated by the water loading
ratio, offer a tuneable core size and microenvironmental rigidity, both of which
impact the photophysical properties of molecules within the micelle,5
Specifically, the confinement can have a significant impact on intersystem crossing
(1ISC) and phosphorescence behavior due to increased structural rigidity, which may
slow down the motion of the vibrational modes of singlet excited states responsible

for the ISC process.50-62

1.2.5 Transition Metal Complexes and ISC

In light-harvesting complexes (LHC), intersystem crossing (ISC) plays a crucial role
in transitioning energy from the singlet to the triplet state, which is key for energy
conversion and transfer processes. Numerous reports from the past depicts how
metal complexes contributed into the field of generating triplet over the years (see
Table 1).

Table 1. Important Metal complexes having ultrafast triplet characteristics

Complex Type Type of ISC transition | ISC Time Y earreferences
[Fe(bpy)s]?* IMLLCT-3MLLCT |<30fs 200763
Cr(acac)® ‘To—2%E <100 fs 20065
[Fe(bpy)s]? SMLCT-°T ~130 fs 200965
[Fe(tren(py)s]? IMLCT-®T ~190 fs 200866
[Fe(phen)s]?* SMLCT-5T ~220 fs 201167




studied herein. M =
Cu (Cu-Cz), Ag (Ag-
Cz), Au (Au-C2).
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[Fe(PMH)3]?* IMLCT-5T <80 fs 200868
[Fe2(PMH)3]*

[FeZn(PMK)s]*
Fe-porphyrins Ligated to unligated | ~150 fs 20049
myoglobin
[Ru(bpy)s]?* IMLLCT-3MLLCT |<30fs 20067
Fe'l(bpy)s]?* IMLLCT-3MLLCT | < 150fs 20187
ZnTPP S1—-T1 4-160 ps 201172
[Cu(dmphen).]* 7.4 ps 201173
[Re(L)(CO)3(bpy)]** |MLLCT—-3MLLCT |85fs 20087
L=ClI 130 fs
L=Br 150 fs
L=I 130 fs
L=etpy
Pt acetylide S1-T1 70 fsto 2.1 ps 20097
complexes
[Fe(bmip)2]?* IMLCT- *MC 100 fs 202176
IMLCT- 9.0 DS
SMLCT—3MC ~P
PtIVBrG 2- lTlg—>3Tlg 140 fS 202077
ReCI(CO)3(bpy) S1>Ty 800-1000 fs 202278
So—-T
[Re(CO)s(im)(phen)]* | tMLCT- 3MLCT 8 fs and 420 fs 20197
Mo2(O.C-9- IMLCT- 3MLCT ~10 ps 2006%
anthracene)s
PtZPOP lAZU—)SAZU 10'30 pS 201181
carbene metal-amide | ICT-3CT 30-1700 ps 202082
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[Cu(dmp)2](PFe) Si-Ta 9-20 ps 20158
Nitronaphthalene S1-Th ~1 ps 201984
derivatives

[M(imidazole)(CO)s(p | S2—Thx 10-50 fs 20188
henanthroline)]* (M =

Mn, Re)

Pt(Br)s IT1g—3T1g <150 fs 201186
dinuclear Pt(lI1) IMMLCT-3MMLCT | <1ps 2023%7
complexes

platinum(ll) dimer 'MMLCT-3MMLCT | <1ps 202188
complexes

Among various metal complexes, copper-based complexes—particularly those with
phenanthroline ligands such as Cu(x-phen). are especially useful and easy to
synthesize.8%-%2 This enables rapid ISC from the singlet to triplet states, producing
long-lived triplet states essential for energy transfer. The combination of the heavy-
atom effect from the copper and the planar structure of the phen ligands contributes
to efficient ISC, making the complex ideal for applications like solar energy
harvesting and photocatalysis.®3% complexes, the transition from the singlet to
triplet state occurs through structural flattening of the initially excited singlet state,
followed by activation along the metal-ligand vibrational coordinates.®® To
investigate how surrounding rigidity or confinement affects the intersystem crossing
(ISC) behavior in such complexes, I specifically selected the [Cu(dmphen):]Cl
molecule, where "dmphen" denotes 2,9-dimethyl-1,10-phenanthroline. In addition
to micelles, y-cyclodextrin is often considered for studying excited-state dynamics;
however, due to its open cavity structure, it cannot fully isolate the guest molecule
from the bulk medium. Therefore, | explored the excited-state ISC dynamics of this
complex both in a bulk viscous glycerol-methanol mixture and within AOT reverse

micelles of varying water pool sizes. These findings are discussed in detail in
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Chapter 3 of my thesis. This experimental setup enables a comparative study of ISC
behavior in different environments, offering insights into how molecular
confinement and medium viscosity influence the excited-state dynamics of copper-

based complexes.

1.2.6 ISC Affinity of thio-Carbonyl Compounds

Thiocarbonyl compounds, where sulfur replaces oxygen atoms (as in thioamides or
thioketones), exhibit efficient intersystem crossing (ISC) due to sulfur's heavy-atom
effect, which enhances spin-orbit coupling.®¢°” Upon photoexcitation, thiocarbony!l
compounds typically transition to the singlet excited state (S1). However, due to
efficient ISC, the population rapidly shifts to the triplet excited state (T1), which
plays a crucial role in their photophysical and photochemical behavior.?®19? Triplet
states in thiocarbonyl compounds tend to be more reactive than singlet states, leading
to different chemical pathways, such as phosphorescence or reactions with other

molecules, as seen in photocatalysis.!0%103-105
Examples:

a) Thioamides: These sulfur analogs of amides, where sulfur replaces carbonyl
oxygen, are often used in photoinduced biological studies due to the reactivity of

sulfur's triplet states.!0®

b) Thioketones: Thioketones, such as thioacetone, undergo efficient ISC, leading
to phosphorescence as they transition from singlet to triplet states. Their ability
to form triplet states makes them valuable in applications like molecular

materials.%9-107-110

c) Thiourea: Thiourea and its derivatives (e.g., N, N'-Dimethylthiourea) play a
critical role in ISC due to sulfur’s strong spin-orbit coupling. In photocatalysis

and photodynamic therapy (PDT), these compounds are useful for generating
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reactive triplet states and singlet oxygen ('O:), vital for selective chemical

reactions and as therapeutic agents in cancer treatment.%%111-115

d) Thionated Dyes: Dyes like thioxanthone show improved ISC efficiency when
oxygen is substituted with sulfur, making them crucial in photochemical
applications, such as UV-curable coatings and polymerization

photoinitiators.%:115

e) Thionated Metal Complexes: Thionated ligands enhance ISC in metal
complexes, such as Ruthenium(ll)-thioether, improving their utility in light-
harvesting and photocatalytic applications. These complexes are instrumental in
dye-sensitized solar cells, where ISC enhances energy transfer from singlet to

triplet states, used for therapeutic application.*®

f) Organic Electronics: Thionated compounds, such as thionated BODIPY (boron-
dipyrromethene) dyes, are key in organic electronics. Their high ISC rates
improve device performance in OLEDs and organic photovoltaic cells (OPV5)

by enabling efficient charge separation and energy transfer.'’

Studying intersystem crossing (ISC) in thionated compounds is crucial for
optimizing their photophysical and photochemical properties, with implications
spanning applications from energy conversion to medical therapies. Owing to the
growing interest in thionated compounds—attributed to their unique photophysical
behavior compared to their canonical oxygen-containing analogues—I investigated
the excited-state dynamics of the thionated derivative of the fluorescent dye
Coumarin 1, namely thiocoumarin 1, in bulk solvents. These findings are presented

in Chapter 4 of my thesis.

1.2.7 Photoexcited ISC Dynamics Inside Caged Octa acid Capsule

Octa acid (OA) is an organic cavitand, first synthesized by Gibb in 2004,18119

characterized by a bucket-like shape with two distinct openings. The larger opening
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measures 11.4 A in diameter, while the smaller one is 5.5 A. The cavitand’s outer
height is 13.7 A, with an inner cavity that has a depth of about 6 A and a diameter
of 9.1 A at its widest point. Importantly, these inner walls of the cavity are non-polar,
while eight carboxylic acid groups extend from the outer surface, giving the
molecule its name "Octa acid.” OA is soluble in aqueous buffers at pH 7.4 due to its
carboxylic acid groups. It forms host-guest complexes with organic molecules,
typically in a 1:1, 1:2, or 2:2 ratio, depending on the guest's size, shape, and
concentration. For instance, naphthalene and anthracene can form both 1:2 and 2:2
complexes, while larger molecules like tetracene or pyrene can only form 1:2

complexes due to their size.

One of OA's key features is that it absorbs UV light below 300 nm, making it ideal
for studying encapsulated molecules that absorb in the visible spectrum without
interference. OA’s host-guest complexes also have dynamic properties; studies by
Jayraj et al. show that the capsular structure formed by two OA molecules can
partially open and close on a microsecond timescale.!'%2° However, during the
nanosecond-scale excited state lifetime of a guest molecule, the capsule typically
remains closed, enabling the investigation of photophysical processes within the OA
cavity. Additionally, the encapsulation process can clarify turbid solutions of
hydrophobic molecules in water, and the stoichiometry of the resulting complexes

is usually confirmed through 1H-NMR titration.

Earlier literature on the coumarin kinds of molecule has depicted that the
photophysical properties inside the OA cavity quite different from the bulk solvent
media due to its non-polar hydrophobic core and complete bulk separation. Along
with the photophysical properties, Das et al. depicted the possibility of anthracene
excimer formation and its dynamics inside this OA cavity.!?! Studies on the ISC
dynamics of halo-coumarins confined within cavities have revealed the active
involvement of C—X vibrational modes in facilitating the intersystem crossing
process.® It is well established that triplet-state systems are highly beneficial for

photodynamic therapy (PDT) applications. However, to effectively utilize these
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molecular systems, it is essential to deliver them to the reactive site using an
appropriate carrier. Octa acid (OA), due to its high solubility and ability to provide
a non-polar capsular environment, serves as an excellent carrier by protecting the
triplet state from direct interaction with water. Therefore, | investigated the excited-
state dynamics of thiocoumarin 1 within the confined OA cavity. The findings of
this study, which reveal significant alterations in ISC efficiency and other excited-
state behaviors under confinement, are discussed in detail alongside the

corresponding bulk solvent measurements in Chapter 4 of my thesis.

1.2.8 Role of Hydrogen Bonding in ISC: A Brief Overview

Hydrogen bonding can modulate electronic states and energy levels, affecting both
radiative and non-radiative photophysical processes.3?108.122-127 This modification of
electronic structure changes the relative energies of singlet and triplet states, which
can either enhance or reduce the ISC rate depending on the energy gaps and Franck-
Condon factors. Since ISC is facilitated by spin-orbit coupling, hydrogen bonding
may sometimes increase spin-orbit coupling by altering the local electronic
environment, potentially promoting ISC.*?8 It some system, hydrogen bonding alters
the electron density distribution, affecting singlet-triplet mixing and ISC efficiency,
particularly in systems where ISC is driven by charge-transfer character.!?® Recent
reports also demonstrated that hydrogen bonding can influence vibrational modes
coupled to electronic transitions, thereby impacting non-radiative processes such as
intersystem crossing (ISC).124130 These changes in vibrational modes may either
increase or decrease I1SC efficiency. Overall, current understanding suggests that
hydrogen bonding can either promote or inhibit intersystem crossing (ISC),
depending on how it modulates the electronic structure, vibrational coupling, and
spin—orbit interactions within the system.'3-135 To unravel the effects of hydrogen
bonding interactions on the excited-state behavior of my chosen molecule,

thiocoumarin 1, | studied its photophysics in the hydrogen bond-donating solvent
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methanol and compared the results with those obtained in the aprotic solvent

acetonitrile. These findings are presented in Chapter 5 of my thesis.

1.2.9 Photoinduced Charge Transfer and ISC Modulation in Amino
Thiocoumarins

Aminocoumarins are a group of compounds that consist of a coumarin backbone
modified by amino groups. These compounds are renowned for their unique
photophysical properties, which make them useful in a range of applications such as
fluorescence imaging and phototherapy.t36-13 Upon absorbing light, an electron is
excited from the highest occupied molecular orbital (HOMO) of the donor, typically
the amino group, to the lowest unoccupied molecular orbital (LUMO) of the
acceptor, which is the coumarin core. This light-induced excitation results in the
formation of a charge transfer (CT) state, where charges are separated between the
donor and acceptor regions of the molecule.'3¥143 The CT state can either remain
localized or become delocalized, depending on the surrounding molecular
environment and the specific structural attributes of the aminocoumarin. The
efficiency of charge transfer in aminocoumarins is heavily influenced by the nature
and position of substituents on the coumarin backbone.'#4145 Electron-donating
groups, such as amino groups, can enhance the donor properties, whereas electron-
withdrawing groups help stabilize the acceptor.14+146147 Apart from the traditional
acceptors species, the thionation of the lactone carbonyl oxygen at position 2 lead to
a significant redshift in the absorption and the emission maxima of a 7-(N,N-
dialkylamino) coumarin.'#8-150 Therefore, solvent polarity plays a critical role in
stabilizing the charge-transfer (CT) state and can consequently alter the rate of ISC
dynamics by enhancing the stability of the charge-separated state.'>%152 In particular
when the CT state lies lower in energy than the locally excited singlet states the ISC
efficiency is very high.1>3-157 The CT state can also enhance spin-orbit coupling,
particularly in aminocoumarins that contain heavy atoms such as iodine or bromine,

which further increases the probability of 1SC.3* After forming the CT state, the
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system may relax to the triplet state through non-radiative pathways, bypassing
fluorescence. This process leads to an increase in ISC efficiency and generates
longer-lived triplet states, often involved in energy transfer or photochemical
reactions. Therefore, it is understood that if the molecule possesses this energy
alignment, then the presence of the CT state can reduce fluorescence due to the rapid
conversion to triplet states. This variation in singlet lifetimes has important
implications for designing systems used in light harvesting or therapeutic
applications.1%41%8 However, if the singlet state character is such that it gets
destabilizes upon increasing solvent polarity, then it enhances the singlet to triplet
energy gaps and causes slow ISC. Sujit et al. reported that aminothiocoumarins
include a variant with an amino substitution at the 7-position and others featuring an
array of parent, alkoxy, and acetoxy substitutions.'% All seven thiocoumarins exhibit
phosphorescence at 77 K, though those with amino substitution display both
fluorescence and phosphorescence. It is also found that these amino derivatives show
charge transfer behaviour and have strong polarity dependence in the steady state
absorption and emission spectrum. Therefore, it is expected that the ISC dynamics
will differ significantly between amino-derivatives possessing charge-transfer (CT)
states and other thio-derivatives. We believe that the presence of such CT character
opens new avenues for investigating how this behavior influences ISC dynamics in
thiocoumarins. To explore this, | studied the excited-state dynamics of the acetoxy-
substituted thio-derivative of thiocoumarin, referred to as Acetoxy-TC, and
compared its dynamics with those of the CT-state-forming TC1 molecule. A detailed

account of this comparative study is presented in Chapter 6 of my thesis.
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This chapter covers the details of the experimental methods used in this thesis. | have
explicitly written the detailed instrumentation and data analysis procedure for time-
correlated single photon counting, femtosecond transient absorption spectroscopy,
and fluorescence up-conversion spectroscopy used in my research works. Besides,
a brief description of density functional theory has also been provided. | have also
described the procedure of complexation between Octa acid as host and
hydrophobic probe molecules as guests.
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2.1. Steady State Measurements

Steady-state absorption spectra were recorded using a Shimadzu UV-2450
spectrophotometer (Japan), which is equipped with a deuterium and halogen lamp
as the light source and a photomultiplier tube (PMT) as the detector. Steady-state
emission spectra were obtained with a Fluoromax-4 spectrofluorometer (Horiba
Jobin-Yvon, USA), featuring a 150W xenon arc lamp as the excitation source and a
photomultiplier tube detector (190-850 nm range). Time-gated emissions were
performed on a FS920CDT Edinburgh fluorimeter or FLS1000 Photoluminescence
Spectrometer (Edinburgh Instruments, UK) employing a quartz dewar filled with
liquid nitrogen. Fluorescence quantum yield of different samples was calculated
through the following equation.

_ Isample ARef

2
(‘Pf)Sample _ y o Sampte (¢f)Ref (2.1.1)

2
IRef ASample NRef

Where, Isgmpie and I, are the area integrated emission intensity for the sample and
reference respectively, Asqampie aNd Ag.s are the absorption at the corresponding
excitation wavelength for the sample and reference, nggmpe and ng.r are the

refractive index at room temperature for the sample and reference, and ((pf) Is the
known fluorescence quantum yield of the reference.

To quantify the triplet population of my studied systems, singlet oxygen
phosphorescence  measurements were carried out. The characteristic
phosphorescence emission of singlet oxygen, centered at 1270 nm, was recorded
using a Horiba Fluoromax-Plus-C-P spectrofluorimeter (Horiba, USA) equipped
with a liquid nitrogen-cooled InGaAs detector, which offers high sensitivity up to
1650 nm. To eliminate interference from the visible region of the emission spectrum,
an 800 nm long-pass filter was used to block shorter wavelengths. Optical density
(OD) all samples were around 0.3-0.4 at the excitation wavelength. To ensure
complete oxygen saturation, pure oxygen was purged into the solutions at constant
pressure for 30 minutes. The oxygenated samples were then transferred to a quartz

cuvette with a 1 cm pathlength for measurement. Upon photoexcitation to the singlet
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excited state, if the sample undergoes intersystem crossing (ISC), it populates the
triplet state, which can subsequently transfer its energy to ground-state molecular
oxygen (30,), producing singlet oxygen (*0,). The generated 0, emits
phosphorescence in the 1200-1350 nm region, with a characteristic maximum at
1270 nm, which was detected using a near-infrared (NIR) detector. Temperature has
a significant influence on the intensity of singlet oxygen phosphorescence: at
elevated temperatures, enhanced non-radiative losses from the triplet state reduce
the phosphorescence signal, whereas at lower temperatures, the efficiency of triplet
energy transfer decreases due to the diffusion-controlled nature of the process. Our
measurements indicated that 10 °C is the optimal temperature for maximizing the
phosphorescence intensity in our system. Hence, all experiments were performed at
this temperature. The singlet oxygen phosphorescence spectra were recorded for
each sample, and the singlet oxygen quantum yield (¢go) was determined by using
a relative comparison method using chrysazin in acetonitrile.® Singlet oxygen

quantum yield was calculated through the expression as

Isampl AR
= T % L x (Pso)ref (2.1.2)
IRef ASample

(QDSO)Sample

Where, Iggmpe and I, - are the area integrated emission intensity for the sample and
reference respectively, Aggmpie and Agr are the absorption at the corresponding
excitation wavelength for the sample and reference, and ((pf) is the known singlet

oxygen quantum yield of the reference i.e. (@s0)gef-

2.2. Time-Correlated Single Photon Counting (TCSPC) Method
2.2.1. Basic Principle

The fundamental concept behind fluorescence lifetime measurement is to excite the
sample with a short delta function pulse and track the gradual decay in fluorescence
intensity with time. However, there are several challenges associated with this
measurement. Firstly, the fluorescence decay times of most organic samples are

extremely short, typically in the nanosecond range. To capture fluorescence lifetimes
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accurately, a detector with an ultrafast response is required, which is challenging to
achieve. Moreover, to fully characterize a sample, it’s not sufficient to measure just
the fluorescence lifetime; we also need the complete fluorescence decay profile,
often an exponential decay pattern. However, capturing such short lifetimes
necessitates a detector having a picosecond-level time response to resolve
nanosecond-range decay components accurately. Even with high-speed photodiodes
and GHz oscilloscopes, it is difficult to achieve this level of resolution, and the weak
emission signal from the sample may be insufficient to generate a detectable electric
signal after passing through the optics. Consequently, an analog measurement cannot

reliably capture the full decay waveform of fluorescence.

The time-correlated single photon counting (TCSPC) method, pioneered by
Bollinger and Thomas in 1961, offers an effective solution to these challenges. In
TCSPC, each photon's arrival time at the detector is measured relative to the
excitation pulse, allowing for a highly precise and efficient measurement of
fluorescence decay profiles.?® This process is repeated over many cycles until a
histogram of the decay waveform is generated. TCSPC is particularly sensitive to
low-level signals due to its statistical approach. In TCSPC measurements, a high
repetition rate laser source is used. The principle is that detecting a single photon
within each pulse period is unlikely, and detecting two photons is even more so.
Therefore, only the first photon detected between two consecutive excitations of the
sample is considered. The excitation pulse acts as the "start" signal, while the first
detected photon serves as the "stop" signal. The time difference between these
signals is measured and stored. Following the single-photon detection criterion, there
may be cycles with no detected photon, which is acceptable, as photon detection per
cycle is random, and the distribution will emerge statistically over many repetitions.
Whenever a photon is detected in a cycle, a count of 1 is recorded in memory, and
its arrival time is noted. The critical component in this data recording process is the
time-to-amplitude converter (TAC). The excitation pulse sends a synchronization

signal (the "start™ signal) to the TAC, initiating the charging of an internal capacitor.
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When the emission photon, or "stop" signal, is detected, the capacitor stops charging.
During this interval, the capacitor voltage increases linearly, creating a voltage ramp.
An analog-to-digital converter, called a multichannel analyzer (MCA), stores the
magnitude of this voltage in a designated channel based on the time. Over repeated
cycles, the complete histogram is stored in the MCA. To adhere to the one-photon-
per-cycle principle, the experimental stop rate should be kept below 2% of the start
rate. This ratio is essential when accounting for the "dead time" of the electronics,
which is the minimum time required to detect two successive photons. If the stop
rate is too high, multiple photons may arrive within one cycle, and the first emitted
photon might not be detected first if it falls within the electronics' dead time. This
can lead to "pulse pile-up," resulting in an overrepresentation of certain points in the

histogram.?3
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Figure 2.2.2.1: Schematic diagram of a standard TCSPC setup along with typical lifetime
decay data

The detector in a modern TCSPC setup is a multichannel plate photomultiplier tube
(MCP PMT). The advantage of using an MCP PMT over single-electron response
detectors or standard PMTs lies in its reduced transit time spread (TTS), which
significantly impacts the instrument's time resolution. When a photoelectron is

generated at the cathode of a PMT, it undergoes amplification in the dynodes. This
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multiplication process results in a group of electrons with varying velocities that may
follow different paths to the anode, leading to a distribution of transit times, defined
asthe TTS. MCP PMTs exhibit lower TTS compared to regular PMTs, which makes

them preferable as TTS directly affects the instrument response.

The electronics’ rise and fall times in the TCSPC setup introduces time jitter in the
measurement. Additionally, the random amplification of optical signals by the
detector may cause amplitude jitter in the electric signal. If a simple discriminator is
used to transmit signals to the TAC, it may trigger when the leading edge of an
electric pulse exceeds a certain threshold, introducing inconsistencies. To address
this, a constant fraction discriminator (CFD) is employed in TCSPC. A CFD triggers
a signal to the TAC at a constant fraction of the pulse height, effectively reducing
height-induced time jitters. The instrument response function (IRF) of a TCSPC
system, recorded by measuring the signal from a scattering process, is influenced by
factors such as laser pulse width, TTS, and additional time jitters in the setup. A
schematic diagram illustrating the components of a TCSPC setup is shown in Figure
2.2.1.1.

In my experiments, | have used the TCSPC instrument LifeSpec Il from Edinburgh
Instruments, U.K. This instrument is equipped with thermoelectrically cooled
Hamamatsu R3809-50 MCP PMT with intrinsic detector response <25 ps. The
excitation sources are picosecond pulse diode lasers (EPL-series) from the same
company. For my experiments, | have used 375 and 405 nm diode lasers with 80 ps
pulse width. The IRF of this instrument measured by scattering from Ludox
suspension was 120 ps. All the data were acquired at Magic Angle polarization to
avoid any contribution from the rotational diffusion of the molecules. The data
obtained from the instrument was analyzed in FAST and DAS software respectively.

A brief overview of the fitting procedure is presented here.
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2.2.2. Data Analysis Procedure

The data analysis procedure is complex because the excitation pulse is not a delta
function; it has a finite width in the time domain, and the instrument’s IRF also has
a finite width. These factors influence the data, resulting in the measured
fluorescence decay becoming a convolution of the IRF and the actual fluorescence

intensity decay.

I(t) = [, P(OF(t — t)dt (2.2.2.1)

Using this convolution to fit the data is challenging, as the problem is inherently ill-
posed. Accurate fitting requires the exact form of the IRF or prompt, a theoretical
model of the fluorescence, and minimized experimental noise. Consequently, most
commercial software, like FAST or DAS, applies iterative methods or specifically
the non-linear least squares method to extract fluorescence lifetimes. Initially, the
pure fluorescence intensity decay is estimated as a sum of lifetime components, each

weighted by their respective amplitudes, as follows.*8

t

F(t) =YL, ae @ (2.2.2.2)
Yisia; =1 (2.2.2.3)

Here, 7; represents the lifetime components, and a; represents their respective
amplitudes. The IRF profile is recorded using a scatter, as mentioned previously, but
Is measured at the excitation wavelength rather than the emission wavelength, which
Is fundamentally inaccurate. Nonetheless, recording the IRF with the same number
of channels is necessary for reconvolution. Since this reconvolution is performed in
a quantized manner, i.e., on a per-channel basis, a sum is used in place of integration
in equation 2.2.2.1. The IRF is considered as a series of o-functions, each with

distinct amplitudes across channels. The measured data can thus be expressed as*®

I(t) = Xt POF(t — t)At (2.2.2.4)
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In the equation above, At represents the time per channel. Two additional parameters
are required in the final fitting equation. A slight mismatch in the time-zero positions
between the IRF and intensity decay data is accounted for by a shift parameter (A).
Additionally, a noise factor (A4) is included for accurate fitting. Altogether, the final

form of the equation is

D(t)=A+I1(t+A) (2.2.2.5)

The consistency of the assumed model is tested by the “goodness of the fit”.42

. _ . 2
x* =3, r2ok (2.2.2.6)
J

In the above equation, Y (j) is the fitted data, D(j) is the experimental data and ajz

is the standard deviation. However, x? is not the best choice for many data points.

Instead, a quantity >, is defined as
2 _ X (2.2.2.7)
XR — 2.2,

In this context, n denotes the number of data points, while p represents the number
of fitting parameters. For TCSPC (Time-Correlated Single Photon Counting)
measurements, n is typically much larger than p. The goodness of fit is evaluated
using the chi-squared y?2 statistic, which is minimized by adjusting the fitting
parameters within a multiexponential decay model. The fit is considered acceptable
based on the comparative y? values obtained for different parameter sets. However,
a key challenge of this iterative approach is the reliance on intuition when selecting
the appropriate model, as multiple models may vyield statistically similar fits.
Therefore, incorporating prior knowledge about the system is essential to ensure

reliable and physically meaningful TCSPC fitting.
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2.3. Femtosecond Fluorescence up-conversion spectroscopy

2.3.1. Basic Principle

Fluorescence up-conversion spectroscopy operates on the principle of cross-
correlation between the emission from an electronically excited molecule and a
gate beam. This optical gating of fluorescence was first described by Hallidy and
Topp in 1977.° The use of femtosecond lasers has allowed this technique to
measure fluorescence intensity decays across the sub-picosecond to nanosecond
time domains.1®*® In this method, the second harmonic of a femtosecond
oscillator (here, a mode-locked Ti:laser operating at frequency (w,)) is employed

to electronically excite the sample.
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Figure 2.3.1.1. Schematic principle of fluorescence up-conversion spectroscopy

As shown in Figure 2.3.1.1, the arrival of the excitation pulse at the sample
establishes time zero (t=0), leading to the emission of incoherent fluorescent light
(w,) from the excited molecules. This fluorescent light is mixed with the gate pulse

essentially the residual fundamental gate light arriving at t=t in a nonlinear crystal



58 Chapter-2

(such as B-barium borate or potassium di-deuterium phosphate), generating the sum
frequency (w3) of the two signals.
(I)3 = (1)1 + (I)Z (2.3.1.1)

The arrival time of the gate pulse is controlled by a mechanical delay stage. It can

be demonstrated that, at any given moment, the intensity of the sum frequency light
(I,m) is proportional to the cross-correlation function of the fluorescence (Iﬂ) and

gate beam (I;).°
Ieum < [0 L (D)1 (t — T)dt (2.3.1.2)

The sum frequency light is only generated when the gate pulse is present in the

crystal, and thus, we can achieve time resolution comparable to laser pulse width.

2.3.2. Instrumental setup

The schematic optical layout of the instrument (FOG 100, CDP Systems, Moscow,
Russia), along with the external laser source, is illustrated in Figure 2.3.2.1. The
setup employs a mode-locked Ti:laser (Mai-Tai HP, Spectra Physics, USA)
operating at an 80 MHz repetition rate with an average power of ~2.5 W and a pulse
width of ~100 fs as the fundamental frequency radiation w,. The light is focused
onto a B-barium borate crystal (BBO, 0.2 mm thickness) to generate the second
harmonic (2w, ) of the fundamental light, which serves as the excitation source for

the sample.

The generated second harmonic, along with the fundamental light, is collimated by
lens L onto a dichroic mirror/beamsplitter (DM1), which separates the input beam
into excitation and gate beams. The reflected excitation beam then passes through a
Berek polarizer (B) to adjust its polarization. Neutral density filters (ND filters, F)
are placed before the polarizer to control the intensity of the excitation light, and cut-
off filters are used to eliminate any residual fundamental light. The excitation beam

is then directed by another beamsplitter (BS1) and focused onto the rotating sample
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cell (S) using lens Ls. The fluorescence emission from the sample (w,)is collected
by lens L4 and passed through a second cut-off filter (F2) to block the excitation light
(2w, ). The gate beam is directed by mirrors Ms and M4 to a gold-coated
retroreflector (RR) mounted on a mechanical delay line, which is controlled by
software. Both the emission and the gate pulse are collected by lens Ls and focused
onto a second nonlinear BBO crystal (0.2 mm or 0.5 mm thick) to generate the sum

frequency i.e. w; = w; + w, of the two incident beams.

In the experiments described in this thesis, the fluorescence is in the visible region,
the gate pulse is in the near-IR region, and the resulting sum frequency is in the UV
region. The emission and gate beams are blocked from reaching the detector using
an iris and appropriate cut-off filters (F3). Lens L7 then focuses the sum frequency
light onto the input slit of the monochromator. The monochromator selects the sum
frequency signal, which is detected by a photomultiplier tube (PMT) coupled with a
photon counting device. Data acquisition, monochromator, and optical delay line

control are managed by LUMEX software (CDP Corp).
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Figure 2.3.2.1 Schematic optical diagram of femtosecond fluorescence up-conversion



60 Chapter-2

2.3.3. Principle of Second Harmonic and Sum Frequency Generation

Fluorescence up-conversion spectroscopy involves generating the sum frequency
from the fluorescence emitted by the sample and the gate beam, as well as producing
the second harmonic of the fundamental beam for excitation. Both of these processes
are examples of nonlinear optical phenomena, which are discussed in this section.
Under normal conditions, i.e., in the presence of low-intensity light, the medium’s
response to light is linear. In this case, optical behavior can be described using a
linear refractive index for the medium. However, when exposed to intense, high-
power laser light, the medium’s response deviates from linearity. The electric field
associated with such high-intensity radiation can alter the refractive index of the
medium, giving rise to nonlinear effects.!* 16 The medium’s response to the electric
field of propagating electromagnetic radiation can be represented by a Taylor
expansion of the dielectric polarization density (the dipole moment per unit volume)
or, more simply, the induced polarization (P,) as a function of the electric field (E;)

at time t.
P.(t) = eo( ¥ VE, @ p ()E; ) E.()E;(OE ) (2331
k() = €0l Xy Ei(8) + X3 ECOE; () + X B (O Ej (OE(E) + (23.3.1)

In the equation above, €, represents the permittivity of vacuum, and y™ denotes
the n-th order optical susceptibility of the medium, which isan (n + 1) order tensor.
On the right side of Equation 2.3.3.1, the first term corresponds to the linear
response, while the higher-order terms represent the medium’s nonlinear responses.
For simplicity, P, and E; are treated as scalar quantities, considering the nonlinear
optical process in a specific direction. Both second harmonic and sum frequency
generation are second-order nonlinear phenomena, so | will refer only to the second-
order polarization as'4

P@(t) = ,xPE%(t) (2.3.3.2)
Now let us consider the second-order response to a monochromatic input field of
frequency w is given by

E(t) = Eexp(—iwt) + E*exp(iwt) (2.3.3.3)
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In the above equation, £ is the field amplitude. Plugging equation 2.3.3.3 to equation
2.3.3.2 we get the second-order response of the medium as

P@(t) = 2¢,E€* + (EOX(Z)EZexp(—iZa)t) + EOX(Z)S*Zexp(iZa)t)) (2.3.3.4)
The first term in equation 2.3.3.4 represents a constant static field, known as optical
rectification, while the second term describes an output with a frequency twice that
of the input field, known as second harmonic generation.'*1® It’s essential to note
that the even-order terms in equation 2.3.3.1 will vanish if the crystal possesses
inversion symmetry; thus, second harmonic generation occurs only in specific
nonlinear optical (NLO) crystals. Another crucial aspect of nonlinear processes, such
as frequency doubling, is the phase matching among interacting waves. This phase
matching ensures that the amplitude contributions of the output wave from different
parts of the NLO crystal are in phase at the crystal's end. In second harmonic
generation, we produce light with twice the frequency, and its wave vector k,,, is

given by

Ky = 21, (2.3.3.5)

c

In the above equation, c represents the speed of light and n,,, is the refractive index

for the second harmonic light. Similarly, the wave vector for the input light is given
by
k, = %nw (2.3.3.6)

In frequency doubling within a crystal, phase matching is achieved when k., = k,,,
or equivalently, n,, = n,. However, dispersion prevents this condition from
naturally occurring. To overcome this, birefringent crystals are used, where the
refractive index differs for light of different polarizations. Phase matching is then
achieved by using extraordinary polarization for w and ordinary polarization for 2w,
such that n,(2w) = n,.(w). Additionally, the intensity of the sum frequency signal
generated in an NLO crystal of a given thickness is given by

Iig(A) (%)2 sinc? (%) (2.3.3.7)
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Ak(2) = (n,l _ n,_1> (2.3.3.8)

2

Therefore, phase matching is effective only for light of a specific wavelength.
However, femtosecond laser pulses possess a broad spectral bandwidth, and the

efficiency of frequency doubling across this bandwidth is governed by the full width
at half maximum (FWHM) of the sinc? (%) function, where Ak is the phase

mismatch and L is the crystal length. In our case, as described in the previous section,
a BBO crystal with a thickness of approximately 0.2 mm was used. Since BBO is a
negatively birefringent crystal, the phase-matching condition is satisfied only when
the input (fundamental) radiation is ordinarily polarized and the generated second
harmonic light is extraordinarily polarized. In the setup I used, a BBO crystal was
also employed to generate the sum frequency signal by mixing the sample’s emitted
fluorescence with the gate pulse. In sum frequency generation (SFG), two incident
beams of different wavelengths—or equivalently, different frequencies—interact
within a nonlinear medium to produce a new beam whose frequency is the sum of
the two inputs.14-16

E(t) = E exp(—iw t) + E,exp(—iw,t) + c.c. (2.3.3.9)
Here, c.c. denotes complex conjugate. Replacing equation 2.3.3.9 into equation
2.3.3.2 gives us

P@(t) = 2€(E1EF + £,E3) + eox P [E2exp(=2iw,t) + EZexp(—2iw,t) +

28, Eexp(—2i(w, + wy)t) + 26, E5exp(—2i(w, — wy)t) + c.c.] (2.3.3.10)
In this case, the nonlinear interaction can give rise to sum frequency (w; + w,),
difference frequency (w, — w,), and optical rectification signals. Phase matching
plays a critical role in determining the efficiency of these processes. Depending on
the phase-matching condition, either the sum frequency or the difference frequency
signal will be generated with significantly higher intensity. For sum frequency
generation (SFG), the phase matching condition requires that the wave vectors of
the interacting beams satisfy-16

ks =k, +k, (2.3.3.11)
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In the equation above, k; represents the wave vector of the sum frequency light,
while k; and k, represent those of the input beams. In a crystal, the refractive index
experienced by one polarization of light can be adjusted by changing the angle. For
simplicity, if we consider a uniaxial crystal, where n, = n,, = n, and n, = n, with
the z-axis as the optical axis, we can express the phase-matching condition as

follows:11-16

1 cos?6 | sin?6
nZ(6) n36) niH)

(2.3.3.12)
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Figure 2.3.3.1 Schematic diagram depicting sum frequency generation in a BBO crystal

It should be noted that there are two primary types of phase matching: Type 1, where
the output wave has a different polarization from the input waves, and Type 2, where
one of the input waves has a different polarization than the other two. In my setup,
the sample fluorescence was collected with a lens, and any leaking excitation light
was removed using a cut-off filter. The gate beam and fluorescence beam were then
focused onto the BBO crystal through another lens. As | have measured fluorescence
intensity decay at various wavelengths for different samples, data acquisition at a
particular wavelength required rotating the BBO crystal to the appropriate phase-
matching angle. This ensured that the intensity of the sum frequency signal,
generated from the gate light and the specific wavelength of fluorescence, was
maximized. It’s worth mentioning that most fluorescence up-conversion systems

utilize only Type 1 phase matching.
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To collect fluorescence intensity decays at magic-angle polarization, the pump beam
was rotated relative to the gate beam to a specific angle using a Berek compensator.
The Berek compensator consists of a uniaxial crystal, which, when tilted at a specific
angle, makes the axis in the plane of incidence extraordinary, allowing light of a

certain wavelength to be rotated to any desired angle depending on the tilt.

2.3.4. Data Analysis Procedure

When measuring the fluorescence intensity decay of a fluorophore with a long
lifetime, we can approximate the excitation pulse as a d-function, implying it has no
width in the time domain. However, in femtosecond fluorescence up-conversion
spectroscopy, we deal with lifetime components in the sub-picosecond time domain,
rendering this assumption invalid, as no optical pulse has zero width. Additionally,
as the laser pulse passes through various dispersive optics, it naturally broadens.
Nonlinear optical (NLO) crystals also introduce dispersion, resulting in an overall

instrument response function (IRF) with a finite, non-negligible width.

In my setup, | measured the IRF before each experiment using the Raman signal of
water, which is shifted by about 3300 cm™ relative to the excitation light.1*-1317 The
Raman scattering process has zero-time delay, so when the sum frequency of the
water Raman and gate beams was generated, the temporal profile of the pulses was
preserved. The intensity of the water Raman signal at different time delays reflects
the cross-correlation function, as described in equation 2.3.1.2. By replacing the
sample cell with a water cell and measuring the decay at a specific wavelength, |
obtained an IRF that could be accurately modelled by a Gaussian function with a full

width at half maximum (FWHM) of approximately 250 fs.

G(x) = —=e 202 (2.34.1)

In the above equation, o is the width parameter of the Gaussian and u is the x-axis

position of the function. The FWHM (H) of the above function is given by

H =20V2In2 ~ 235480 (2.3.4.2)
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For simplicity, we assume excitation occurs instantaneously at zero time, so | used
a Gaussian function with p=0 for data analysis. In time-resolved fluorescence
lifetime measurements using pulsed light, the decay curve is influenced by the finite
width of the pulse, which can distort very short-lifetime components. Extracting the
true intensity decay from such data is essential, particularly for short-lived species.
This process of isolating the actual signal from any extraneous contributions is called
deconvolution. Fluorescence intensity decays obtained from femtosecond
fluorescence up-conversion measurements are convolutions of the instrument
response function (IRF) and the sample's actual decay profile. To derive the lifetime
components, | fitted each decay curve to a convolution of the IRF with a sum of
exponential functions. Here, | briefly present the convolution of a Gaussian IRF with
a single exponential function, which can also be extended to multiple exponential

components. Setting, 4 = 0 in equation 2.3.4.1

() = — e 2o (2.3.4.3)
S(x) =exp(— f) (2.3.4.4)

In equation 2.3.4.4, 7 is the lifetime. Now the convolution is defined as
. 1 oo x —(t — X)Z _
I(t)—G(x)*S(x)—ﬁfO exp(—;)exp /202 dx =

1 roo (x2+t2+$—2tx>
ano exp| — dx (2.3.4.5)

202

g

Now using the transformation,

zZ = 0'—\/5 (2346)
(x2+t2+ﬂ—2tx> 2
T — 21, _9°

— =22+t -2 (2.3.4.7)

Using equations 2.3.4.6 and 2.3.4.7 in equation 2.3.4.5 we get,
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I(t) = \/iﬁexp (— % (t — Z—j)) f?t_az> exp(—z?)dz (2.3.4.8)

(=2
Now the error function is introduced as
erf(x) = \/%fox exp(—z?) dz (2.3.4.9)

Here, it should be noted that error function is an odd function which means erf (x) =

erf(—x). Now introducing the error function in equation 2.3.4.9 gives

1(t) = =exp (% =) <1 —erf (”é;f)) (2.3.4.10)

The above equation was applied to fit the fluorescence intensity decay data, where
equation 2.3.4.10 represents the convolution of a single exponential function with a
Gaussian. However, fitting the data often requires more than one exponential term.
Since convolution is a linear operation that adheres to both the distributive and
additive properties, equation 2.3.4.10 was expanded for multiexponential fitting as
a summation of multiple exponential functions, each convolved with the same
Gaussian and weighted accordingly. Therefore, in this thesis, any mention of
multiexponential fitting refers to this expanded convoluted model. All up-conversion

data fitting was performed using IGOR Pro (WaveMetrics, Inc.) software.

2.4. Time-Resolved Emission Spectra

Fluorescence intensity decay over time at a specific wavelength, recorded using
techniques like TCSPC or fluorescence up-conversion spectroscopy, reveals details
about excited-state processes. Another key approach to studying photoexcited
molecules is time-resolved emission spectra (TRES). Unlike steady-state emission
spectra—which reflect a time-averaged view of TRES—analyzing TRES provides
critical insights into dynamic excited-state phenomena such as charge transfer and

excited-state reactions.”*®22 Additionally, TRES can shed light on how excited
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molecules interact with surrounding solvents.” Although earlier methods for
recording TRES at different times were often affected by instrument response
distortions,'®22 it is now possible to derive TRES by combining fluorescence decays
measured across various wavelengths throughout the emission range.”'#22 This
method provides a robust, high-resolution picture of excited-state dynamics (for

details, see Chapter 1).

ILt) = ’“(fj n ae”/n (2.4.1)

As outlined in equation 2.4.1, recording the fluorescence intensity decay at a specific
wavelength, along with knowledge of the steady-state intensity, allows us to
reconstruct the time-dependent intensity profile. This approach was applied across
several wavelengths to gather multiple data points, enabling the construction of each
TRES. Each of these spectra was then fitted to a lognormal function, as described
by Maroncelli and Fleming, to accurately represent the time-resolved emission
behavior.20:2

in(1+ 202
L(v) = goexps—In2| ————~ (2.4.2)

b

In the above equation, g, b, v, A represent the peak height, asymmetry parameter,
peak frequency, and width parameter, respectively. The width parameter A, is related
to the full width at half maximum (FWHM), denoted as I', by the following

relationship?%:2

[=A (Si“h(”)) (2.4.3)

b

The fitting was performed using IGOR Pro software, and the resulting parameters
were analyzed to gain insights into various excited-state processes. These findings

and their implications will be discussed in detail in the relevant sections.
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2.5. Femtosecond Broadband Transient Absorption Spectroscopy

2.5.1. Basic Principle

Femtosecond molecular dynamics can be studied by various methods, with pump-
probe techniques being among the most widely used. One prominent example is
broadband transient absorption spectroscopy. In typical pump-probe experiments,
an ultrashort laser pulse, known as the pump, initiates a non-stationary molecular
state, and the evolution of this excited state is then monitored by a second, time-
delayed pulse called the probe.??¢ In transient absorption spectroscopy, resonant
excitation is applied, meaning that the pump pulse populates the excited electronic
state, and this population decays over time, unlike the instantaneous response seen
in Raman spectroscopy.?3-6 The dynamics observed in the excited state depend on
the choice of the probe pulse, which may be monochromatic or broadband and span
the UV-Visible or IR regions, each revealing different photophysical properties of
the molecule.?>-?% Additionally, the effect of the pump pulse can be detected either
through changes in characteristics (such as intensity) of the probe or through
subsequent events triggered by the probe itself post-pump interaction. Transient
absorption spectroscopy demonstrates the first case, observing the change in probe
intensity due to the pump's action.?®>2¢ We observe the first case in transient

absorption spectroscopy.

I(4, t)ﬂ

Figure 2.5.1.1. Schematic representation of transient absorption spectroscopy experiment
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In our lab setup, either 400 nm or 266 nm light was used as the pump to excite a
fraction of molecules to their electronic excited states. A visible white light
continuum (WLC) probe, spanning 450—750 nm, is then passed through the sample
at various delay times, controlled by a mechanical delay stage, while the pump light
Is diverted. The detector monitors the change in probe light intensity across these
delays, as shown schematically in Figure 2.5.1.1. The probe intensity is kept
significantly lower than that of the pump to prevent any unintended multistep or
multiphoton interactions from the probe itself. Detection is conducted
simultaneously over the probe spectrum range at specific time points, repeating
across multiple delay times in a time-gated manner.?3-%¢ Since this is an absorption
spectroscopy setup, the probe light intensity change follows the Lambert-Beer law.
I(A,t) = I,(1) x 10-EWN DL (2.5.1.1)
In equation 2.5.1.1, I,(A1) and I(A,t) represent the intensities of the probe light
before and after it passes through the sample, respectively, at a delay time t, as
depicted in Figure 2.5.1.1. The time zero is defined as the specific delay position
where the pump and probe pulses reach the sample simultaneously. Here, (1)
denotes the molar extinction coefficient at wavelength A, N(t) is the population of
the excited state at time t after pump excitation, and [ is the path length of the sample.
Based on Figure 2.5.1.1 and equation 2.5.1.1, the absorbance A(4,t) is therefore
given by

AL D) = log% = e(D)N(t)! (2.5.1.2)

In transient absorption techniques, the key observed quantity is the change in
absorbance due to the presence or absence of the pump pulse. This change, 44(4, t),

can be mathematically expressed as:

AA(At) = A4, t) — AQQ) (2.5.1.3)
R C SR c) B 16
AA(At) = log ) log D log 5 (2.5.1.4)

Equation 2.5.1.4 describes how the observable quantity, AA(4,t), can be obtained
by measuring the probe intensity with and without the sample being illuminated by

the pump. Thus, we can express this as
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robe
AA(At) = logj’;m (2.5.1.5)

pump

In equation 2.5.1.5, it is important to note that 77"°%¢ is measured with the pump
light completely blocked by a chopper. The population created or depleted by the
pump light evolves over time, meaning that as N(t) changes, so does AA(4,t),
allowing us to track the photophysical dynamics of the system. Additionally,
because the observable N(t) does not include an I,(A) term, there is no need to
measure the probe intensity before the sample, meaning a single-beam
spectrophotometer is sufficient. However, to further reduce noise in the probe signal,
dual-beam spectrophotometers are commonly used. This pump-probe technique,
being an absorption spectroscopy method, can detect both radiative and non-
radiative processes depending on the spectral range of the probe.?26 Four primary
processes can be observed in transient absorption spectroscopy, as illustrated in
Figure 2.5.1.2 and detailed below.

AA (mOD)
o
o

>

Wavelength (nm)
Figure 2.5.1.2. Contribution of different photophysical processes in transient absorption

spectra

Ground State Bleaching (GSB): When the pump pulse excites a portion of molecules
from the ground state to the excited state, the population in the ground state
decreases. As a result, fewer ground-state molecules are available to absorb the
probe light following pump excitation, leading to a lower absorption compared to
the case without pump excitation i.e., 1P7°P¢ < Ig,’;f,f’zf . This causes a negative AA

spectrum, which diminishes as the time delay between the pump and probe increases
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due to the gradual return of excited molecules to the ground state. This signal,
indicating reduced ground-state absorption, is referred to as ground state bleaching
(GSB).

Stimulated Emission (SE): In addition to spontaneous emission (fluorescence) that
returns molecules from the excited to the ground state, a resonating photon from
external radiation can trigger emission from the excited state in a process known as
stimulated emission. Here, if the probe pulse includes frequencies that resonate with
the transitions between the excited and ground states (including vibrational levels),
it can induce stimulated emission from molecules excited by the pump. The
stimulated emission photons travel in the same direction as the probe photons,

thereby increasing the detected probe intensity at specific wavelengths after pump

excitation. This means [P7°P¢ < Ig;f,zf , resulting in a negative AA signal in the
transient absorption spectrum. This SE signal resembles the molecule’s spontaneous
emission spectrum and remains Stokes-shifted relative to the GSB signal, though
there may be considerable overlap at very short delay times. The SE signal
diminishes over time as the excited-state population decays through various radiative
and non-radiative processes, assuming the probe intensity is low enough not to
significantly alter the excited-state population.

Excited State Absorption (ESA): Transient absorption spectroscopy enables the
detection of transitions that are inaccessible to fluorescence techniques, such as
excited state absorption (ESA). When the pump pulse excites molecules to a specific
electronic excited state, certain wavelengths in the probe light may resonate with the
energy gap between this excited state and a higher-energy state, allowing the excited-

state molecules to absorb the probe light. This transition, which does not occur in
the absence of the pump, results in 177°%¢ > [27°°¢ producing a positive AA signal
in the transient absorption spectrum.

Product Absorption (PA): Product absorption (PA) is another distinct feature in
transient absorption spectroscopy that is challenging to capture with fluorescence

techniques. After excitation, molecules may undergo transformations or excited-
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state reactions, such as photoinduced electron or proton transfer, resulting in new
transient species. These newly formed species can absorb the probe light, leading to

an increase in detected probe intensity. This creates a positive AA signal in the

Iprobe
pump *

transient absorption spectrum, as IP"°b¢ >
The ability to observe these four phenomena—ground state bleaching, stimulated
emission, excited state absorption, and product absorption makes transient
absorption spectroscopy an exceptionally powerful technique. However, its
effectiveness can be limited by several factors, notably the spectral spread of the
probe and the instrument response, which may restrict the detection of one or more

of these processes.

2.5.2. Instrumental Setup

The femtosecond broadband transient absorption spectrometer used in our studies is
a commercially available model (Femto-Frame-I1, IB Photonics, Bulgaria), with its
optical layout illustrated in Figure 2.5.2.1. This system is powered by an 800 nm
output from a Ti:regenerative amplifier (SpitfirePro XP, Spectra-Physics, USA),
which is pumped by a 20-W Q-switched Nd:laser (Empower, Spectra-Physics, USA)
and seeded by a Ti-Sapphire femtosecond oscillator (MaiTai SP, Spectra-Physics,
USA). The setup provides a pulse width of approximately 80 fs at a 1 kHz repetition
rate, measured using a commercial autocorrelator. The fundamental 800 nm beam is
divided by beamsplitter BS1, creating two paths: one for generating the pump light
and the other for the probe. The pump light is produced inside a JANOS tripler, also
from IB Photonics. Here, the 800 nm beam is focused onto a BBO crystal, generating
a 400 nm second harmonic. This 400 nm light, along with residual 800 nm light,
passes through a waveplate and onto a second BBO crystal to generate the 266 nm
third harmonic, following the principles in Section 2.3.3. Dichroic mirrors then
separate these beams, directing either the 400 nm or 266 nm light as the excitation

source via mirrors Mg or My.
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The probe path is routed through mirror Ms to a retroreflector (RR) on a mechanical
delay stage via mirrors MB1, MB., and MB3, allowing for a maximum 2 ns delay
between pump and probe pulses. A small portion of the 800 nm beam is further split
by BS> to illuminate a photodiode (PD) for controlling the chopper, while the main
portion passes through a linear neutral density filter (ND1) and an iris, focusing onto

a 0.3 mm sapphire crystal via lens La.

Mai-Tai SP

80 MHz 30-40 fs P

Y

Spitfire Regenerative Amplifier
800 nm, 1 kHz, ~4.0 W
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Figure 2.5.2.1. Optical layout of the femtosecond broadband transient absorption spectrometer

Thus, a white light continuum (WLC) probe spanning 450-750 nm is generated in
the sapphire crystal (Sapp). The characteristics and shape of the WLC probe are
controlled by the power and beam shape, which are adjusted with a neutral density

(ND) filter and iris. After generation, the WLC probe is collected by parabolic mirror
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MBs and directed through two notch filters (N1 and N2) that block residual 800 nm
fundamental radiation, using mirrors MBe and MB-. The probe light is then focused
on the sample with parabolic mirror MB o.

Meanwhile, the pump light passes through a chopper, and its polarization is adjusted
relative to the probe using a half-wave plate. The power of the pump is controlled
with a rotating ND filter (ND2), and lens Lz along with mirror MB12 focuses the
pump beam to overlap with the probe beam in the sample cuvette, achieving a focal
spot size of 100-200 um. The chopper periodically blocks the pump beam to allow
measurements without pump excitation, as previously described. Polarization
control ensures that measurements are unaffected by any system anisotropy.

After passing through the sample, the probe beam is focused onto a 200 um optical
fiber cable using mirror MB11, with ND filter (ND3) adjusting the intensity of the
probe light reaching the detector. The detector, a CCD spectrograph, captures the
probe light scattered by a pair of diffraction gratings. Because the pump beam is
angled slightly relative to the probe, it does not reach the detector. The zero-time
point is calibrated by observing the signal of a reference sample (C152 in ethanol,
in this case) and adjusting the delay accordingly. The entire setup is managed by
software on the LABVIEW platform, with pump power maintained at ~5-10 pW
during measurements. Steady-state absorption spectra are recorded before and after
each experiment to verify that no photodegradation occurs in the sample.

For temperature dependent measurement, the temperature was maintained using a

peltier temperature controller with a 2 °C accuracy. All the experiments were

performed at 25 °C if not mentioned otherwise.

2.5.3. Instrument Response Function (IRF) and Chirp

In broadband transient absorption spectroscopy, the instrument response function
(IRF) is determined by the cross-correlation of the pump and probe pulses.?’-2°
While pulses are typically broadened when passing through optical elements, in

pump-probe setups, additional factors such as instantaneous artifacts, group velocity
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dispersion (GVD), and high-power pulse effects can influence data quality and IRF
acquisition.

One such artifact is two-photon absorption (TPA), where a sample simultaneously
absorbs photons from both the pump and spectrally broad probe pulse, causing
unwanted changes in probe absorbance.?’2° Another possible effect is stimulated
Raman amplification (SRA), which may occur if the pump and probe frequencies
are closely matched;?2° however, the spectral separation in this setup mitigates this
issue, and SRA remains short-lived and within the IRF timescale. Cross-phase
modulation (XPM) is yet another effect, arising when the intense pump light alters
the refractive index of the medium, shifting the probe light spectrum primarily at
time zero.?®2° Each of these artifacts has a linear dependence on pump intensity and
can be minimized by using a lower pump intensity, a higher optical density in the
sample, and a less-chirped WLC probe. Still, these effects can notably influence IRF
measurements.

In this setup, the IRF was measured by filling the sample cuvette with pure solvents,
allowing the femtosecond pump pulse to generate an instantaneous, non-resonant
signal, such as stimulated Raman scattering, impulsive Raman scattering, or off-
resonant transient birefringence, which provide the pump-probe cross-
correlation.??31 Two critical factors group velocity dispersion (GVD) and
resulting chirp must be considered for accurate IRF and data analysis.

GVD is an optical effect where different wavelengths travel at different speeds
through a medium, causing the red end of the probe spectrum to arrive faster than
the blue. As the probe travels through the optics and sample, this wavelength-
dependent spread over time introduces chirp, shifting the time zero position across
wavelengths. Although GVD does not alter the sample’s intrinsic dynamics,
knowing the chirp allows for accurate cross-wavelength comparisons and global
fitting. The chirp can be estimated by tracking the time-zero position of the pure
solvent response across the probe spectrum.?328-31

In addition to GVD, XPM from the pump on a chirped probe distorts the IRF shape,

so the solvent response is modeled using a Gaussian function along with its first and
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second derivatives to capture this modulation.?®3! After measuring the solvent
response, it is fitted across different wavelengths using a Gaussian function along
with its first and second derivatives to accurately capture the IRF shape. The time
positions obtained from these fits at various wavelengths are then used to estimate
the chirp present in the data. To correct for this chirp, a polynomial fit is applied,
and a specific position in the spectrum is designated as the time zero reference.

In Figure 2.5.3.1, | present the IRF measured across multiple wavelengths in solvents
like acetonitrile, methanol, and chloroform, along with corresponding Gaussian fits.
The Gaussian width varies between 50-60 fs, depending on the wavelength.
Applying the width-to-FWHM relation from equation 2.3.4.2, the IRF is estimated
to be around 120-140 fs. The figure clearly illustrates a trend where the IRF center
shifts toward longer times at the probe’s longer wavelengths, indicating a

wavelength-dependent delay due to dispersion effects.
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Figure 2.5.3.1. The IRF of the transient absorption setup was recorded in acetonitrile,
methanol, and chloroform using a 400 nm pump. The solid blue lines indicate fitting.
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2.5.4. Data Analysis

Broadband transient absorption spectroscopy generates large datasets that are
analyzed simultaneously or "globally." This two-way dataset involves two
independent experimental variables—time and wavelength—necessitating a model-
based global analysis approach. For data analysis, | used the open-source Java-based
software GLOTARAN, with operational details outlined in references 313 and 322,
Here, | briefly summarize the procedure.

In transient absorption data analysis, it is assumed that the data exhibits
homogeneity, meaning that a single set of parameters can effectively describe the
dataset, and that the overall dynamics can be attributed to distinct species or reaction
pairs within the system. The data includes contributions from all the photophysical
processes discussed in the previous section, across various times and wavelengths.
Since the experiment is absorption-based, Beer-Lambert’s law applies. Additionally,
the dataset is considered as a superposition of spectral properties, each weighted by
the concentration of the contributing species, allowing for a comprehensive analysis

of the system’s dynamic behavior.

P(t,A) = 5 ¢, (e (D) (2.5.4.1)

In this formalism, ¢;(t) represents the concentration of the [-th component at time t,
and &;(4) is the extinction coefficient of that component at wavelength A. A typical
global analysis can resolve up to 10 such components, with the minimum number of

components needed to be determined based on prior knowledge of the system.

The data can be fitted using two approaches: by applying known concentration
profiles c;(t), termed the kinetic model, or by using known extinction coefficients
£;(1), known as the spectral model. In this study, we assume concentration profiles
that vary exponentially with time, so the objective is to fit 1(t, 1) with a sufficient
number of exponential components, each convoluted with the instrument response
function (IRF). The IRF is modelled as a Gaussian, and the convolution of an

exponential with a Gaussian, as described in Section 2.3.4, is used here.
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The experimental dataset is structured as an mxn matrix, with measurements taken
across mmm wavelengths at n time points. One approach to identify the number of
independent components in this matrix is singular value decomposition (SVD),

which is defined as?33

(£, D) = 2o u, (Ow, (D)SV, (25.4.2)

n=1

So, the minimum number of parameters required for fitting was initially estimated
using singular value decomposition (SVD). Once this baseline was established, the
entire dataset was fitted simultaneously by applying a sum of exponential functions
convoluted with the Gaussian-modeled IRF. To account for dispersion effects across
the wavelengths, a polynomial function was incorporated into the fitting process to
model the wavelength-dependent temporal shifts accurately. This approach allowed
for a comprehensive global fit, capturing both the kinetic and spectral dynamics in
the dataset.

2.6. Density Functional Theory (DFT) Calculations

Predicting the photophysical behavior of a molecule requires a thorough
understanding of its electronic structure in both ground and excited states, the energy
gaps between these levels, electron density distributions in molecular orbitals, and
more. Additionally, examining how electronic state energies shift with changes in
molecular geometry provides valuable insights for photochemists into a molecule's
properties.3*-38 Computational chemistry plays a crucial role in this analysis, and for
this thesis, | used density functional theory (DFT) calculations extensively. All
calculations were conducted using Gaussian 16, and results were visualized with
GaussView 05 software.*

Density functional theory (DFT) is among the most powerful tools for modeling
molecular electronic structure.®*38 The theory’s foundational papers were published
in 1964 and 1965, leading to Walter Kohn’s Nobel Prize in Chemistry in 19984041

While DFT was used for ground-state geometry and electronic structure
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calculations, excited-state calculations require time-dependent potentials, which are
incorporated in time-dependent density functional theory (TDDFT). In this section,
I will outline the fundamental concepts underlying these methods, which formed the
basis for the computations, without delving into detailed theoretical explanations.
Here, | will discuss the basic concepts underlying the computations performed,
focusing on the foundational approach without detailed theoretical explanations.

For any quantum chemical calculation of the ground state, the objective is to solve
the time-independent Schrodinger equation. Under the Born-Oppenheimer
approximation, this equation is simplified by separating the nuclear and electronic

motions, allowing it to be expressed as

ﬁel‘l—’el = EoUg (2.6.1)
In an N-electron M-nuclei system the electronic Hamiltonian is given by
Z
el = - 2 {Vl 9441 2 Z 12]>l (262)

The challenge with equation 2.6.2 is that it cannot be solved exactly without
significant approximations, and even then, constructing an accurate wavefunction is
complex due to the numerous degrees of freedom involved. Additionally, the
wavefunction itself is a non-observable quantity, making it impossible to measure
directly.3438 In density functional theory (DFT), the state of the system is defined
by the electron density of interacting electrons, rather than by their individual
interactions—a concept that applies to any system of fermions.®*3 Unlike, the
wavefunction, electron density is observable, meaning it can be measured, and
calculations do not require knowledge of every coordinate to determine expectation
values.3428 The first Hohenberg-Kohn theorem establishes that the electron density
uniquely determines all ground-state properties of the system.3*-38 Consequently, the
total energy (E[p]) of the system is a functional of the electron density ( p) in the
presence of an external potential (v,,:(r)), such as the electric field generated by

the nuclei.3+38
Elp] = Flp] + [ Vexc (M) p(r)dr (2.6.3)
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The second Hohenberg-Kohn theorem states that the variational principle applies to
E[p]; thus, the energy E[p] reaches a minimum when p corresponds to the
equilibrium electron density. Here, F[p] is a universal functional, meaning it is
independent of any external potential.3*-38

The approach for calculating this functional was provided by the Kohn-Sham

theorem, which expresses the ground-state electronic energy E|[p] as:

Elp] = = ZAi[ V[ — [ Zhs 22 p(rdr + 3 [ [ 2722 drydi, +
(2.6.4)

In the Kohn-Sham formulation of density functional theory, the total energy E|[p],
of a system is broken down into four key terms: the kinetic energy of a system of
non-interacting electrons, the electron-nucleus attraction, the electron-electron
Coulomb repulsion, and the exchange-correlation energy E,.., which accounts for
the intricate quantum effects of electron exchange and correlation. The exchange-
correlation term E, . is unknown and thus approximated by various functional forms.
In this approach, the ground-state electron density p is determined by single-electron
Kohn-Sham orbitals.3+38

p(r) = |9 (1)1 (2.6.5)
One commonly used approximation for the exchange-correlation energy is the Local
Density Approximation (LDA), which assumes that the inhomogeneous electron
density of a solid or liquid can be approximated by the properties of a homogeneous
electron gas. However, more sophisticated methods have been developed, such as
hybrid functionals, which offer improved accuracy. Among these, the Becke, 3-
parameter, Lee-Yang-Parr (B3LYP) functional is particularly popular in chemistry.
Hybrid functionals like B3LYP blend the orbital-dependent Hartree-Fock approach
with explicit density functionals, such as LDA and the Generalized Gradient
Approximation (GGA), to better account for both local and non-local electron
interactions.34+-38

Another essential aspect of computational chemistry is the choice of basis set, which

provides a mathematical representation of atomic orbitals. In Gaussian-based
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calculations, | used split-valence basis sets, such as 6-31+G(d,p). This approach,
initially proposed by Boys and further developed by Pople, replaces Slater-type
orbitals (STOs) with Gaussian-type orbitals (GTOs), which are computationally
more efficient.34384243 However, Gaussian orbitals do not precisely replicate the
behavior of Slater-type orbitals, especially at shorter interatomic distances. To
address this limitation, a linear combination of multiple Gaussian functions each
called a primitive Gaussian is used to approximate the desired orbital shape.3+384243
The split-valence basis sets, such as 6-31+G(d,p), use a contracted Gaussian function
(a sum of several Gaussian primitives)34284243 to model inner-shell orbitals and a
larger number of Gaussians to represent valence orbitals. For example, in 6-
31+G(d,p), the core (inner-shell) orbital is represented by a combination of six
Gaussian primitives, while the valence shell has a split structure with one compact
component represented by a combination of three Gaussians and an extended
component represented by a single Gaussian. The “6” represents the core Gaussian
primitives, “3-1" denotes the split in the valence shell, and “G” signifies the use of
Gaussian-type orbitals.*?43

In Orca-based calculations, | have used the def2-TZVP basis set. Solvation effects
were modelled in the conductor like polarizable continuum model (CPCM). This
family of basis sets was developed by F. Weigend and R. Ahlrichs, and it is designed
to provide a balanced level of accuracy and computational efficiency across a wide
range of elements. The def2 basis sets are particularly popular in computational
chemistry, especially for density functional theory (DFT) and correlated methods
(like MP2 and CCSD), due to their consistency, coverage of the periodic table, and
integration with effective core potentials (ECPs) for heavier elements.*+46

In def2-TZVP, the valence shell is represented by three Gaussian basis functions
(known as “triple-zeta”), which is crucial for accurately modeling electron
distribution in the valence orbitals, especially in systems with complex bonding. The
basis set includes polarization functions, which are higher angular momentum
functions (like d-functions for main-group elements and f-functions for transition

metals). These polarization functions allow orbitals to distort and better represent
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molecular environments, especially where electron distribution shifts due to bonding
or nearby charges. The "def2" prefix indicates that this basis set is the second
generation of the original "def" (default) basis sets developed by Ahlrichs.*” This
version improves upon the accuracy and consistency of the original def-TZVP basis
set. The def2 family is comprehensive, covering nearly all elements up to radon (Rn),
with parameters optimized for each one.*’*® Compared to older basis sets (like 6-
31G(d,p)), def2-TZVP is better optimized to reduce the Basis Set Superposition
Error (BSSE), which is important for accurately modeling intermolecular
interactions, such as in non-covalent complexes.*84°

In photochemistry, calculating vertical excitation energy is essential for aligning
theoretical predictions with experimental absorption spectra and for exploring
molecular dynamics in the excited state through geometry scans. While standard
DFT methods focus on ground-state properties, they lack the framework for
calculating excited-state properties, leading to the development of time-dependent
density functional theory (TDDFT). TDDFT extends DFT by analyzing the system's
response to an external perturbation, such as polarizability in response to an external
electric field. The core concept involves solving the time-dependent many-particle
Schrodinger equation, allowing TDDFT to capture electronic excitations and

dynamic properties essential for studying excited states in molecular systems.

i 2 (ry, 1y ey ) = HOW(r, 1y o1y ) (2.6.6)
In the time-independent Schrodinger equation, we solve for stationary eigenstates of
the system, yielding discrete energy levels and fixed states. However, in the time-
dependent Schrodinger equation, we instead track the time evolution of a quantum
state under a time-dependent Hamiltonian H(t). This Hamiltonian H(t) consists of
terms for kinetic energy and electron-electron interactions, along with an external
potential (V,,.({r},t)), which represents interactions with an external perturbation
(like an oscillating electric field) and is expressed as a sum of one-body potentials.

This approach enables TDDFT to model how an electronic system responds to time-
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dependent external fields, capturing dynamic properties essential for simulating
excited states and electronic transitions,5°-54

Vert (1}, 6) = ZiL1 Vere (11, £) (2.6.7)
In TDDFT, the system’s time evolution is influenced by an external potential, such
as light or radiation. Runge and Gross demonstrated that there exists a one-to-one
correspondence between time-dependent potentials and resulting electron densities.
This means that if two different time-dependent potentials act on the same initial
state of a system, they will produce distinct time-dependent densities.>0-4
However, unlike in standard DFT, the variational principle cannot be directly
applied in TDDFT since energy is not conserved in a time-dependent context.>0-54
Instead, a quantity called the quantum mechanical action (A,.) is defined to replace
energy as a guiding functional. Runge and Gross further adapted the Kohn-Sham
equations, showing that the exchange-correlation potential (v,.) in TDDFT can be
derived as the functional derivative of this action.>®>* This modification allows
TDDFT to effectively capture time-dependent electronic behavior by leveraging the

properties of (A,.) in place of a variational energy approach.

9 Ayxc
ap

Vi (p) = (2.6.8)

Since the exact form of the exchange-correlation functional is unknown even for the
ground state, the adiabatic local density approximation (ALDA) is typically applied
in TDDFT. This involves using the same functional form for both ground and excited
states. However, TDDFT also encounters the causality problem, which requires that
response functions remain zero until the external perturbation (such as light) is
applied. Van Leeuwen addressed the causality issue in 1998 by establishing proper
boundary conditions for TDDFT .05

In TDDFT, adiabatic approximations are commonly applied to the exchange-
correlation potential, which generally works well when the excited state closely
resembles the ground state. For instance, the photoabsorption cross-section, a key
guantity in photochemistry, is determined by the imaginary part of the system's

dynamic polarizability, estimated through the linear density response to a small
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external perturbation. Additionally, TDDFT has been adapted to calculate specific
photoabsorption phenomena such as double excitations, transitions to higher excited
states, and charge-transfer states through various modifications introduced by
researchers in recent years.%0 54

In DFT and TDDFT computations using Gaussian software or Orca-based program,
solvent effects can be incorporated via the self-consistent reaction field (SCRF)
method, which places the solute molecule within a cavity surrounded by a reaction
field to simulate solvent influence.®*3855 The most widely used approach, and the
one applied in all solvent-dependent calculations in this study, is the Polarizable
Continuum Model (PCM) or Conductor like Polarizable Continuum Model
(CPCM). PCM or CPCM calculates the free energy of a molecule as a sum of its
electrostatic energy, dispersion-repulsion free energy, and cavitation energy, where
the solute is placed within an Onsager cavity defined by the van der Waals radii of
its constituent atoms.>>* In this model, solvent effects are treated as a dielectric
continuum, mirroring the solvent’s polarity, but it does not account for specific
solvation interactions, such as hydrogen bonding. PCM therefore provides a
generalized solvent effect, suitable for capturing polarity influences but without the

granularity of explicit solute-solvent interactions.

2.7. Materials

The synthesis and characterization of [Cu(dmphen).]CI was done according to the
earlier report.>” Dioctyl sulfosuccinate sodium salt (AOT) was purchased from
Sigma and vacuum-dried before being used. Malachite green (MG) (Aldrich) was
recrystallized from the water before use. High-performance liquid chromatography
(HPLC) grade glycerol and acetone (Aldrich), methanol (Spectrochem), DCM and
Acetonitrile (ThermoFischer Scientific), and n-heptane (TCI) were used without
further purification. AOT reverse micelles having different water pool sizes were
prepared by using double distilled water. Thio-dervatives of the coumarin molecules

(abbreviated as thiocoumarin) were synthesized by following the reported
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procedures.® Coumarin-1 and Coumarin-481 (Exciton Inc., USA) were used as
received. Octa acid (OA) was synthesized, purified, and characterized following the
published procedure.® The singlet oxygen-forming standard molecule, Chrysazin
was purchased from TCI Chemicals and used as received.

2.8. Synthetic procedures

I would like to express my gratitude to Prof. V. Ramamurthy and his group in

University of Miami, USA for the synthesis of octa acid (OA), thiocoumarins.

2.8.1 Synthesis of Thiocoumarin 1 (TC1)

CHs;
Lawesson reagent /@\)1
N ¢
Ve
A)N@olo e

Toluene, reflux, 8 hrs

Thiocoumarin 1 was synthesized by following the literature procedure.%®6%61 A
mixture of 1 g (4.32 mmol, lequiv.) of coumarin-1 and 1.399 g (3.45 mmol, 0.8
equiv.) Lawesson reagent was dissolved in 20 ml dry toluene and refluxed for 8 hrs
in the dark under a nitrogen atmosphere. The progress of the reaction was monitored
by TLC. Upon completion, the reaction mixture was filtered through Whatman filter
paper, and the solvent was evaporated completely using a rotary evaporator. The
crude was purified by column chromatography (30% ethyl acetate/hexane). The
column-purified product precipitated with cold ethanol solvent, yielding a yellow-
colored solid. The isolated product weighed 769 mg (72% yield). *H NMR (400
MHz, CDCl3) d (ppm): 7.46 (d, J = 8.4 Hz, 1H), 6.95 (s, 1H), 6.71- 6.74 (m, 2H),
3.44 (q, J = 7.2 Hz, 4H), 2.31 (s, 3H), 1.23 (t, J = 7.2 Hz, 6H). NMR spectrum

matches with reported spectra.®?
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2.8.2 Synthesis of 7-Acetoxy Thiocoumarin (Acetoxy-TC)

X Acetic Anhydride 0 R

v

HO 0 S reflux, 2hr 0O 0O S

This acetoxy-derivative of coumarin was synthesized by following the literature
procedure.®® Coumarin (2.18 g, 10 mmol) was dissolved in 5 mL acetic anhydride
and refluxed for 2 h. After completion of the reaction, the reaction mixture was
poured into ice-cold water. A solid precipitate was formed, filtered, and dried for 1
day in airflow. The crude was recrystallized with 95% ethanol to obtain the acetoxy
derivative as a white solid (2.6 g, 96% yield). To get the thio-derivative of the
acetoxy coumarin same protocol as thiocoumarin 1 was used. The isolated acetoxy-
TC product features: *H NMR (500 MHz, DMSO-d6) d (ppm): 7.91 (d, J = 8.5 Hz,
1H), 7.48 (s, 1H), 7.28- 7.30 (d, J = 8.5 Hz, 1H), 7.26 (s, 1H), 2.41 (s, 3H), 2.33 (5,
3H); 13C NMR (125 MHz, CDCls) d (ppm): 197.22, 168.58, 156.59, 153.31, 143.58,
128.69, 125.29, 119.34, 119.27, 110.30, 21.17, 18.06; ESI-HRMS: Calculated for
C12H1103S [M+H]* = 235.0429, observed:235.0425.
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Study of triplet photophysics has remained a contemporary field for the last eight
decades due to its wide-ranging applications. Many recent studies deciphered the
influence of molecular vibrations on the electronic coupling for facile intersystem
crossing (ISC) in numerous metal complexes. Through a combined analysis of
steady-state and time-resolved spectroscopies, we identified the role of
environmental rigidity on the triplet photophysics of
bis(dimethylphenanthroline)copper(l) chloride (ICu(dmphen)2]Cl). Our
experiments suggest an involvement of volume-changing coordinate in ISC of
[Cu(dmphen)2]CI having an activation energy barrier of 5.9 kJ mol. This insight

can be useful in the research and development of efficient triplets.
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3.1 Introduction

Molecules with high triplet yield and lifetime are of major interest in recent times
due to their immense importance in the realms of chemistry, physics, and materials
science for application in photocatalysis, photon up-conversion, and ability to
sensitize other triplets 1°. They are also promising candidates to harvest light in
organic photovoltaic cells, thus having potential to revolutionize the renewable
energy technologies ¢2. In general, these triplet states cannot be accessed directly
through photoexcitation of the ground singlet state because that would violate the
spin selection rule. In most cases, triplet states are produced through intersystem
crossing (ISC), which is a dynamic process that results from spin-orbit coupling
(SOC) between electronic states that have different spin multiplicities °%.
Vibrational levels of excited singlet states are typically spin-orbit coupled to the
dense manifold of vibrational levels of a low-lying triplet state. As a consequence,
inorganic metal-ligand complexes, especially those involving transition metals,
display a significant inclination toward achieving an efficient triplet state -5,

A knowledge of the ISC mechanism in a system is essential to design a molecule
with higher triplet quantum yield or higher triplet lifetime. The heavy atom effect
(HAE) is one of the most contributing factors in the SOC matrix in ISC due to its
quadratic dependence on atomic number 618 There are several other reports of
strong ISC without HAE include (a) singlet fission, (b) twisted induced, (c) charge
recombination, etc. 1°22, The vibrational contribution along with the electronic
coupling in ISC was neglected in the earlier research. In the last few years, the idea
of vibration assisted ISC has been explored drastically 2226, Recently, we unveiled
the significant impact of carbon-halogen bond vibrations on the ISC in halo-
coumarins ?’. The strong involvement of spin-vibronic motion on the ISC has also
been studied by the Daniel group 8. Recent studies by Chen's and Chergui’s group
explored the effect of vibrational wave packet motions and structural dynamics on

the ISC dynamics of several bimetallic complexes 232429,
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Among various phosphorescent metal complexes,
Bis(dimethylphenanthroline)copper(l) chloride [Cu(dmphen).]CI ; Scheme 3.1) has
been studied extensively 3035, Recent studies also revealed that this molecule shows
thermally activated delayed fluorescence (TADF) behaviour which can be used as a
constituents in organic light emitting diode (OLED) material and a replacement
material for traditional phosphorescent materials 3. Various research groups have
delved into the detailed excited-state photophysics of [Cu(dmphen)2]* in the last two
decades 30-32:343537-39 1 dichloromethane, this complex exhibits a strong absorption
band around 460 nm, due to S;<So transition, accompanied by a minor absorption
shoulder around 550 nm from S1€Sp transition 343°, Furthermore, it demonstrates
phosphorescence in the range of 700-800 nm. The electronic ground state of this
molecule (So) has the D2g symmetry, where two ligands are perpendicularly attached
to the central copper metal ion. Following initial excitation to the S state (possessing
D2¢ symmetry), the complex rapidly returns to the Si state within ~45 fs while
maintaining its geometry. Subsequently, from the S1 perpendicular state, it transform
to a new singlet state with structural distortions, known as the S; flattened state, on
a timescale of 700-900 fs 34, This photoinduced structural change was explained
by metal-to-ligand charge transfer (MLCT) followed by dihedral ligand rotation
through the Jahn-Teller effect of the d° electronic configuration central copper ion.
The flattened S; state subsequently progresses to a nearby triplet state (called T1
flattened state) in a 7-10 ps time scale 3%, The resulting triplet state exhibits a
phosphorescence emission band with ~41 ns lifetime. Investigations involving
various substituted phenanthroline ligands and solvent dependent studies infer that
the structural distortion follows an inner-sphere mechanism #°. However, until now,
there is no detailed investigation on the ISC of the flattened S; state to the triplet
state.

In the present study, the specific focus lies in gaining a mechanistic view on the
triplet crossover of the flattened S: state of [Cu(dmphen):]*. With the help of
femtosecond fluorescence up-conversion and transient absorption spectroscopy, we

observed a moderate viscosity dependence on the ISC dynamics and confirmed it to
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be an activated process. In combination with the theoretical result, we propose
ligand-metal vibration could be an important channel for triplet formation in
[Cu(dmphen)z]*.

hv
—
Flattening
motion
Perpendicular Structure Flattened Structure
Scheme 3.1. Molecular structure and photoinduced flattening of

Bis(dimethylphenanthroline)copper(l) complex.

3.2 Results and Discussions

Steady State Experiments. Figure 3.1.1a depicts the steady state absorption spectra
of [Cu(dmphen)2]ClI in four solvents ranging from non-polar DCM to highly polar
water, where no appreciable shift in the absorption maxima is observed. Though the
absorption characteristics of [Cu(dmphen)2]Cl is insensitive to the polarity and
viscosity of the solvent medium, the photoluminescence feature changes
significantly as shown in figure 3.2.1b. When examining the photoluminescence
property of [Cu(dmphen)2]Cl in the same four solvent solvents, a notable change in
the emission intensity is evident. The intense band around 730 nm region is identified
as phosphorescence *°. By taking malachite green (MG) as standard, the calculated
values of phosphorescence quantum yield of [Cu(dmphen).]CI in four different
solvents are 9.0 + 1.3 x 107> (DCM), 1.1 + 0.2 X 10~> (Glycerol), 3.8 + 0.9 x
107% (Water), and 2.9+ 1.1 x 107% (MeOH). (Figure 3.2.1c) This variation
strongly implies that along with the solvent polarity, solvent viscosity also plays a
crucial role in the excited state property of [Cu(dmphen)2]CI. To check the effect of
viscosity on the photophysics, we have used glycerol/methanol binary solvent

mixtures as the solvent media. By adjusting the composition of methanol and
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glycerol, medium's viscosity can be altered significantly (0.54 to 187 cP) 4242 without
much change in the polarity (at 20°C €y ceror ~42.5and €Epyernanor ~33.6) 43 From
figures 3.2.1d and 3.2.1g it becomes apparent that the phosphorescence intensity
increases with an increase in the proportion of glycerol in the glycerol/methanol
mixture, thus the medium viscosity. This suggests an involvement of large amplitude
motion in the non-radiative decay channel of the triplet state.

To investigate if this viscosity effect is specific to the glycerol/methanol mixture at
constant temperature and to glycerol at varying temperature, or extends to other
constrained media, we opted for an aerosol OT (AOT) reverse micelle (RM) system.
Here, we can manipulate the viscosity of the water pool of the RM formed by AOT
in n-heptane medium by adjusting the water content within it 44, In figure 3.2.1e, the
steady-state emission spectra of [Cu(dmphen)2]Cl in AOT RM of varying water
contents (defined by Wo=[Water]/[Surfactant]) are depicted. We observed that with
a decrease in the water pool size of the AOT RM (Wo=50 to 2.5) the phosphorescence
intensity increases gradually (see Figure 3.2.1h). A decrease in the Wo increases the
viscosity as well as the structural rigidity of the surrounding of [Cu(dmphen)2]CI ,
which may lead to an increase in the phosphorescence intensity. This increase in
environmental rigidity seems to impose a greater likelihood of radiative decay. The
observations suggest that as we elevate the viscosity of the surrounding medium, it
restricts non-radiative decay pathways, consequently resulting in a higher
phosphorescence quantum yield.

Furthermore, to check the effects of temperature on the steady-state phosphorescence
emission, a temperature-dependent study has been undertaken by taking different
compositions of glycerol/methanol mixture (60-90%) with varying the temperature
in such a way that the viscosity of the medium remains similar (~58-68 cP) %2, The
result is depicted in figure 3.2.1f. We observed a monotonous increase in the
phosphorescence quantum yield with an increase in the temperature (Figure 3.2.11i).
An increased phosphorescence yield with an increase in the temperature could be
due to the activation energy barrier between the Si-flattened state and the T1-flattened

state, which is overcome easily at higher temperatures, leading to an efficient ISC
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and consequently an increase in the triplet state population. Along with this or
alternatively, the initial Ti-flattened state may converted through an activation
energy barrier to another stable triplet state, which is emissive. According to a recent
theoretical report by Gourlaouen et al. on several Cu(l)-phenanthroline complexes
suggests that the formation of the emissive triplet state (T1) occurs via T> state along
the ligand dihedral flattening coordinate. The calculated value of the spin-orbit
coupling (SOC) for the S1 — T transition is very high over the S; — T transition,
which also justifies the S1 — T2 transition. In addition, they have also shown that S;
and T states have two minima separated by a potential energy barrier along the Cu-
ligand distance coordinate #°. This theoretical result is in accordance to our
proposition for observing high phosphorescence quantum yield of [Cu(dmphen).]CI
at high temperatures in a glycerol. We propose that the influence of viscosity on the
fate of the flattened-T; state of [Cu(dmphen).]CI primarily stems from the restriction
imposed on certain types of structural change in the excited manifold of
[Cu(dmphen)2]CI . To understand the role of viscosity in the formation of the triplet

state, we performed femtosecond time-resolved absorption and emission studies.
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Figure 3.2.1. Steady-state (a) absorption spectra, (b) emission spectra and (c) phosphorescence
quantum yields of [Cu(dmphen).]Cl in dichloromethane (DCM), glycerol, water and methanol
(MeOH). Steady-state emission spectra of [Cu(dmphen)2]Cl in (d) various mixtures of glycerol
in methanol (v/v), (e) water-pool of AOT reverse micelle (RM) of different sizes (Wo=2.5 to
50) along with the bulk water and (f) four different glycerol/methanol mixtures (Blue 60:40,
Brown 70:30, Cyan 80:20 and red 90:10 v/v) at four different temperatures where viscosity
remains similar. The trend in the average phosphorescence intensity in (g) various
glycerol/methanol mixtures (h) various AOT RM systems and (i) four different
glycerol/methanol mixtures of similar viscosity. All emission spectra were recorded at an
excitation wavelength of 450 nm.

Femtosecond Fluorescence Up-conversion Study. An earlier report on
[Cu(dmphen)2]* in DCM suggests that the long component of the biexponential
fluorescence decay at 630 nm corresponds to population transfer from the flattened-
S: state to the flattened-T1 state through the ISC process.*® Following this
information, we recorded the fluorescence decay of [Cu(dmphen)2]Cl in two
different glycerol/methanol mixtures (10% (v/v) and 90% (v/v) glycerol in methanol)

at 630 nm and fitted the same to a bi-exponential function with deconvolution (See
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Figure 3.2.2). From the normalized transients, we can see that in case of 90% (v/v)
glycerol in methanol, the fluorescence decay is slower (with a long component of
11.5 ps) compared to that in the 10% (v/v) glycerol in methanol (with a long

component of 5.3 ps).
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Figure 3.2.2. Normalized fluorescence decay of [Cu(dmphen).]CI at 630 nm in the
glycerol/methanol mixtures: 10% v/v glycerol (purple) and 90% v/v glycerol (red) in methanol,
upon excitation at 400 nm at 25°C.

From this observation we conclude that the formation of the triplet state gets slower
as the viscosity of the medium increases. Hence, it is reasonable to assert that the
viscosity of the surrounding medium retarded the volume changing motion of the
flattened singlet state in [Cu(dmphen).]CI to go towards flattened triplets. Such a
retardation in ISC is likewise observed in the AOT-RM system with various Wos.
Figure 3.2.3 illustrates that as the water pool size of the AOT-RM decreases, the
fluorescence decay becomes progressively slower, with the fastest decay observed in
bulk water. For W=10, the long component of the bi-exponential decay is found to
be 6.9 ps, which gradually decreases upon increasing the water pool size of the RM
and becomes 4.0 ps in Wo=50 (Table 3.2.1). In bulk water, the long component of
the fluorescence decay becomes much faster (2.7 ps). Based on this observation we
propose that ISC coordinate in [Cu(dmphen)2]Cl involves volume changing motion.
However, as the 630 nm signal is not solely controlled by the flattened-S; -

flattened-T1 process %, we cannot extract the time scale of triplet state formation
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from this study. Therefore, we performed a femtosecond transient absorption

spectroscopic measurement.
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Figure 3.2.3. Fluorescence decay of [Cu(dmphen)2]Cl at 630 nm in AOT RM of five different
water pool sizes (a) Wo=10, (b) Wo=20, (c) Wo=30, (d) Wo=40, () Wo=50 and in (f) bulk water
at 25°C. The excitation wavelength was 400 nm.

Table 3.2.1. Fitting parameters of the fluorescence decays of [Cu(dmphen).]CI in two
glycerol/methanol mixtures (90% and 10% v/v glycerol), in various AOT RM (Wo=10 to 50)
and in bulk water at 630 nm at 25°C.

System a1 T4 (fs) a T, (pS)
Glycerol:MeOH (90:10 v/v) 0.47 1141 0.53 11.5
Glycerol:MeOH (10:90 v/v) 0.48 992 0.52 5.3

AOT RM Wy=10 0.64 368 0.36 6.9
AOT RM Wp=20 0.52 350 0.48 6.7
AOT RM Wy=30 0.47 543 0.53 5.9
AOT RM Wyp=40 0.49 624 0.51 5.7
AOT RM Wo=50 0.38 563 0.62 4.0

Water 0.64 414 0.36 2.7

Transient Absorption (TA) Study. The results of the femtosecond transient

absorption (fs-TA) study of [Cu(dmphen)2]Cl in glycerol/methanol mixture and
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AOT RM system of different pool sizes are presented in figure 3.2.4, 3.2.5
respectively. In both systems, the transient signal features a broad positive band with
a peak around 560 nm (Figure 3.2.4a and 3.2.4b), which has been assigned to the
flattened-S: state, following earlier studies 333440, Additionally, two low intensity
satellite bands centred at 650 nm and 730 nm are also observed, which intensified at
longer delay times (see figures 3.2.4a/3.2.4c for 10% (v/v) glycerol in methanol and
figures 4b/4d for 90% (v/v) glycerol in methanol). Following the previous studies,
these two bands are assigned to the triplet states 344, To track the formation of the
triplet state (ISC rate) of [Cu(dmphen)2]Cl , we monitored the Kinetics at 730 nm.
Figures 3.2.4c and 3.2.4f depicts the kinetics at 730 nm in 10% and 90% glycerol in
methanol, respectively. With an increase in the glycerol proportion, the triplet state
formation becomes slower (5.5 ps in 10% glycerol in methanol to 10.4 ps in 90%
glycerol in methanol, see Table 3.2.2). This result clearly suggests a role of volume
changing motion in the triplet state formation of [Cu(dmphen)2]CI.

The fs-TA spectra of [Cu(dmphen)2]Cl inside AOT RM (Figure 3.2.5) is very similar
to that in glycerol/methanol mixture suggesting of same excited state features. Fitted
transients at 730 nm are depicted in figure 3.2.6 and fitting parameters are tabulated
in Table 3.2.2. The ISC time is found to be 5.0 ps for Wo=10 AOT-RM, and becomes
faster on increasing the water pool size. In bulk water the ISC time is found to be 1.8
ps. A reduction in the structural rigidity and micro-viscosity of the medium is
probably the reason for this observation. From the comprehensive data on the kinetics
of triplet formation it is evident that the reaction coordinate involves a volume

changing motion.
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Figure 3.2.4. Femtosecond transient absorption (TA) studies of [Cu(dmphen).]Cl in
glycerol/methanol mixtures. TA spectra at some selective delays in (a) 10 % (v/v) glycerol in
methanol and (b) 90 % (v/v) glycerol in methanol at 25°C. The transient data in the 650-750
nm of 4a and 4b are magnified and shown in 4c and 4d, respectively. Fitted transient kinetics
at 730 nm in (e) 10 % (v/v) glycerol in methanol and (f) 90% (v/v) glycerol in methanol.
Samples were excited at 400 nm.
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Figure 3.2.5. Transient absorption spectra of [Cu(dmphen)2]CI at 25°C in AOT RM of five
different water pool sizes (a) Wo=10, (b) Wo=20, (c) Wo=30, (d) Wo=40, (e) Wo=50 and (f) bulk
water upon exciting at 400 nm at 25°C.
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Figure 3.2.6. Kinetics of transient absorption signal of [Cu(dmphen)2]Cl at 730 nm in AOT
RM of five different water pool sizes (a) Wo=10, (b) Wo=20, (c) Wo=30, (d) Wo=40, (e) Wo=50
and (f) Bulk water at 25°C. Samples were excited at 400 nm.

Table 3.2.2. ISC time-scale extracted from TA signal of [Cu(dmphen);]Cl at 730 nm in
glycerol/methanol mixtures, in various AOT RMs and in bulk water at 25°C.

System ISC time (ps)
Glycerol:MeOH (90:10 viv) 10.4
Glycerol:MeOH (10:90v/iv) 5.5

AOT RM WO0=10 5.0
AOT RM W0=20 4.8
AOT RM WO0=30 4.5
AOT RM W0=40 4.4
AOT RM WO0=50 4.2
Water 1.8

Recently, Gourlaouen et al. theoretically established the involvement of ligand-Cu-
ligand breathing motion in the ISC coordinate of Cu-phenanthrene complex, which
is in line to our proposition.* According to their study, Cu-ligand distance coordinate
S state has two minima, which finally reaches the lowest energy triplet state. Indeed,
upon excitation, the system can access both energy minima, and these minima are
interconnected through an energy barrier. This feature contributes to the complex

dynamics and pathways involved in the intersystem crossing (ISC) process. To
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determine the barrier height between S: and Ti, temperature-dependent fs-TA
measurement of [Cu(dmphen)2]Cl was performed in different glycerol-methanol
compositions where the viscosity of the medium remains similar (~58-68 cP). The
result is presented in figure 3.2.7 and the fitting parameters are tabulated in
table 3.2.3. On increase in the temperature, the rate of the triplet state formation
becomes faster. The rate constant of triplet formation i.e. kisc is estimated by taking
the reciprocal of the growth time component of 730 nm kinetics considering that the
rate constant for the depopulation of the flattened-S; state to the ground state is
insignificant (see Supplementary Material for details). The Arrhenius plot of the
variation of the rate constant of triplet formation with temperature (Table 3.2.3 and
Figure 3.2.7b) yields an activation energy of 5.9 kJ mol=. The barrier height for the
triplet formation is low, implying that it can be readily overcome by fluctuations in

the surrounding medium of [Cu(dmphen)2]Cl due to the temperature.
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Figure 3.2.7. (a) Kinetics of transient signal of [Cu(dmphen).]CI at 730 nm in various
glycerol/methanol mixtures at given temperatures. The mixture composition and the
temperature were chosen carefully so that viscosity of the medium remains similar at those
temperatures (Samples were excited at 400 nm) (b) Arrhenius plot for the determination of
activation energy barrier of 1SC.
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Table 3.2.3. ISC time-scale extracted from TA signal of [Cu(dmphen);]Cl at 730 nm in
glycerol/methanol mixtures at given temperature as presented in figure 3.2.7a. The rate constant
of triplet formation is calculated by taking the inverse of the growth time of triplet formation.

Temp (K) Growth time Rate constant, k In(k) Inverse Temp

(ps) (s~ (I/K)
303 9.3 0.108 —2.226 0.003300
313 8.7 0.115 -2.163 0.003195
323 8.2 0.122 -2.104 0.003096
333 7.5 0.133 -2.017 0.003003

Rate constant for ISC:

k,

flat flat
S1 T1

ky k,

Td Td
SO SO

In the above scheme, as proposed in our study, k, is the decay rate constant of S{ fat
state to ST state, k, is the rate constant of ISC (i.e. k;sc) from /' state to T/'**

state, and k; is the decay rate constant of Tlf 1t state to S&4 state. Thus, we can write,

d Sflat d Tflaf
— [;t ] — (kl + kz)[slflat] and _% — _kz [Slflat] + k3 [Tlflat] (321)

The solution of the above two equations allows one to comprehend how the triplet

state population changes as a function of time, which is shown below.

K, ( S {lat)o

flat] _
[Tl ¢ ] - ks—kqi—ky

{e=(katka)t _ g=kst} (3.2.2)

0, . .
where, (57'“") iis the maximum population of the 5/'** state

Iwamura et al. already reported the radiative rate constants (k,.) for different excited

state manifolds of ([Cu(dmphen).] in dichloromethane. In particular, k, for Slfl“t
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state is in the order of 108 s.33 Considering that there is no non-radiative channel

operating between S{ ft and ST4 sates, k,. is assumed to be k, . From the fluorescence
up-conversion and transient absorption measurements we found that the time

constants of triplet formation are in the order of 10%° s, This allows us to neglect the
contribution of k, compared to k, in the formation of the Tlf " state, i.e. ki < k,.

Thus, we can write time-dependent Tlf fat population as

[Tflat]_ (ﬂat) feFet — oKt} (3.2.3)
_ kz(sflat) fomkat _ g-aty (3.2.4)
flat\° flat\?

K, ( s {lat)o

= —A(e*2t) + A(e *3t),as k, > k;and A = —
27 R3

(3.2.5)

Here, the first and second terms indicate the population growth and decay of the
Tlf ‘@t state, respectively. Under this condition, we consider that the growth time

component may be used to describe the rate constant (k;s.) of the ISC process.

S,
S, T \"/
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Fl So

Attenin ing CO
£ C0-ordingye volume chang

Scheme 3.2.2. A schematic of general relaxation mechanism for photoexcited
[Cu(dmphen).]CI.
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From the analysis of our experimental observations, we present an overall relaxation
process of the photoexcited [Cu(dmphen)2]CI in scheme 2, where we have
successfully captured the effect of surrounding viscosity on the excited state ISC
dynamics involving volume changing reaction coordinate. We believe that this result
will add a new insight into the recent understanding of vibration-assisted intersystem

crossing process.

3.3. Conclusions

The present study proposed the involvement of volume changing motion in the
singlet-triplet dynamics and also in the fate of the triplet state of [Cu(dmphen)2]CI
using steady-state and time-resolved absorption and emission spectroscopies. By
controlling the viscosity and confinement in glycerol/methanol binary solvent
mixture and water pool size of AOT-RM, we conclude that molecular vibration might
play a crucial role in deciding the phosphorescence quantum yield of
[Cu(dmphen)2]Cl. The femtosecond transient absorption study in combination with
the fluorescence up-conversion investigation reveal that the triplet formation
dynamics is in the order of few ps. The strong viscosity/confinement dependence of
this time constant leads us to propose that the ISC coordinate involves a volume
changing motion in [Cu(dmphen).]CI. From the temperature dependent femtosecond
transient absorption experiments in glycerol/methanol mixtures, where the viscosity
remains similar at different temperatures, the activation barrier is estimated to be 5.9
kJ mol~t. A recent theoretical study also revealed the existence of an activation
energy barrier in the ISC channel along the copper-ligand distance coordinate.* This
comprehensive understanding revealed the significance of molecular vibrations in
governing ISC in [Cu(dmphen)2]CI , which is an activated process. We believe that
our study will add a significant contribution to the contemporary research on

vibration assisted ISC.
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The photochemistry and photophysics of thiocarbonyl compounds, analogues of
carbonyl compounds with sulfur, have long been overshadowed by their
counterparts. However, recent interest in visible light reactions has reignited
attention towards these compounds due to their unique excited state properties. This
study delves into the ultrafast dynamics of 7-diethylaminothiocoumarin (TC1), a
close analogue of a well-known probe molecule coumarin 1 (C1), to estimate
intersystem crossing rates, understand the mechanism of fluorescence and
phosphorescence, and evaluate TC1's potential as a solvation dynamics probe.
Enclosing TC1 within an organic capsule indicates its potential applications even
in aqueous environments. Ultrafast studies reveal a dominant sub-picosecond
intersystem crossing process, indicating the importance of upper excited singlet and
triplet states in the molecule's photochemistry. The distinct fluorescence and
phosphorescence origins, along with the presence of closely spaced singlet excited
states, support the observed efficient intersystem crossing. The sulfur atom alters the
excited state behavior, shedding light on reactive triplet states and paving the way

for further investigations.
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4.1 Introduction

The photochemistry and photophysics of thiocarbonyl compounds, i.e. the sulfur
analogues of carbonyl compounds, have been overlooked for decades in favor of
carbonyl compounds.t* Despite the undesirable characteristics such as foul smell
and poor stability, these molecules have been established to possess interesting
excited state properties such as emission® and reactivity from upper excited states®
and quantitative rapid conversion to lower triplet from excited singlet manifold.®
Fortunately, smell is compensated by attractive color of these molecules. Recent
interest in conducting reactions with visible light, has refocussed the attention on

molecules containing thiocarbonyl chromophore.”-1

One of the current authors’ interest in thiocarbonyl compounds dates back to early
1970s.1-13 Towards the waning years of his activities in this area, his group noted
that thiocoumarins possess close to unity quantum vyield of intersystem crossing
(ISC) as well as several properties similar to diaryl, dialkyl and arylalkyl
thioketones.'*'6  Unfortunately, unlike in thioketones, since S, and S; states are
closer in energy in thiocoumarin it was not possible to identify reactions from upper
excited states and unequivocally identify the electronic nature of the state from
which the weak fluorescence and strong phosphorescence originate.!” At that time,
due to lack of ultrafast facilities, the rate and the origin of ISC could not be
determined. In this article we have fulfilled the gap by probing the ultrafast
dynamics of 7-diethylaminothiocoumarin (TC1, Scheme 1 for structure), a close
analogue 7-diethylaminocoumarin (C1, Scheme 1). Our interest in TC1, as opposed
to the parent thiocoumarin, derives from the central role of the analogous C1 in
molecular photochemistry and photophysics. C1 is a well-known probe to monitor
solvation dynamics in various media'®?* and derivatives of it have served as
photoprotecting groups in organic photochemistry.?>?8 We hoped that TC1 will
display similar properties and thought therefore it is important to gain knowledge of
its photophysics. Our goals in the current undertaking were to estimate the rates of

ISC from the singlet manifold to the triplet, to understand the mechanism of ISC, to
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identify the origin of fluorescence and phosphorescence and to establish the viability

of using TC1 as a probe to monitor solvation dynamics.

It is well known that the excited molecules possessing thiocarbonyl chromophore
are deactivated through physical?® and chemical quenching by self, solvent and
oxygen.t 3 123040 Tq jsolate the molecule from the above solvent surroundings,
another molecule of its own kind and oxygen, the excited state dynamics of a single
TC1 molecule enclosed within an organic capsule formed by two molecules of octa
acid (Scheme 1) was investigated.**> As expected, the dynamics were cleaner than
in organic solvents and intense phosphorescene was recorded even at room
temperature indicating that the TC1 molecule even in millisecond time scale was not
exposed to exterior water molecules and oxygen.*® As discussed below, the excited
singlets live only for subpicsecond and in that time scale, certainly, the encaged TC1
IS not expected to interact with any other molecules except the walls of the capsule.
Thus, we were able to monitor the dynamics of an encaged TC1 molecule in aqueous

solution at room temperature.

There have been a few ultrafast studies on thiocarbonyl molecules including parent
thiocoumarin (TC).4">! A short S; lifetime of 100 fs*' was reported in TC, being
attributed to the presence of a conical intersection between S to S1. 1SC is suggested
to occur from S; to Ti. A series of indepth ultrafast studies on thiocarbonyl
substituted nucleic acid bases reveal that the Sy state of these molecules live only for
a few hundred of fs.4%>1 Once again, the short lifetime of Sy is attributed to the
presence of a conical intersection leading Sz to S1. The ISC to T2 and Tz is proposed
to occur from Si. Direct crossing from Sz to the triplet manifold is suggested to be
only a minor pathway. However, an early study suggested direct T> formation from
S, of dialkyl thioketones.®? The rapid ISC in these systems is suggested to involve
crossing from Sy to T» followed by internal conversion to Ti. Interestingly, even
photoreactions are speculated to originate from T2.1%53 Thus, in addition to S1 and
T, upper excited singlet and triplet states could play a role in the photochemistry

and photophysics of TC1. The extraordinarily short lifetimes and high triplet yields
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reported for thiocarbonyl substituted nucleic acid bases and various thioketones,

prompted us to undertake a detailed ultrafast studies on TC1.

It is well-known that thiocarbonyls react with solvents from upper excited states and
deactivate by interacting with solvent C-H bonds.?® 37-38.54-55 These make the study
in organic solvents as well as OA encaged TCL1 challenging, We believe the insights
we gain from the current study with TC1 would help us exploit systems like TP1
(Scheme 4.1.1) as a photoprotecting group.?®  Surprisingly, we found that the
absorption and excitation spectra for fluorescence in TC1 do not overlap suggesting
that there is a hidden state with almost negligible absorption co-efficient.>®
Furthermore, we have made progress in identifying the states involved in the singlet-
triplet crossing and measured the corresponding rates. However, the mechanistic

origin of the fast ISC remains to be determined.
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Scheme 4.1.1: (a) Molecular structure of 7-diethylaminocoumarin (coumarin-1 or C1), 7-
diethylaminothiocoumarin (thiocoumarin-1 or TC1) and 7-diethylaminothiocoumarin
phototrigger ( TP1) (b) Chemical structure of water-soluble octa acid (OA) cavitand (c) Three-
dimensional structure of OA cavitand.

4.2 Results and Discussion

Our initial studies revealed the fluorescence quantum yield (¢() of TC1 to be

exceptionally low (~10-4) compared to its oxygen analog C1 (0.73).°" Further, the

¢y of TC1 was found to depend strongly on the solvent (see Table 4.2.1). In

addition, the excitation spectrum of the fluorescence did not fully match with the
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absorption. These unusual observations prompted us to undertake ultrafast

experiments whose results are discussed below.

4.2.1 Steady-state and time-resolved absorption/emission studies in solution.
The steady-state absorption and emission spectra of TC1 in various polar and
nonpolar solvents are shown in Figures 4.2.1a and 4.2.1b. In acetonitrile the
absorption maximum is at 456 nm with the molar absorption coefficient (&) of
43,500+750 M~ cm™ (see Figure 4.2.2). This is about two times higher than for
C1.%® Upon decreasing the polarity of the solvent a hypsochromic shifts of the
absorption (left panel) and the emission (right panel) maxima are observed (see
Table 4.2.1) suggesting the excited state dipole moment of TC1 to be higher than
that of the ground state.
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Figure 4.2.1. Steady-state (a) absorption and (b) emission spectra of TC1 in different solvents;
hexane (Lex = 400 nm), toluene (Aex = 450 nm), chloroform (Aex = 440 nm), THF (Aex = 400
nm), DCM (Aex = 440 nm), MeOH (Aex = 440 nm), ACN (Lex = 440 nm), and DMSO (Aex =
440 nm) at 25°C All the absorption/emission measurements were done in aerated condition
without any special treatment.
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Figure 4.2.2. Calculation of the molar extinction coefficient (&) of TC1 through the steady-
state absorption measurement in aerated condition at 25°C. Steady-state absorbance of TC1 in
ACN solvent at 456 nm vs concentration of the probe TC1 dye. From the linear equation fit of
Lambert-Beer’s law we have found the molar extinction coefficient (¢) of TC1 is ~43500+750
Mt cm? at 456 nm.

Table 4.2.1. Experimental absorption maxima, emission maxima, and fluorescence quantum
yield (@) of TC1 in different solvents.

Medium APns (nm) ATCY (nm) df

Gas phase Nil Nil Nil

Hexane 401,421,445 | 480,512,590,645 | 0.000583
(A,=400 nm)

Toluene 432,452 502,590,640 0.00183
(Aex=450 nm)

Diethyl ether 426,446 483,586 Nil
(A,=400 nm)

Chloroform 442 464 497 Nil
(Ax=440 nm)

THF 434,453 497 0.00145
(Aex=400 nm)

DCM 442,462 500 0.000469
(Aex=440 nm)

Methanol 439,460 518 0.0036
(Aex=440 nm)

Acetonitrile 440,458 515 0.00027
(Aex=440 nm)

DMSO 445,466 516 0.00133
(Ax=440 nm)
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In nonpolar solvents (e.g. hexane, tetrahydrofuran and toluene), the major emission
band near 500 nm is accompanied by two low intensity bands at 595 nm and 640 nm.
In line with the previous works on thio-analogs of cyclic thioketones and
thiocoumarins, we attribute these bands to phosphorescence.t*546 Emission
recorded under oxygen and nitrogen saturated conditions (Figure 4.2.3a) confirmed
the long wavelength emission to be phosphorescence. The emission with maxima at
595 and 640 nm that was weak under aerated conditions was completely quenched
upon bubbling the solution with oxygen. However, saturation of the solution with
nitrogen brought back the emission. This observation leads us to conclude the origin
of the 595 nm and 640 nm bands to be the triplet state. This observation is quite
interesting as it established that thio-coumarin compounds are potential room
temperature phosphorescence (RTP) molecules and might have wide applicability.
A similar observation is also observed for TC1 in acetonitrile (see Figure 4.2.3Db).
To further confirm the origin, the emission spectra at 77 K in ethanol (polar) and
methylcyclohexane (non-polar) glasses were recorded. From the spectra shown in
Figures 4.2.4a-b we note an increase in intensities of the 595 nm and 640 nm bands
upon lowering the temperature. This is due to suppression of oxygen and self-
quenching in a rigid glassy medium, phenomena well-established for thiocarbonyl
systems in solution.': ® The gated emission spectrum after 0.1 ms of the excitation,
shown in Figure 4.2.3c, contains only bands above 580 nm. The emission decay
monitored at 595 nm could be fitted to a single exponential function with a lifetime
of 4.2 ms (Figure 4.2.3d). The long lifetime, intense emission at 77 K and oxygen
guenching in solution support our conclusion that the long wavelength emission in

non-polar solvents at room temperature is phosphorescence.
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Figure 4.2.3. Steady-state emission in O2/N2 purged condition, time-gated emission
spectroscopy, and lifetime measurement: (a,b) Steady-state emission of TC1 in hexane and
ACN in aerated and different purged conditions (Aex= 400 nm and 430 nm for Hexane and
ACN respectively) (c) Time-gated emission spectra (4., = 445 nm, delay 0.1 ms, gate width

3 ms) in EtOH glass a 77 K (d) Emission lifetime decay at 595 nm of TC1 in EtOH glass at 77
K.

To understand the origin of the fluorescence, the excitation spectra of TC1 in both
polar and non-polar solvents were recorded and these with the absorption spectra are
presented in Figures 4.2.5a-d. Surprisingly, the excitation spectrum of TC1 is red-
shifted to absorption spectra in all the solvents. For C1 the excitation spectrum
matches exactly with the absorption spectrum, which signifies that the emissive state
is coupled with the Franck-Condon state (see Figure 4.2.6). Earlier photophysical
studies on parent thiocoumarin molecules reported the exact matching of excitation
spectrum with the absorption spectrum.*® However, as seen in Figure 4.2.5a-d, in

TC1 the excitation spectrum does not match with the absorption spectrum, and this
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led us to conclude that the emissive state is not coupled to the FC state of the

molecule.
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Figure 4.2.4. Steady-state non-gated low temperature (77 K) emission spectral measurement:
(@) TC1 in ethanol (EtOH, Aex=457 nm) and (b) in methylcyclohexane (MCH, Aex=422 nm).
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Figure 4.2.5. Steady-state excitation, emission spectral measurement and fluorescence
quantum yield measurement: EXxcitation spectra (right axis) and absorption spectra (left axis)
of TC1 in (a) hexane (Hex) and (b) acetonitrile (ACN), (c) dichloromethane (DCM) and (d)
dimethylsulphoxide (DMSQO) in aerated condition at 25°C (Aem for excitation spectral
measurements are indicated in the figures). (e) Excitation wavelength-dependent fluorescence
quantum yield of TC1 in ACN solvent (Using the reference quantum yield 0.032 of coumarin
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481 in 50 % ethanol). (f) Steady-state emission spectra of TC1 in ACN at various excitation
wavelengths in aerated condition at 25°C (The insignificant shift of the fluorescence maximum
position is highlighted in the inset figure)

—
]
—~—
P
o
—

—_ 1.0 Cimex — Absorption 1.0 —_ 1.0 C1/ACN — Absorption 1.0
— Emission — — issi -
g 0.8+ (hec=350nm) 0.8 % g 0.8- (lfglngo.?m) -0.8 ;-
Z— --- Excitation =] 2 --- Excitation >
o 0.6- (om=3%00m) L06 £ T 0.6 (om=435nm) 0.6 2.
: 2 8 2
g 0.4—‘: -0.4 g _tEu 0.4—-_\ -0.4 S
2 027 02 3 3 02 02 3
<
0.0+ e Jgo  Cogol L Sim——o g
300 400 500 600 300 400 500 600
Wavelength (nm) Wavelength (nm)

Figure 4.2.6. Steady-state absorption, emission, excitation spectral measurement: Absorption
spectra (left axis, red solid line), emission spectra (right axis, blue solid line), and excitation
spectra (right axis, blue dotted line) of TC1 in (a) hexane (Hex) and (b) acetonitrile (ACN) in
aerated condition at 25°C (Aem and Aex for excitation and emission spectral measurements are
indicated in the figures).

To probe the origin of the unusual shift in the fluorescence excitation spectrum, we
measured the excitation wavelength dependent fluorescence quantum yield (¢f)
(Figure 4.2.5¢). According to Vavilov’s rule, ¢, should be independent of the
excitation wavelength for molecules emitting from the lowest excited singlet state,
which is valid for most fluorophores. However, for TC1 in acetonitrile, we observed
a 7-fold increase in ¢, upon changing the excitation wavelength from 440 nm (¢, =

2.7 x 107*) t0 490 nm (¢, = 19.9 x 10™*) (see Table 4.2.2 for measured data).

Table 4.2.2: Excitation wavelength-dependent fluorescence quantum yield (¢;) of TC1 in
ACN solvent

Excitation wavelength (nm) by
410 0.00024 +1.6e705
420 0.00027 £3.6e0>
430 0.00027 +4.1e>
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440 0.00027 £5.4e0>
450 0.00029 £6.3e0>
460 0.00036 £0.000129
470 0.00049 £0.000177
480 0.00089 £0.000346
490 0.00199 +0.00038

This observation indicates the presence of a highly fluorescent low energy state that
Is feebly accessible by direct light absorption. We believe, the red-shifted state is
strongly emissive, but has very low absorption cross-section. We propose that the
measured absorption spectrum is a linear combination of the two lowest singlet

excited states. Two orders lower ¢, in TC1 with respect to C1 is likely to be the

result of the presence of faster non-radiative channels in the singlet manifold.

The fluorescence lifetime of TCL1 in hexane, acetonitrile and dichloromethane at
their corresponding emission maxima is measured using femtosecond fluorescence
up-conversion technique; decay traces are displayed in Figure 4.2.7. In hexane, the
lifetime of TC1 is found to be single exponential with a time constant of 150 fs. In
the case of acetonitrile, the decay was best fitted to a biexponential function with
two time constants of 1.2 ps (43%) and 4.7 ps (57%). The fluorescence decay time
constants of TC1 in hexane, acetonitrile, dichloromethane are tabulated in
Table 4.2.3. The fluorescence decay of TC1l in dichloromethane shows a bi-

exponential behavior, like in acetonitrile.

The origin of two lifetime components in acetonitrile and dichloromethane is
proposed to be two closely spaced excited singlet states. If it is true, then we must
expect a change in the excitation spectrum if the emission is monitored at different
wavelengths. However, we have not seen any spectral shift of the excitation
spectrum by changing the observed emission wavelength in acetonitrile and
dichloromethane (see Figure 4.2.5b, 4.2.5c).
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Figure 4.2.7. Fluorescence lifetime decays of TC1 in (a) hexane (Hex) (Aem = 490 nm); (b)

acetonitrile (ACN) (hem = 520 nm), and (c) dichloromethane (DCM) (Aem = 510 nm) at 25 °C.
All the fluorescence decays were measured in aerated conditions.

Table 4.2.3: Fitted kinetic parameters of TCL1 in specified solvents in their fluorescence
emission maximum.

Solvent a1 T1 (pS) a T2 (pS)
Hexane 1 0.15 - -
ACN 0.43 1.2 0.57 4.7
DCM 0.83 0.6 0.17 4.2

# Error in fitted time constants: +30 fs for ultrafast growth component, +0.2 ps for picosecond
component

This is probably due to the large difference in the fluorescence quantum yield of the
two emissive states in TC1. Quite likely the one with the larger quantum yield
contributes to the overall emission. Earlier reports on parent thiocoumarin (TC)
attributed the biexponential fluorescence decay to the equilibrated and
unequilibrated vibrational energy levels of the singlet excited state.*® If this is true,
then we would expect a gradual shift in the emission spectra upon changing the
excitation wavelength as was reported for TC. However, in this study, we have not
seen any gradual shift of the emission maxima of TC1 in acetonitrile on changing
the excitation wavelength (see Figure 4.2.5f). Rather, we observed a negligible shift
in the emission maximum beyond a certain excitation wavelength (see Figure 4.2.5f

inset figure). This indicates that the two emissive states of TC1 are not due to
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different vibrational levels within a single excited singlet manifold. In the case of
TC1, in all likelihood, atleast two distinct electronic states play a role in this unusual
phenomenon. Consistent with this, as discussed above, two lifetimes were measured
in acetonitrile and dichloromethane. Most likely in the case of hexane, the limited

time resolution of our instrument (IRF~250 fs) missed the second component.

The combined fluorescence quantum yield and lifetime data suggest that most of the
excited state population in TC1 is dispersed through non-radiative pathways. The
occurrence of intense phosphorescence in low-temperature glass,*® suggests that ISC
Is the most probable non-radiative channel operating in the excited singlet manifold
of TCL1. To authenticate this proposal, a femtosecond transient absorption study was
conducted. Transient absorption spectra of TC1 in hexane and acetonitrile at
different probe delay times are presented in Figure 4.2.8. At very early times, a
negative band appears that matches the steady-state emission spectrum (see
Figure 4.2.9), which is assigned to the stimulated emission (SE) band. This negative
band converted to a broad positive band within a few picoseconds, that partially
decays (until ~80-90 ps in both hexane and acetonitrile) and then remains unaltered
till 1 ns (time window of our measurement). The positive band (460 nm to 730 nm)
Is assigned to the excited state absorption (ESA) band of the triplet state. The spectral
feature of the ESA band in the early time (2 ps and 10 ps in the case of hexane and
acetonitrile, respectively) was found to be different compared to the same in the later
time regime. The former has been assigned to the ESA of higher order triplet (T;,),
whereas, the ESA band at the later time is assigned to the (T;,) state. Radiationless
decay of T, to T; is a spin-allowed process, observation of a fast decay of the T,

state is not surprising.
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Figure 4.2.8. Transient absorption response (pump, 400 nm, probe, 460-730 nm) of TC1 in
hexane (left panel) and acetonitrile (right panel). (a, d) TA spectra at some representative delay
times for hexane (Hex) and acetonitrile (ACN) respectively. In Hex, the TA spectra consist of
extremely feeble SE around 500 nm (cyan) and strong ESA over the whole probe spectral
window (red). In ACN, spectra consist of SE around 520 nm (Green) and ESA above 600 nm
(red) . (b, e) Fitted kinetics of TC1 in Hex and ACN solvent at three selective wavelengths of
the whole probe window spectra. (c, f) Decay-associated spectra from the global analysis of
TA data in Hex and ACN solvent. For TC1 in Hex solvent, three global time constants are 95
fs, 15.5 ps, and > 2 ns, and in ACN solvent, four global time constants are 0.6 ps, 2.8 ps, 21 ps,
and > 2 ns. Both the transient measurements were done in aerated condition.
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Figure 4.2.9. Match of the inverted steady-state emission spectra of TC1 with the time-
resolved SE bands from TA measurement: TC1 in (a) Hexane (left) (b) Acetonitrile (right) at
specified delay time. All the measurements were performed in aerated condition.

Similar transient spectral characteristics of TC1 have been found in dichloromethane
(see Figure 4.2.10a). Thus, we believe the excited singlet decays to the upper triplet
that relaxes to T1. To get an idea about the time scale of triplet formation, we
performed the kinetic analysis of the transient spectra (see Figures 4.2.8b,e, and
Table 4.2.4). In hexane, we observed a rise time of 220 fs, which closely matches
the fluorescence lifetime of TC1. This observation indicates an ultrafast ISC for TC1
in hexane. The existence of the second emissive state of TC1 could not be resolved
in hexane due to the limited time resolution of the instrument. On the other hand, in
case of TC1 in acetonitrile, we observed two distinct rise time components (~500 fs
and ~2 ps). Interestingly, during the lifetime measurement of TC1 in acetonitrile, we
observed two decay time constants. A similar kinetic feature was observed in
dichloromethane (see Figure 4.2.10b). This is what we expected from our

proposition of the existence of two emissive states in TC1.
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Table 4.2.4: Fitted data of single point kinetic analysis of TC1 in specified solvents at three
mentioned wavelengths.

Solvent | Spectral a1 T1 a T2 as T3 a4 T4
range (ps) (ps) (ps) (ns)
(nm)
498-502 -0.016 | 0.25 | 0.002 | 20.0 | 0.0054 | > 10
Hexane | 598-602 -0.014 | 0.32| 0.01 |19.8| 0.014 |>10
698-702 -0.017 | 0.22 | 0.005 | 16.1| 0.008 |>10

513-517 | -0.011 | 0.45| -0.035 | 2.45| -0.018 | 15.7 | 0.005 |>10

ACN 598-602 | -0.013 | 0.47 | -0.008 | 2.08 | 0.007 |18.2| 0.009 |>10

698-702 | -0.012 | 0.55| -0.004 | 1.54 | 0.007 | 164 | 0.01 |>10

513-517 | -0.024 | 0.34 | -0.034 | 1.90 | 0.007 | 40.0 | 0.007 |>10

DCM 598-602 | -0.013 | 0.40 | -0.005 | 2.15 | 0.005 | 39.6 | 0.011 |>10

698-702 | -0.084 | 0.31 | -0.003 | 1.99 | 0.004 | 33.0| 0.011 |>10

# Error in fitted time constants: +30 fs for ultrafast growth component, +0.2 ps for picosecond
growth component and +2 ps for intermediate decay components

To get a better idea of the involvement of a number of excited states in the
photophysical process of TC1, we performed global analysis of TA data to identify
the decay-associated spectra (DAS). Figure 4.2.8c presents three DAS obtained for
TC1 in hexane. The DAS for the 95 fs component has a strong SE feature, while the
15.5 ps and >2 ns components have a prominent ESA features, where the amplitude
and sharpness of the former are smaller compared to the latter. On the other hand,
we observed four DAS components for TC1 in acetonitrile (see Figure 4.2.8f), where
the fast components (0.6 ps and 2.8 ps) are of SE type, and the other two components
(21 ps and >2 ns) are of ESA type. The 2.8 ps DAS matches well with the steady-
state emission spectrum, while the 600 fs DAS probably represents the other short-
lived emissive state, we proposed above. The spectral features of the long-lived DAS
(21 ps and >2 ns) are broad in nature. The >2 ns DAS has been assigned to the lowest
triplet state (7;) for both in hexane and acetonitrile. The 15.5ps and 21 ps
components of TC1 in hexane and acetonitrile, respectively, are of ESA type. We
presume these are the higher triplet states (T;,), which converts to the T, state via
internal conversion (IC). Similar DAS components (two SE type and two ESA type)

have also been obtained for TC1 in dichloromethane (see Figure 4.2.10c), and we
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assign them in the same line as in acetonitrile. It has also been observed that by
changing the polarity of the solvents from Hexane to DCM to ACN, the hump

position becomes red-shifted, suggesting that the T, state has m — m* character.
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Figure 4.2.10. Transient absorption (TA) response (pump, 400 nm, probe, 460-730 nm) of TC1
in dichloromethane (DCM): (a) TA spectra at some representative delay times for DCM. In
DCM solvent also, the TA spectra consist of SE around 515 nm (green) and strong ESA over
the whole probe spectral window (red) (b) Fitted kinetics of TC1 in DCM at three selective
wavelengths of the whole probe window spectra (c) Decay-associated spectra from the global
analysis of TA data in DCM. For TC1 in DCM solvent, four global time constants are 0.4 ps,
2.9 ps, 27 ps and > 2 ns. All the measurements were performed in aerated condition.

If the proposition of two emissive states having different lifetimes in TC1 is true,
one should observe a shift in the fluorescence spectrum as a function of time. At
early time, the emission will be observed from both the states, whereas, at the later
time, emission will be observed only from the long-lived state. To check the same
we re-constructed the time resolved emission spectra (TRES) from the measured
fluorescence decays at different wavelengths throughout the emission band (see
Figure 4.2.11a,b). Consistent with the above expectation, a small change in the

spectral maximum was observed. However, as acetonitrile is a polar solvent, it may
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also solvate the excited state of TC1 leading to a shift in the emission spectrum, that
contributes to the observed shift. Nevertheless, the observed dynamics of spectral
shift found to be quite slow (10-12 ps) compared to the computed peak frequency
shift due to the solvation dynamics in acetonitrile using the bi-exponential solvation
time constants of 0.089 ps (69%) and 0.63 ps (31%)% as shown in Figure 4.2.11c.
In addition, it has also been observed that after photoexcitation the peak frequency
marginally shifts until 1 ps (see Figure 4.2.11d), which indicate that the LE state of
TC1 achieved through 400 nm excitation is not solvatochromic in nature. Overall,
the results authenticate the proposition of the existence of two singlet emissive states
in TC1.
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Figure 4.2.11. (a) Fluorescence lifetime decay of TC1 in acetonitrile at various emission
wavelengths (480-560 nm) in Fluorescence Up-conversion. (Aex=400 nm) (b) Time-resolved
emission spectra (TRES) of TC1 in ACN are constructed from the fitted coefficients of the
fluorescence transients (c) Comparison of time-dependent fluorescence peak frequency shift
and excited state solvation dynamics related peak frequency shift simulated from the bi-
exponential solvation time constants of 0.089 ps (69%) and 0.63 ps (31%)?3. The TRES shows
that the fluorescence peak frequency shift is occurring up to 10-12 ps. (d) Time-dependent
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fluorescence peak frequency shift related to the solvation of the excited state dipole of TC1 in
acetonitrile (ACN). All the fluorescence decays were measured in aerated conditions.

4.2.2 Steady-state and time-resolved absorption/emission studies within a
confined capsule. Octa acid is known to form closed capsular host-guest capsular
complexes with varieties of guest molecules.*>43 % The use of OA as host allows us
to examine the excited state dynamics of TC1 within a highly confined non-polar
OA capsule. Given that excited thioketones are known to be highly reactive in
organic solvent media and relax through interaction with C—H bonds of solvents,®
12,13, 5 3 well-defined and restricted environment medium is appropriate to gain a
better insight into the excited state dynamics of TC1. Recently we established by
'H NMR that OA forms a 2:1 host-guest complex with TC1 in borate buffer solution
(pH 7.4).% In this study, steady-state absorption and fluorescence measurements
were utilized to monitor the binding of TC1 to OA cavity (Figures 4.2.12a,b). A
drastic change in the absorption and fluorescence characteristics of TC1 was
observed when OA was added to TC1 in water (borate buffer). Consistent with our
previous work,> the above experiments suggested that the formation of OA-TC1
capsular complex is a two step process (see Figures 4.2.12c,d). The binding constant
for the formation of 1:1 complex (TC1@OA) is estimated to be 2.5x10° M,
whereas, the binding constant of the 1:2 (guest to host; TC1@O0A:?)) complex is quite
high (3.1x10'* M2). For a solution of 3 uM TC1 and 17 uM OA, the amount of free
TC1, 1:1 complex (TC1@OA) and 1:2 complex (TC1@OA:) are estimated to be
<1%, 3% and 96%, respectively.
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Figure 4.2.12. Absorbance and fluorescence titration of TC1 (3 uM) with octa acid (OA).
Change in (a) Absorption (b) Emission upon gradual addition of octa acid (0-17 uM) (c) Plot
of 1/A¢rvs 1/[OA] for TC1 in borate buffer (d) Plot of emission quantum yield (¢r) of TC1 vs
[OA] in borate buffer with varying concentrations of OA. All the spectral measurements were
performed in No-purged conditions.
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Figure 4.2.13. (a) Steady-state emission spectra of TC1 inside the octa acid (OA) cavity in
borate buffer solution (excitation wavelength 430 nm) at room temperature; (b) Excitation
spectra for the 595 and 640 nm emission bands and comparison with the absorption spectrum;
(c) Excitation spectra for three different fluorescence emission regions (505, 520, and 535 nm)
and comparison with the absorption spectrum. All the measurements were done in aerated
condition.
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The steady-state emission spectra of TCL@OA: exibits a strong band in 560-750 nm
region and a weak band around 490-550 nm (see Figure 4.2.13a). The band above
550 nm resembles the phosphorescence measured under nitrogen purged condition
in hexane (Figure 4.2.3a). Thus, we assigned the low energy band as
phosphorescence, and the high energy band as fluorescence. The excitation spectra
for both the emission bands are shown in Figures 4.2.13b,c. The excitation spectra
for the phosphorescence band match very well with the absorption spectrum of TCL1.
On the other hand, the excitation spectra for the fluorescence band are found to be
red-shifted to the absorption spectrum. These results undoubtedly suggest that
fluorescence mainly originating from a low lying singlet excited state, while the
phosphorescence is mainly coupled to the high energy singlet exited state through
ISC. This suggests that the internal conversion from upper to lower singlet is slower
than I1SC. Further, the probability of transition from the ground state to the high
energy singlet state is higher compared to the same to the low energy singlet excited
state. Thus, the study of TC1 within OA cavity helps us to prove the existence of
two closely spaced excited singlet states. The state with high transition probability
from the ground state have the higher energy and is dark. This high energy state is
mainly responsible for the generation of triplets, leading to the observation of
phosphorescence. The low energy state is somewhat bright state but have very low
transition probability from the ground state. This state is mainly responsible for the

fluorescence.

The fluorescence lifetime of TC1 in OA cavity monitored at selected wavelengths
were fitted into three components (0.3 ps, 30 ps and 420 ps; see Figure 14, fitted
parameters are tabulated in Table 5). Within the OA cavity, the singlet state lifetime
of TC1 is found to be ultrafast, similar to that in hexane. The two fast time
components (0.3 ps, 30 ps) were assigned to the two nearly degenerate singlet states.
The long component (420 ps) most likely is due to the contribution of

phosphorescence.
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Figure 4.2.14. Normalized fluorescence decays of TC1 inside the octa acid (OA) cavity at
three emission wavelengths: 505 (blue), 520 (red), and 535 nm (green) (Aex=400 nm) at 25 °C.
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All the measurements are done in nitrogen-purged conditions.

Table 4.2.5: Fitted kinetic parameters of the fluorescence lifetime decay of TC1 inside the octa

Chapter-4

acid
Wavelength | as 71 (PS) a T2 (PS) as T3 (PS)
(nm)
500 0.72 0.26 0.13 17 0.15 440
520 0.62 0.29 0.18 30 0.20 420
535 0.59 0.27 0.21 31 0.20 430

# Error in fitted time constants: +30 fs for the ultrafast component, +2 ps for the intermediate

picosecond component, and £20 ps for the long component

Table 4.2.6: Fitted data of single point Kinetic analysis of TC1 inside the octa acid

Wavelength | a: T1 az T2 as 73 (pSs) | as T4

(nm) (ps) (ps) (ns)
520+2 -0.0048 | 0.17 | -0.0004 |12 |0.0004 | 950 |0.002 |>10
60042 -0.0039 | 0.36 | -0.0007 |14 |0.0012 | 1750 |0.003 |>10
700+2 -0.0250 | 0.42 | -0.0003 |22 | 0.0006 | 1600 |0.003 |>10

# Error in fitted time constants: +30 fs for the ultrafast growth component, +2 ps for the

intermediate picosecond component, and +50 ps for the long component
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Figure 4.2.15. Transient absorption response (pump, 400 nm, probe, 460-730 nm) of TC1
inside the octa acid (OA) cavity. (a) TA spectra at some representative delay times. In the OA
cavity, the TA spectra consist of SE around 480-550 nm (Green) and ESA above 600 nm (red).
(b) Fitted kinetics of TC1 in OA at three selective wavelengths of the whole probe window
spectra. (520, 600, and 700 nm) (c) Decay-associated spectra from the global analysis of TA
data in octa acid (OA). For TC1 in OA, four global time constants are 50 fs, 15 ps, 970 ps, and
> 10 ns. The transient measurement was performed in N2-purged condition.

The TA spectra of TCL@OA: have a SE band in 480-550 nm region in the early
time, which converted to a broad ESA band at later time (see Figure 4.2.15). The
transient spectral analysis shows that the SE band is short lived, and the triplet-
related ESA arises quickly. To understand the timescale of excited state processes,
we performed the kinetic analysis of the transient data in three selective wavelengths
i.e. 520, 600, and 700 nm (see Figure 4.2.15b). From the fitted parameters of the
transient data (See Table 4.2.6) we see two rise time components (~0.3 ps and 15 ps)
in the triplet state formation, indicating a ultrafast population growth of the triplets.
From the global analysis of the TA data we found four DAS components of TC1 in
OA capsule (see Figure 4.2.15c). The time component of DAS suggests that the first
two components (50 fsand 15 ps) are SE type, and the other two components (970 ps
and >10 ns) are ESA type. The results show that inside the OA cavity the rate of ISC

is extremely fast (~10! s71), which is probably due to the non-polar environment of
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the cavity.%° The results within OA capsule resembles those in hexane. It is known
that the capsular interior is non-polar. A comparison of the results in the three
solvents (hexane, acetonitrile and dichloromethane) and within OA cavity suggest
that the excited state dynamics of TC1 is highly dependent on the polarity of the
solvent. Given that the excited state electronic nature may be subjected to charge
transfer from the 7-amino group to the thiocarbonyl side, such a solvent dependence
IS not unanticipated. To gain a better understanding of the excited state manifold of
TC1 and the origin of ultrafast ISC, we performed TDDFT calculations whose

results are presented below.

4.2.3 TDDFT calculation. Spectra of of TC1 in acetonitrile computed using TDDFT
and the cLR-PCM method, revealed two closely spaced singlet states, S; (2.86 eV)
and S, (2.92 e¢V), with nt* and nn* characters, respectively, at the Franck-Condon
(FC) point (see Figure 4.2.16 and Tables 4.2.7,4.2.8). The latter state is brighter and
also involves intramolecular charge transfer from the amino to the thiolactone end,
similar to that reported in substituted coumarins.®* This is consistent with the larger
dipole moment for the excited state inferred in the experiments above. The first two
singlet excited states are 0.6 eV apart in the gas phase. However, they are brought
closer together in a polar solvent by opposite solvatochromic effects (~0.3 eV) on
the two states (also see Table 4.2.11). The presence of diethylamino group at the 7-
position promotes charge transfer across TC1 upon excitation, subsequently leading
to the large solvatochromic effect and the subsequent reduction of the S1 - S2 gap.
The latter effect is robust to the details of the DFT method applied (see Tables 4.2.9
and 4.2.10). It is tempting to assign these two states as the two closely spaced singlets
responsible for the difference between absorption and excitation spectra of
fluorescence. However, given that a similar behaviour is also observed in OA, where
the environment is presumably non-polar, it is unclear whether the same two states
would continue to be responsible. One possibility is that these two states are also
proximal within OA due to interaction of excited charge densities with the OA cage.
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However, given the expense entailed in computation of TDDF spectra for the OA

bound TC1 molecule, we are yet to confirm this possibility.

381(S,)

337(T,)

2.92(S,)

2.86(S,/T,)

251(T)
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2.05 (T,)
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Figure 4.2.16. Vertical electronic excitation energies of low-lying electronic states TC1 in
acetonitrile (ACN) in (cLR-) PCM method.

Table 4.2.7: Vertical excitation energies of TC1 to singlet states computed using TD-
DFT/B3LYP/6-31+G(d,p) in gas phase and in acetonitrile solution using linear response (LR-
) and corrected linear response (CLR-) PCM methods

State Gas Phase | LR-PCM | cLR-PCM | Oscillator | Orbital
(eV) (eV) (eV) strength character
S1 2.60 2.92 2.86 0.0054 nm*
Sz 3.22 2.97 2.92 0.5401 nn*/charge
transfer
S3 3.88 3.79 3.81 0.1335 n*

Table 4.2.8: Vertical excitation energies of TC1 to triplet states computed using TD-
DFT/B3LYP/6-31+G(d,p) in gas phase and in acetonitrile solution using linear response (LR-
) and corrected linear response (cLR-) PCM methods

State Gas Phase LR-PCM cLR-PCM | Orbital
(eV) (eV) (eV) character

T1 2.00 2.06 2.05 nn*/charge
transfer

T 2.30 2.74 2.51 nm*

T3 2.97 2.89 2.86 nn*/charge
transfer

T4 3.44 3.38 3.37 -
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From the calculations we observed that the triplet state T, is only 0.35 eV away from
S,, while the T; state is degenerate with S; and T; is about 0.87 eV below it. The
proximity of the T, and T; states to the first two excited singlet states suggests the
possibility of a population transition between the two spin channels. To assess the
orbital feasibility of ISC using the El-Sayed rule, frontier molecular orbitals of TC1
in acetonitrile at the FC geometry were computed for different electronic states (see
Figure 4.2.17).52 The S, /T, transition is found to be of Tn*—nn* character, while,
the S, /T; transition have the ain*—na* character. Therefore, the S,—T, transition
is both energetically and orbitally feasible. Similarly, both S;/T; and S, /T, are
characterized by nn*—nn*, making them also feasible. The conclusion drawn here
parallels the one proposed recently for thionucleobases. In the latter systems also
the fast ISC from excited singlet to triplet manifold is attributed to the heavy mixing
of nt* and nrt™* triplet states. However, the role of the charge transfer contribution

of the diamino group at the 7 position in effecting a fast ISC is not obvious.

Table 4.2.9: Vertical excitation energies of TC1 (in eV) to lowest singlet and triplet levels
using various exchange-correlation functionals. In each case, the spectrum was computed on
the geometry optimized at the corresponding level of theory and using the LR-PCM method
for implicit solvation in acetonitrile. The basis set used throughout was 6-31+G(d,p).

Excited States PBE B3LYP CAM-B3LYP
S1 3.02 2.92 3.27
S2 3.06 2.96 3.36
S3 3.92 3.79 4.37
T1 2.03 2.06 2.17
T 2.80 2.74 3.11
Ts 2.90 2.89 3.12
Ts 3.33 3.38 3.64
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Table 4.2.10: Solvatochromic shifts (in eV) of the lowest three singlet levels, defined as the
difference in excitation energies between the gas phase and solvated molecules. Here, the
(rm*)1and (nw*)2 levels correspond to the first and second nn* levels which also have charge
transfer characteristics.

Solvatochromic shifts (Egas —
E for the first three
XC si/rfq’rgzts (eV)
Functional
ne* | (mn*)1 (nm*)2
PBE -0.80 | -0.24 -0.59
B3LYP -0.37 | 0.30 0.09
CAM-B3LYP | -0.32 | 0.23 0.17
S, (f=0.0054) S, (f=0.5401) |  S;(f=0.1335) T, T, T,
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Figure 4.2.17. Electronic structure of the S;, S, S5, T3, T, and T; state of TC1 in ACN through
TDDFT calculation. A significant change in orbital character in the transition between S, to T,
(mt* — n*) However, there is no change in the orbital character in the transition between S,
to T; (mn* — nn*), and S, to T; (nn* — wn*) transition. So, the S,/T, transition follows the El
Sayed rule of intersystem crossing (ISC). Similarly, S;/T; transition has orbital character n*
— nn* and thus follows El Sayed rule. In the figure, charge transfer transitions are written as
CT in short and the values of the oscillator strength of different transitions is written with the
symbol f.
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Table 4.2.11: Evolution of the excited state energies (given in eV) of TC1 with increasing
solvent polarity. The nature of the transition for each excited state is mentioned in paranthesis
in the corresponding table entry.

Solvent | S Sy Ss3 T T2 T3

Hex 263 312 |382 (202 |234 |290
(n*) | (ax*) | (zn*) | (zn*) | (n*) | (nn*)
DCM 276 299 [381 |205 |249 |2.86
(n*) | (ax*) | (zn*) | (zn*) | (n*) | (nn*)
ACN 286 [292 (381 [205 [257 |2.86
(n*) | (zn*) | (nn*) | (m*) | (n7*) | (@)

The theoretical results presented here are consistent with our experimental
observations of fast ISC. Although we have confirmed the existence of fast ISC in
TC1 we are unable to unequivocally identify the origin. In general, molecules
possessing thiocarbonyl chromophore are reported to have almost unit quantum
yield of ISC from excited singlet state. Early studies on thioketones revealed the
occurrence of quantitative and fast ISC from both Sz and S1.# 121332 |n these cases
the energy gap between the two states ranges between 35 to 50 kcal/mole. Apart
from heavy atom effect due to sulfur, the rapid and quantitative intersystem crossing
in alicyclic thioketones from Sy is suggested to be facilitated by intramolecular C—
H vibration.? Thioesters and thiocoumarins possessing O-(C=S) chromophore were
also reported to undergo quantitative and rapid 1ISC from excited singlet state.% 47
Unlike in thioketones, in these molcules the gap between Sz and Sz is small (5-10
kcal/mole). This makes identification of the electronic nature of the states involved
in crossing difficult. In TC the fast and effiecient ISC is attributed to mixing of nn*
and nn* states and heavy atom effect.*” One of the most extensively studied
thiocarbonyl system is sulfur substituted thio-nucleobases N-(C=S). These
molecules also, similar to other thiocarbonyl derivatives, possess ultra short singlet
lifetime and quantitative ISC. Because of the close energies of Sz and S, in these
molecules also it is not easy to pindown the electronic identity of the Sz, S, T2, and

T1. Because of the closeness, all these states are likely to have both nn* and nn*
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characters. This mixing of states is thought to be the reason for the fast and
quantitative ISC in thio-nucleobases.***®  Similiarity between thiocoumarins,
thioesters and thio-nucleobases is obvious. Clearly replacing the ‘O’ with ‘S’ in all
these systems, independent of the energy gap between S, and Sy, leads to fast and
quantitative ISC. In our opinion, there is something more than Kasha’s heavy atom
effect and El-Sayed’s orbital mixing®® that is responsible for the unusual and

interesting excited state properties of thiocarbonyl compounds.
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Scheme 4.2.1. Schematic representation of possible relaxation pathway of TC1.

4.3 Conclusions

The steady-state experiment reveals weak fluorescence quantum yield and room-
temperature phosphorescence (RTP) behavior of TC1 in bulk solvents like hexane,
acetonitrile and dichloromethane, which are distinctly different compared to the
oxygen analogue, C1. This structural modification also changes the electronic
energy levels, and an appearance of two decoupled singlet states with a very short
lifetime (sub-ps to ps) has been noticed. Out of these two states, the state with a high
absorption coefficient displays low fluorescence characteristics and vice-versa.
Fluorescence upconversion measurement in bulk solvent reveals that the
photoexcited singlet states of TC1 only sustains up to several picoseconds, indicating

extensive population loss in a very short time. Detailed femtosecond transient
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absorption (TA) study reveals an ultrafast (sub-ps) ISC process is probably the major
non-radiative channels operating in the excited singlet state of the molecule.
Furthermore, TA analysis reveals that both singlet states play a role in the formation
of triplet populations. Higher-order triplets integrate into the lowest triplet state
through the IC mechanism in 10s of picoseconds. Inside the isolated octa acid (OA)
media, TC1 shows very strong phosphorescence along with a weak fluorescence,

which further enunciate our proposition.

The excitation spectral measurement for fluorescence and phosphorescence bands
deciphers their different origins on photoexcited singlet states and supports the
speculation of decoupled singlet states involved in the ISC process. Fluorescence
lifetime measurement inside the OA cavity has revealed a similar bulk solvent-like
ultrashort lifetime of the singlet manifolds. TA analysis reveals the ultrafast triplet
generation characteristics inside the OA cavity. Theoretical calculations of vertical
transition energies in bulk ACN solvent depict the presence of two closely spaced
singlets. The low energy gap and the required orbital characteristics of singlet-triplet
transition allow us to support the experimental observation of fast ISC behavior. A

more detailed theoretical analysis will be reported in a subsequent study.
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Thiocarbonyls exhibit unique photophysical properties, characterized by rapid
intersystem crossing (ISC) due to favourable singlet-triplet energetics and enhanced
spin-orbit coupling. However, the role of hydrogen bonding in modulating ISC
remains underexplored. This study investigates the effect of solvent-solute hydrogen
bonding on the ISC dynamics of 7-(diethylamino)-4-methyl-2-sulfanylidene-2H-
chromen-2-one (thiocoumarin 1, TC1) using steady-state and time-resolved
spectroscopy, complemented by theoretical calculations. Experimental data reveal
that in methanol, hydrogen bonding leads to increased fluorescence quantum yield,
prolonged singlet-state lifetime, and reduced triplet yield compared to aprotic
acetonitrile. Time-resolved spectroscopy identifies an additional long-lived emissive
singlet state in methanol, attributed to a hydrogen-bonded state, which slows ISC.
Theoretical calculations demonstrate that hydrogen bonding alters the electronic
structure and constrains ISC along key nuclear coordinates, including the C=S bond
vibration and dihedral angles, leading to decreased triplet formation. These findings
provide mechanistic insights into hydrogen bonding-mediated control of ISC in
thiocoumarins, with implications for designing functional materials with tunable

photophysical properties.
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5.1 Introduction

Hydrogen bonding interactions between the solute and the solvent are crucial for
defining the properties and functions of molecules.' 2 These interactions, stemming
from weak bonding between a hydrogen atom and electronegative atoms like
oxygen, nitrogen, or fluorine, have a profound impact on molecular geometry,
stability, and reactivity.!*” Without hydrogen bonds, essential biomolecules such
as proteins and nucleic acids would lose their structural integrity, preventing them
from fulfilling their biological roles. In the past several decades, extensive research
has illuminated the critical importance of hydrogen bonds across various fields,
including organocatalysis, synthetic materials, crystal engineering, macrocyclic
assembly, supramolecular strategy, and biomolecules.t3571417-20 Moreover, it is
important to note that hydrogen bond formation is not confined solely to traditional
electronegative atoms; even weakly electronegative sulfur atoms can act as potential
acceptors in hydrogen bonding.?3® While the research on hydrogen bonding
involving thiocarbonyl groups has made strides, a significant portion of the focus
has remained on the intramolecular hydrogen bonds,*?12430-35 |eaving the effect of
inter-molecular hydrogen bonding on molecular property less explored. Exploring
this lesser-known area could pave the way for innovative breakthroughs.

On the other hand, sulfur containing molecules play a critical role in various
photophysical and photochemical applications, such as organic electronics,
fluorescence quenching, and photodynamic therapy.?:2327:36-49 Their unique ability
to facilitate ISC also makes them valuable in studying triplet state dynamics and
designing functional materials for light-emitting and energy transfer systems.
Understanding I1SC in such a system provides insights into their photochemical
behavior and enables the development of advanced materials and
technologies.?62%4%%0 Among varieties of sulfur-containing molecules, aromatic
thioketones are particularly valuable for investigating photophysical and
photochemical processes.?%3051-%4 These molecules, derived from their parent
ketones, are notable for their pronounced ability to generate triplet states on ultrafast

timescales.?24855 The photophysical behavior of aromatic thioketones is highly
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dependent on the solvent environment; for instance, alkanes efficiently quench
fluorescence from their higher excited singlet states?®°6-5% In addition to exhibiting
room-temperature phosphorescence (RTP), these compounds also display thermally
activated delayed fluorescence (TADF) from the first excited singlet state in various
solvents, including acetonitrile and hydrocarbons.*+464855 Notably, these unique
photophysical properties are intrinsic to the molecular structure of aromatic
thioketones, making them valuable for exploring solvent-dependent photodynamic
interactions.®® Recent studies have primarily focused on the intersystem crossing
behavior of thio-analogs of nucleobases and coumarins.??:23:52:59

Earlier reports on thiocoumarins describe ultrafast intersystem crossing (ISC)
dynamics in aprotic solvents.>-6 In this study, we investigate how the solvent-solute
hydrogen bonding influence the photophysical behaviour of thiocoumarin 1 (TC1)
(Scheme 5.1.1). Steady-state and femtosecond transient absorption/emission
measurements were conducted for the TC1 in polar aprotic acetonitrile, polar protic
methanol, and their mixtures. The measured data indicate a ~10-fold enhancement
in fluorescence quantum yield and average lifetime in methanol solvent, alongside a
~10-fold reduction in the triplet yield. In methanol, global analysis of transient
results reveals the presence of an additional emissive singlet state, likely attributable
to a hydrogen-bonded structure. Kinetic analysis of the triplet signal indicates slower
triplet formation dynamics in methanol, contrasting with the ultrafast dynamics
observed in acetonitrile. Theoretical calculations of vertical transition energies
highlight the influence of hydrogen bonding interactions on the energetics of the
singlet and triplet manifolds, leading to less efficient triplet generation. A potential
energy coordinate (PEC) scan along the C=S bond vibration coordinate further
illustrates the negative impact of hydrogen bonding on triplet generation from the
lowest excited singlet state. Additionally, two other reaction coordinates related to
singlet-to-triplet formation have been investigated, emphasizing the potential

inhibitory role of hydrogen bonding on ISC efficiency.
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Scheme 5.1.1. Structure of (a) 7-diethylamino-4-methyl thiocoumarin (Thiocoumarin-1 or
TC1) (b) TC1:(CH3OH). complex.

5.2. Results and Discussion

Our preliminary report on thiocoumarin (TC1) provided insights into the factors
contributing to its extremely low fluorescence quantum yield and ultrashort singlet
lifetimes observed in both non-polar and polar aprotic solvents.®* However, that
report did not explore the dynamics of the excited state in polar protic solvents. The
present study aims to investigate how hydrogen bonding between the solute and the
solvent influences the excited state photophysical properties, particularly the
intersystem crossing (ISC) process of the TC1 molecule. To achieve this, we
conducted a series of steady-state and time-resolved experiments in polar aprotic
acetonitrile (€ ~ 35.9) and polar protic methanol (g ~ 32.6), as well as in mixtures of

acetonitrile and methanol.

5.2.1. Steady-State and Time-Resolved Absorption and Emission Studies

Figures 5.2.1a and 5.2.1b display the steady-state absorption and emission spectra
of TC1 in acetonitrile/methanol solvent mixtures with varying compositions. A
gradual shift in emission spectra was observed upon increasing the volume
percentages of methanol in acetonitrile, but no shift is observed in the absorption
spectra. To explore this further, the Stokes’ shift (AU = v];%* — v7p+*)  of the dye

e—1 n2-1

2e+1  2n2+1

was correlated with the solvent polarity parameter, Af (= ) according to

the Lippert-Mataga equation (equation 5.2.1).
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AV = A, +

2Au?
hcfs Af (5.2.1)

Where, Au is the difference between the excited state (u,) and ground state (ﬂg)

dipole moments of the dye, h is the Planck’s constant, c is the light velocity, and r
Is the Onsager radius of interaction. From Figure 5.2.1c, it is evident that Stokes’
shift of TC1 does not obey the linear expression of solvent polarity function, i.e., Af,
which infers that apart from the solvent polarity, there must be some other factor that
influences the deexcitation behavior of the singlet excited state. Methanol is a polar
protic solvent, indicating that solute-solvent hydrogen bonding interactions likely a

factor influencing the energetics of the singlet excited state.
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Figure 5.2.1. Steady-state (a) absorption spectra and (b) emission spectra of TC1 in pure
acetonitrile (ACN) and methanol (MeOH) and in their mixtures at 298K upon exciting at
440 nm. (c) Lippert-Mataga plot for TC1 in methanol/acetonitrile mixtures.
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Table 5.2.1. Experimentally observed photophysical parameters of TC1 in aprotic acetonitrile, protic methanol and their mixtures.

% (V/ V) of )‘Z})‘.lsx )'1enn‘11x € ¢f a, (31 a; T2 as T3 Tavg ¢singlet 0, ¢Triplet
methanol (nm)
in (hm) (fs) (fs) (fs) (ps)*
acetonitrile
0% 458 508.5 35.9 298x10~* 0.43 1200 0.57 4700 32 0.579 0.602
20% 458 5145 36.2 9.43x10™* 0.34 340 047 4264 0.19 37639 9.3 0.328 0.341
40% 458 5155 35.6 14.70x107* 0.42 345 032 4702 0.26 47562 14.0 0.161 0.167

60% 458 5165 34.9 2041x107* 036 400 0.32 5453 032 60530 21.3 0.129 0.134

80% 458 5175 339 24.62x10"* 0.38 320 0.31 5706 0.31 77150  25.8 0.075 0.078

100% 458 5175 32.6 35.91x107* 0.36 500 0.29 5500 0.35 101000 35.3 0.061 0.063
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Furthermore, the fluorescence quantum yield and lifetime of TC1 were recorded in
acetonitrile, methanol, and their mixtures, as depicted in Figure 5.2.2. With an
increase in the volume percentage of methanol in acetonitrile, an increase in
fluorescence quantum yield and lifetime is observed. The fluorescence quantum
yield and the average fluorescence lifetime of TC1 increase by ~10-fold from
acetonitrile to methanol (see Table 5.2.1). Additionally, in methanol rich mixtures
and in pure methanol, an extra lifetime component for TC1 is observed in the
fluorescence transient, which is believed to originate from the hydrogen-bonded
excited state. To investigate hydrogen bonding interactions in other protic alcohols,
we performed steady-state and time-resolved measurements in a series of short-chain
alcohols ethanol, isopropyl alcohol, butanol and pentanol (see Figure 5.2.3). In all
cases a methanol-like hydrogen bonding induced stabilization of the emissive singlet
state, leading to a red-shifted emission spectra despite the lower polarity of these
solvents (see Table 5.2.2) are observed. Moreover, the fluorescence quantum yield
of TC1 in these alcohols was significantly enhanced compared to that in the more
polar acetonitrile (see Table 5.2.2). Fluorescence transients of TC1 in these alcoholic

solvents also exhibited a long-lived component, similar to that in methanol.

Table 5.2.2. Fluorescence quantum yield and the average lifetime of Thiocoumarin 1 in other
alcohols

Alcoholic A7 ADN* € OF a;, T a, T, Qas T3

Solvents (nm) (nm) (fs) (fs) (ps)
Ethanol 458 514 243 19.8x10~* 0.54 330 0.30 4364 0.16 100000
(EtOH) (fixed)
Isopropyl 457 509 18.0 14.8x10™* 0.61 340 0.26 4817 0.13 100000
Alcohol (fixed)
(IPA)

Butanol 457 509 17.8 18.70x10~* 0.59 380 0.27 4556 0.14 100000
(BuOH) (fixed)
Pentanol 457 508 14.8 21.50x10"* 0.59 420 0.27 5797 0.14 100000
(PnOH) (fixed)
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Figure 5.2.2. (a) Steady-state emission spectra and (b) fluorescence quantum yield (¢ ;) of TC1
in methanol, acetonitrile and their mixtures upon exciting at 440 nm at 298K. (c) Fluorescence
decay traces and (d) average fluorescence lifetime (z4,4) of TC1 in methanol, acetonitrile and
their mixtures upon exciting at 400 nm at 298K. (e) Singlet oxygen emission measured by
exciting TC1 at 440 nm in oxygen-saturated methanol, acetonitrile, and their mixtures at 283K.
The spectrum for the standard molecule (i.e. chrysazin) in acetonitrile is also shown. (f) Singlet
oxygen yield of TC1 in methanol, acetonitrile and their mixtures at 283K.

These findings suggest that hydrogen-bonding solvents play a critical role in
reducing non-radiative decay processes in the excited state of TC1. In contrast, the
oxygen analogue of TC1, i.e. coumarin-1 (C1), displays an opposite effect: hydrogen
bonding interactions reduce both the fluorescence quantum yield and lifetime (see
Figure 5.2.4 and Table 5.2.3), likely due to TICT-mediated non-radiative decay
processes.®® However, for TC1, there is no experimental evidence of TICT states;
rather, the triplet state is populated in an ultrafast time scale.%! It is hypothesized that
hydrogen bonding interactions slow down triplet formation in TC1, leading to

enhanced fluorescence quantum yield and prolonged lifetime.
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Figure 5.2.3. Steady-state (a) absorption (b) emission spectra of TC1 in ethanol (EtOH),
isopropyl alcohol (IPA), butanol (BuOH), and pentanol (PNOH) with the excitation wavelength
of 1., =420 nm, (c) fluorescence lifetime decay of TClat the corresponding emission
maxima. The concentration of the TC1 dye was 10 uM. All the steady-state measurements
were performed at 25°C.
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Figure 5.2.4. (a) Steady-state emission spectra (1,, = 380 nm) (b) Fluorescence quantum
yield (@) (c) Fluorescence lifetime decay (d) Average fluorescence lifetime (tavg) Of Coumarin
1 (C1) upon increasing the volume percentage of (v/v %) of methanol (MeOH) in acetonitrile
(ACN). Coumarin 1 in pure acetonitrile was taken as the fluorescence standard to measure the
relative fluorescence quantum yield of C1. The concentration of the TC1 dye was 10 uM. All
the steady-state measurements were performed at 25°C.

Table 5.2.3. Fluorescence quantum yield and the average lifetime of coumarin 1 in (v/v) % of
Acetonitrile-Methanol mixture

% (v/v) of Methanol in Df Tavg (PS)
Acetonitrile

0% 1.03 3.40
20% 0.70 2.55
40% 0.55 2.12
60% 0.50 1.91
80% 0.48 1.87
100% 0.45 1.96

To better understand how hydrogen bonding interactions influence the formation of
the triplet state, we recorded the singlet oxygen emission intensity for TC1 in various
acetonitrile/methanol mixtures. Figure 5.2.2e displays the singlet oxygen emission
band centered at 1270 nm for TC1 in different acetonitrile/methanol mixtures. In
reference to chrysazin in acetonitrile, the singlet oxygen quantum yield is converted
to the triplet quantum yield of TC1, which is depicted in Figures 5.2.2e, 5.2.2f and
tabulated in Table 5.2.1. We observed a 10-fold decrease in the triplet yield of TC1
from acetonitrile to methanol, which indicates that intermolecular hydrogen bonding
between TC1 and solvent significantly inhibits triplet generation.

Femtosecond transient absorption (fs-TA) measurements were performed to capture
the formation kinetics of the triplet state in TC1 in various methanol/acetonitrile
mixtures. Earlier, we performed fs-TA experiment in acetonitrile (Figure 5.2.5a) and
reported two triplet state formation time constants of ~0.5 ps and ~2 ps.®* The origin
of these two time constants were attributed to the formation of triplet state from two

different energetically close (S; and S,) singlet states. In this case, the global analysis
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of the TA spectra yielded four decay-associated spectra (DAS) with two negative
and two positive bands (Figure 5.2.5b).%* The negative bands are attributed to the
stimulated emission (SE) of the low-lying singlet states (S, and S;), whereas the
positive bands are assigned to the higher-order triplet state (T;,) and the lowest triplet
state (T;). In the case of pure methanol, the global analysis of TA spectra yielded
five DAS (see Figures 5.2.5¢ and 5.2.5d). Of these, three are negative bands (0.5 ps,
4.2 ps, and 66 ps), and two are positive ESA bands (20 ps and >2 ns). Comparing
the DAS features of TC1 in methanol and acetonitrile, it can be inferred that the 0.5
ps and 4.2 ps components are due to the SE of the S, and S, states, while the 20 ps
and >2 ns components correspond to the T,, and T, states, respectively. Notably, in
methanol, an additional long-lived SE emission feature has been observed, which
was not present in acetonitrile. This highlights the distinct excited-state deactivation
behavior of TC1 in protic methanol compared to aprotic acetonitrile. Based on our
observation of a specific interaction of TC1 with methanol in Lippert-Mataga
analysis, the 66 ps SE component is inferred to have originated from a hydrogen-
bonded singlet excited state. Thus, the formation of the triplet state is retarded in
methanol compared to acetonitrile and could explain the observed long fluorescence

lifetime of TC1 in methanol (z,,,, = 35.3 ps) compared to 3.2 ps in acetonitrile (see

Figure 5.2.2b and Table 5.2.1).
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Figure 5.2.5. Transient absorption (TA) spectra (pump: 400 nm, probe: 460-730 nm) of TC1

at some representative delay times (a) in acetonitrile (ACN) and (c) in methanol (MeOH), in
aerated condition at 298K. Decay-associated spectra from the global analysis of TA data in
ACN and MeOH are presented in (b) and (d), respectively. For TC1 in ACN solvent, four
global components are 0.6 ps, 2.8 ps, 21 ps, and >2 ns, and in MeOH, the observed five global
components are 0.5 ps, 4.2 ps, 20 ps, 66 ps, and >2 ns. (e) Fitted transient absorption (TA)
triplet state kinetics (at 700 nm) of TC1 in ACN and MeOH and in their mixtures (% v/v).

To obtain further insight into the time scale of triplet formation in methanol, we have
the triplet formation Kinetics. Our previous report established that the broad
absorption feature of excited TC1 beyond 600 nm is mainly attributed to the ESA of
the triplet species.®! Therefore, we have performed a kinetic analysis of the transient
data at 700+2 nm. Figures 5.2.5e depicts the triplet formation kinetics of TC1 in
methanol/acetonitrile mixtures along with the pure counterparts, and the fitting data
are tabulated in Table 5.2.4 (for TA spectra, see Figure 5.2.6). By looking at the
kinetic features of the data, it is evident that triplet formation kinetics are drastically
different for pure methanol and acetonitrile. Our previous work established that in
pure acetonitrile, both low-lying excited singlet states generate triplet species on an
ultrafast timescale (0.5 ps and 2.0 ps). Subsequently, the high-energy triplets (7},)

relax to the lowest triplet state (T;), where they persist for several nanoseconds.
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However, in pure methanol or methanol/acetonitrile mixtures, the triplet generation

dynamics differ significantly, exhibiting a slower rise
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Figure 5.2.6. Transient absorption response (pump, 400 nm, probe 460-730 nm) of TC1 in four
different acetonitrile (ACN)/methanol (MeOH) volume mixtures: (a) 20 % methanol (b) 40 %
Methanol (c) 60 % methanol and (d) 80 % methanol

Table 5.2.4. Triplet state formation time constants of TC1 extracted from the fitted TA kinetics
data at 700+£2 nm, in acetonitrile, methanol and their mixtures at 298K.

(v/v) % of Methanol in Spectral T, (Ps) T, (Ps) T, (ps)
Acetonitrile range (nm)
0% Methanol 698-702 0.55 1.54 -
20% Methanol 698-702 0.52 1.99 32
40% Methanol 698-702 0.55 1.88 39
60% Methanol 698-702 0.53 1.77 45
80% Methanol 698-702 0.55 2.63 85

100% Methanol 698-702 0.53 7.16 94
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A comparison of the kinetics in pure acetonitrile, methanol, and their binary mixtures
reveals that an increase in the methanol volume fraction (v/v %) results in
progressively slower triplet formation kinetics. Notably, TC1 exhibits three distinct
growth components in the triplet formation process when in methanol and its
mixtures, which differs from its behaviour in pure acetonitrile. Two of these
components are attributed to triplet generation from two low-lying singlet states,
similar to what is observed in acetonitrile. The third growth component likely
originates from a hydrogen-bonded singlet excited state. As the methanol volume
fraction in acetonitrile increases from 20% to 100%, the time associated with this
third growth component extends from 32 ps to 94 ps. This indicates that as the
strength of solvent-solute hydrogen bonding increases, triplet formation occurs more
slowly.

This conclusion is further supported by ultrafast fluorescence decay measurements,
which reveal a longer singlet state lifetime for TC1 in solvents capable of forming
hydrogen bonds. The time-resolved experimental findings highlight the significant
effect of intermolecular hydrogen bonding interactions on the excited-state
dynamics of TC1. We propose that these hydrogen bonding interactions modify the
energetics of the singlet and triplet states, as well as the spin-orbit coupling factor in
TC1, ultimately affecting the intersystem crossing (ISC) process. To test this
hypothesis, we conducted several theoretical calculations, which are presented in the

following sections.

5.2.2. Quantum chemical calculations

5.2.2.1. Energy level ordering

Using the ground state optimized structures, the vertical transition energies of singlet
and triplet manifolds of TC1 in acetonitrile and methanol were computed through
time-dependent density functional theory (TDDFT) method using conductor-like
polarizable continuum model (CPCM). At the Franck-Condon (FC) point, the
calculated excitation energies to various singlet and triplet states are shown in

Figure 5.2.7 and tabulated in Table 5.2.5 for both the solvents. In acetonitrile, the
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excitation energies to S; and S, sates are found to be 2.993 eV and 3.048 eV,
respectively, with oscillator strengths/characters of dark/nm* and bright/nn*,
respectively (see Table 5.2.5). In methanol, the energies of S; and S, states are found
to be 3.019 eV and 3.079 eV, respectively, with similar oscillator strengths and
characters, as those observed in acetonitrile. In acetonitrile, the energies of the triplet
states are 2.114 eV (T,), 2.773 eV (T,), and 2.964 eV (T;), with their corresponding
characters being *, nn*, and nn* (see Figure 5.2.7). In methanol, a similar orbital

characteristic (i.e. T;: nn*, T,: n*, and T5: n*) have been observed (see Table 5.2.5

and Figure 5.2.7).
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Figure 5.2.7. Vertical electronic excitation energies of electronic exited states of TC1 in
acetonitrile (ACN), methanol (MeOH) without explicit hydrogen bonds, and that for
TC1:(MeOH), complex in methanol, obtained through TDDFT calculation.
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Table 5.2.5. Vertical transition energies of TC1 in Acetonitrile, Methanol-no Hydrogen Bond (MeOH-noHB), TC1:MeOH (1:2 complex) in
Methanol solvent

Acetonitrile Methanol TC1(MeOH), complex

States Electronic Energy  Osc. States Electronic  Energy Osc. States Electronic  Energy Osc.

Character (eV) strength Character  (eV) strength Character (eV) strength
S1 nm* 2.993 0.00006 | S1 nm* 3.019 0.00023 |S: n* 3.029 0.67270
S2 n* 3.048 0.66691 | S n* 3.079 0.67080 |S2 nm* 3.297 0.00027
S3 n* 3.921 0.23001 | Ss3 n* 3.959 0.23360 | S3 ¥ 3.943 0.24920
T1 o 2.114 - T1 ¥ 2136 - T1 n* 2.123 -
T2 nm* 2.773 - T2 nm* 2797 - T2 ¥ 3.014 -
T3 n* 2.964 - T3 nt 2999 - T3 nm* 3.104 -
AE (SJT1) - 0.879 - AE (Su/T1) - 0883 - AE (Su/T1) - 0.906 -
AE (SdT2) - 0.220 - AE (Si/T2) - 0222 - AE (S1/T2) - 0.015 -
AE (Sd/T3) - 0.029 - AE (S1/T3) - 0.020 - AE (S1/T3) - -0.075 -
AE (S2/T1) - 0.934 - AE (S2/T1) - 0943 - AE (S2/T1) - 1.174 -
AE (S2/T2) - 0.275 - AE (S2/T2) - 0.282 - AE (S2/T2) - 0.283 -
AE (S2/T3) - 0.084 - AE (S2/T3) - 0.080 - AE (S2/Ts3) - 0.193 -




TC1in ACN

TC1 in MeOH-no HB

LUMO

LUMO

Lumo

HOMO

LUMO

o e
—
~

HOMO-1

HOMO-2

Lumo

¥

HOMO-1

LUMO

b

Figure 5.2.8. Electronic structures of the S, S, Ss, T1, T2, and T3 states of TC1 in Acetonitrile
(ACN) and Methanol (MeOH) without explicit solvents through TDDFT calculation

Table 5.2.6. Spin orbit coupling constants (SOC) of TC1 in Acetonitrile, Methanol-no
Hydrogen Bond (MeOH-noHB), TC1: MeOH (1:2 complex) in Methanol solvent

Electronic
states
Sl - T1
S1—T,
S, —Tj
s, —T,
S, —T,
Sz — T3

Acetonitrile
Transition  SOC
Type (cm™)
n*-m* 96.80
nm*-n* 0.82
n*-m* 103.8
k- 0.88
nn*-nm* 66.30
k- 0.93

Methanol-no HB

Transition

Type

n*-nn*
n*-n*
n*-nn*
an*-nn*
an*-nm*

n*-ne*

TC1(MeOH):
complex
SOC Transitio SOC
(cm™) nType (cm7)
66.84  nn*-nm* 0.11
1.63 k-t 3.16
103.60 mr*-nm* 61.82
1.86 nrt*-* 86.27
63.39 nn*-nn* 107.84
2.08 n*-nm* 6.56

To analyze the transition probabilities from the low-lying singlet to nearby triplet

states, we calculated singlet-triplet energy gaps and spin-orbit coupling constants
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(SOCs) (see Table 5.2.5 and Table 5.2.6). The energy gap between S;(nn*) and
T, (nr*) states in acetonitrile is found to be 0.879 eV, which remains similar in
methanol (0.883 eV). The SOC value between S;(nn*) and T,(mn*) sates is
calculated to be 96.8 cm™ and 66.8 cm™! for acetonitrile and methanol, respectively.
More importantly, the energy gap between S, (nn*) and T5(n*) states in acetonitrile
is found to be quite low (0.029 eV), which remains similar in methanol (0.020 eV).
Perhaps, the S, (n*) state can rapidly transition to the isoenergetic T;(nn*) state,
with high SOC value (~104 cm™) in both the solvents. Although the S; and T, states
are energetically closer compared to S; and T; states, the nt* character of the T,
state does not satisfy the El-Sayed rule for ISC, which is substantiated by the
extremely small SOC value between S; and T, states (0.82 cm™! for acetonitrile and

1.63 cm™ for methanol).

Similarly, the population of the S,(wnn*) state can also yield triplet population via
multiple pathways. For the S,(an*)—T;(nn*) transition, the energy gap is
moderately high (AEs,_r, =0.934 eV and 0.943 eV, respectively, for acetonitrile
and methanol), and the transition does not obey the orbital change criteria (El
Sayed’s rule) for ISC, which is supported by the very small SOC values (0.88 cm™
for acetonitrile and 1.86 cm™ for methanol). The situation is similar for the
S, (nn*)—>T5(nn*) transition with SOC values of 0.93 cm™ in acetonitrile and
2.08 cm™ in methanol, though it is energetically favourable (AEg, 1, =0.084 eV for
acetonitrile and 0.080 eV for methanol). In contrast, the S, (nn*)—T,(nm*) transition
displays a high SOC value (66.3 cm™ for acetonitrile and 63.4 cm™ for methanol)
and adheres to the El Sayed’s rule, with a moderate energy gap (AEg,_r,~0.28 eV)
for both the solvents. Overall, results suggest that at the FC point TC1 might have
three dominant ISC channels, namely, (a) S; (nnt*)—T; (n*), (b) S;(nn*)—>T3(wn*),
and (¢) S,(nn*)—T,(nm*).

The above calculations suggest a similar photophysics of TC1 in both acetonitrile
and methanol. However, experimentally, we observed a marked difference in the

photophysics of TC1 in acetonitrile and methanol, where the excited state lifetime
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of TC1 in methanol is about 10-times more and has 10-times less triplet yield than
that in acetonitrile. Recently, Fang et al. reported that an alteration in the bond
parameters in the excited state through hydrogen-bonding plays a crucial role in
modulating the photophysical properties of aromatic thioketone systems.* Inspired
by these findings, we hypothesize that similar interactions may be present in TC1-
methanol system, which acts as a potential barrier for the triplet generation in TCL.
To verify such a possibility, the vertical transition energies of the low-lying singlet
and triplet states of TC1 in methanol were calculated by incorporating explicit
solvent interactions.

For this, we first performed the ground state optimization of TC1 along with two
methanol molecules. The initial location of the two methanol molecules is decided
based on chemical intuition. In spite of low electronegativity, sulfur has been
considered as a potential hydrogen bond acceptor.?1:30:3158 A detailed analysis of the

C—H---S interactions in biomolecular systems has shown that the C—H---S

interaction meets the requirements of a H-bond.”®"2 In view of these results, we
considered the sulfur atom of TC1 as the potential hydrogen-bond acceptor and
placed the two methanol molecules close the sulfur atom so that the methanolic -
OHs form hydrogen bonds with the sulfur atom of TC1 forming a TC1:(CH30H):
complex. TDDFT calculation was performed for the ground state optimized
structure of the TC1:(CHsOH). complex to determine the energies of singlet and

triplet states along with the SOC values between them.
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TC1 MeOH 1:2 complex in MeOH
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Figure 5.2.9. Electronic structure of the S1, Sz, Sz, T1, T2, and T3 states of TC1 in Methanol
and two methanol (1:2 complex) explicit structures in methanol through TDDFT calculation

In TC1:(CHsOH). complex, the vertical transition energies to S; and S, states are
found to be 3.029 eV and 3.297 eV (see Table 5.2.5), respectively, with their
characters being nn* and nn* (see Figure 5.2.9). The oscillator strengths of these
singlet states are reversed (fs,= 0.67270 and fs,= 0.00027) compared to TC1 in
acetonitrile and methanol continuum solvent, and is believed due to the specific
hydrogen bonding interactions. The S5 state is much higher in energy at 3.943 eV
and exhibits a m* character. The low-lying triplet states (T;, T,, and T;) have
energies of 2.123 eV (an*), 3.014 ¢V (nn*), and 3.104 eV (nz*), respectively (see
Figure 5.2.9). The results indicate that S; to T; and T, population transfer is much
less probable due to poor SOC values of 0.11 cm™ and 3.16 cm™, respectively. In
contrast, the T; state, characterized by nn* orbital contributions, meets the orbital
criteria for intersystem crossing (ISC) with S; state with a high SOC value of ~62
cm!. However, the T; state lies energetically above the S, state (see Table 5.2.5).
Thus, the ISC from the S, state is not feasible for TC1:(CH30H). complex.
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The energy gaps between S, and T;, T,, T;, respectively, are 1.174 eV, 0.283 eV,
0.193 eV, with SOC values of 86.27 cm™, 107.84 cm ™, 6.56 cm ™! (see Table S3 of
the Sl). The S,(nn*)—>T;(xn*) and S,(nn*)—T,(xn*) transitions are allowed
according to El-Sayed rule, however, the S, (nn*)—T;(n*) transition is not feasible
due to their orbital character. This suggests that the S, state population in the
TC1:(CH30H)2 complex has a high likelihood of transitioning to the triplet states.
However, the calculations also suggest that the oscillator strength for the S, state is
much lower compared to the S, state for photoexcitation, and thus the ISC yield in
TC1:(CH3OH)2 complex must be very low compared to TC1l in
acetonitrile/methanol continuum solvent. This is exactly what we have observed in
the experiment. As a whole, the results illustrate how hydrogen bonding interactions
influence the energies and characters of the electronic states, the feasibility of
transitions, and the ISC efficiency of TC1 in different media, these are summarized

in Scheme 5.2.2.
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Scheme 5.2.2. Schematic representation of the singlet and triplet energy levels of TC1 in non-
hydrogen-bonding solvent, and of TC1:(MeOH). complex along with possible triplet formation
channels with SOC values.

5.2.2.2 Possible ISC coordinate
Beyond the FC geometry, photoexcited singlet states may undergo intersystem
crossing (ISC) during the excited state relaxation process. Earlier reports indicate

that upon photoexcitation, the oxygen version of TC1 (i.e., coumarin 1) forms a
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twisted intramolecular charge transfer (TICT) state in polar solvents along the
rotation coordinate of -NEt2 with respect to the coumarin ring, specifically through
a change in the C14-N11-C7-Cs dihedral angle.®®"3 We first checked the role of Cis-
N1:1-C7-Cg dihedral angle rotation in the TC1 molecule in the ISC process.
Figure 5.2.10 depicts the potential energy coordinate (PEC) scan along this C14-N11-
C7-Cs coordinate in both acetonitrile and methanol continuum solvents. It is evident
that, as the C14-N11-C7-Cg angle increases, the energy of the S, state increases until
50°, then begins to decrease, reaching a minimum near 90° angle, which suggests
the presence of the same TICT state (see Figure 5.2.10). Along this coordinate, two
triplet states (T, and T;) cross the S; state at two specific dihedral angles (~65° for
S:1/T5 and 80° for S; /T,). Among these two, the S, /T5 the transition follows the El
Sayed rule criteria for ISC. To reach the S; /T; crossing point, the system must cross
a potential energy barrier of 0.30 eV and 0.35 eV in acetonitrile and methanol,
respectively, which is significantly high and unattainable at the room temperature.
Based on this observation we conclude that the rotation of -NEt> group through the
C14-N11-C7-Cg dihedral coordinate might not be the ISC coordinate in TC1.

TC1in ACN (b) TC1 in MeOH

—_—
Q
P

- S, =T,

Relative Energy (eV)
Relative Energy (eV)

° 32 . T3
6+ "
g:g: — ndl - B B A
0 20 40 60 80 0 20 40 60 80
C,44-N1-C;-C; dihedral angle (deg) C,4-N44-C;-C; dihedral angle (deg)

Figure 5.2.10. Potential energy coordinate (PEC) scan along the C14-N11-C7-Cg dihedral of the
TC1 (a) in Acetonitrile (ACN), (b) in Methanol (MeOH)
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Recent studies on thioketone systems have shown significant changes in bond
parameters upon photoexcitation, notably the stretching of the C=S bond.3*74"> To
investigate this phenomenon further, a PEC scan along the C>=S13 bond length was
conducted, providing insights into how the vibrations of the C>=Si3 bond might
contribute to the ISC process. The potential energies along the C>=S13 bond vibration
coordinate for the different singlet and triplet manifolds of TC1 in acetonitrile and
methanol continuum solvent and of TC1:(CH3OH). complex are depicted in
Figure 5. In acetonitrile, starting from the FC state, the lowest singlet excited state
(S;) and the T state stabilize through bond stretching. During the stabilization, they
become isoenergetic around 6% stretch of the C>=Si13 bond, with a spin-orbit
coupling (SOC) value of ~110 cm™, which can lead to efficient ISC in acetonitrile

(see Figures 5.2.11a and 5.2.11d).
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Figure 5.2.11. Potential energy coordinate (PEC) scan along the C,=Si3 bond vibrations
coordinate in (a) TC1l in acetonitrile (ACN), (b) TC1 in methanol (MeOH), and (c)
TC1(MeOH), complex. A zoomed version around Si energy level of (a), (b) and (c) is
represented in (d), (e) and (f), respectively, along with the SOC values (cm™) at the singlet-
triplet crossing/isoenergetic points and orbital characters.

A similar high ISC probability from the S; state to the T; state, with high SOC values
(~110 cm™), 1s observed in methanol without explicit hydrogen bonding, occurring
at a similar bond stretched condition (see Figures 5.2.11b and 5.2.11e). Thus, the
nature of the S,-T; crossover in both acetonitrile and methanol is quite similar.
Notably, no singlet-triplet crossing point is observed for the S, state with the triplet
manifolds along the C>=S13 bond vibration coordinate.

However, in TC1:(CH30H)2 complex, the S;-T5; crossing point occurs at ~7%
C>=S13 bond stretched region and lies energetically above the FC state of S;
manifold. Moreover, the SOC value drops to ~68.7 cm™! at this crossing point (see
Figures 5.2.11c and 5.2.11f). We observed another crossing point between S; and T,
states at ~1% C>=S13 bond compressed condition with a SOC value of 3.2 cm™'. This
crossing point is also energetically higher compared to the S; FC state. As a result,
the rate of triplet generation in TC1:(CH3OH). complex is likely to be significantly
reduced compared to in acetonitrile, which we have observed experimentally (see
Table 5.2.1). Thus, we conclude that the C=S bond vibration is an important ISC
coordinate in TC1 molecule. To evaluate the viability of other ISC coordinates, we
have examined the PEC along two dihedral coordinates (Cs-C3-C2-S13 and Co-O1-

C2-S13) containing the S-atom.
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Figure 5.2.12: Potential energy coordinate (PEC) scan along the C4-C3-C2-S13 dihedral angle
of (a) TC1 in acetonitrile (ACN), (b) TC1 in methanol (MeOH), and (c) TC1(MeOH). complex.

Figures 5.2.12a,b illustrates the PEC scan of TC1 in both acetonitrile and methanol
without explicit methanol solvent along the Cs-Cz-C»-Si3 dihedral coordinate.
Throughout this dihedral coordinate, the S; and T; states are nearly isoenergetic and
follow El-Sayed’s rule for intersystem crossing (ISC). However, in TC1:(CH30H):
complex, S; and T, states are nearly isoenergetic (Figure 5.2.12c), but they do not
satisfy the orbital exchange criteria (El Sayed’s rule) necessary for ISC.
Consequently, ISC from the S; state is anticipated to be slower compared to non-
hydrogen bonded solvent, as observed in the experiment. Thus, the results suggest

that the C4-Cs-C>-S13 coordinate might also have a role in the ISC process in TC1.
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Figure 5.2.13. Potential energy coordinate (PEC) scan along the Cg-O1-C»-S13 dihedral angle
of (a) TC1 in acetonitrile (ACN), (b) TC1 in methanol (MeOH), and (c) TC1(MeOH). complex.
A zoomed version around S: energy level of (a), (b) and (c) is represented in (d), (e) and (f),
respectively, along with the orbital characters. In acetonitrile and methanol, the S, /T5 crossing
are energetically feasible, whereas in TC1(MeOH). complex the S;/T, crossing is energy
activated.

The potential energy coordinate scan (PEC) scan of TC1 in acetonitrile and methanol
(without hydrogen bonding) along the Co-O1-C>2-S13 dihedral coordinate is depicted
in Figures 5.2.13a, 5.2.13b, 5.2.13d, and 5.2.13e. Along this symmetric nuclear
coordinate, a crossing between the S; and T} states has been observed with an energy
barrier of ~0.025eV from the S; FC state, which is achievable at the room
temperature. In addition, the S; — T; transition is orbitally feasible (El-Sayed

allowed), and, therefore, may contribute to efficient triplet generation from the S;
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state. However, in TC1:(CH3OH). complex, the energy gap between the S; and T,
states increased appreciably, and S; and T, states crosses each other around +20°
change in Co-O1-C>-S13 dihedral angle (see Figures 5.2.13c and 5.2.13f), with an
activation energy close to 0.1 eV from the S; FC state. Moreover, the orbital
character of the S; and T, states does not satisfy El-Sayed rule for ISC. Based on
these observations we conclud that the Co-O1-C2-S13 dihedral coordinate also plays
arole in triplet formation in TC1, and the presence of hydrogen bonding interactions
modifies this coordinate in such a way that the ISC is less efficient.

Overall, the guantum chemical calculations predict a possible role of three
vibrational modes (i.e., C2=S13 bond stretch, Cs-Cs-C2-S13 dihedral angle, and Co-
01-C»-S13 dihedral angle) in the 1ISC of TC1 molecule. The results also predict that
the energy landscape is modulated through hydrogen bonding in polar protic solvent

and attenuate the triplet yield in the molecule.

5.3 Conclusions

In conclusion, we have investigated how intermolecular hydrogen bonding
influences the photophysical properties of thiocoumarin 1 (TC1) using steady-state
and time-resolved spectroscopic techniques. Our steady-state fluorescence
measurements showed that in protic methanol, the fluorescence quantum yield and
lifetime of TC1 are approximately ten times greater than in the aprotic acetonitrile
solvent, whose polarity is similar to that of methanol. This increase in fluorescence
quantum yield and lifetime in methanol was accompanied by a tenfold reduction in
triplet yield, underscoring the inhibitory role of hydrogen bonding in triplet-state
generation. Further, time-resolved absorption experiments revealed the emergence
of an additional emissive state in protic methanol, which was not present in
acetonitrile. This state likely represents the hydrogen-bonded singlet state. Kinetic
analysis of the transient data revealed that triplet generation in methanol arises from
three singlet states (with time constants ~0.5 ps, ~2.0 ps, and ~90 ps), while in

acetonitrile, it involves only two states (with time constants ~0.5 ps and ~2.0 ps).
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Additionally, as the proportion of protic solvent (methanol) increases in the aprotic
acetonitrile, the triplet generation slows down monotonically.

TDDFT calculations indicated that hydrogen bonding influences the energetics and
electronic characteristics of low-lying singlet states in a manner that disfavors triplet
formation from the Franck-Condon excitation point. Further analysis identified at
least three possible reaction coordinates for triplet generation: the C>=Si13 bond
vibration along with a change in Cs-C3-C2-S13 and Co-O1-C2-S13 dihedral angles.
Perhaps the solvent-solute hydrogen bonding at the sulfur atom significantly affects
the feasibility of triplet generation along these coordinates by altering both
energetics and orbital properties. This observation is consistent with the noted
reduction in fluorescence quantum yield and lifetime of TCL1 in protic methanol.
Our experimental and theoretical findings bring out the intricate role of hydrogen
bonding interactions in modulating triplet state generation and the overall dynamics
of photoexcited thiocoumarin 1, which is summarized in Scheme 5.3.1. This
research offers new insights into how hydrogen bonding interactions reshape the

landscape of photo-excited molecules.
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Scheme 5.3.1. A schematic representation of possible relaxation coordinate of TC1 in non-
hydrogen bonded and hydrogen bonded solvent.
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Thiocarbonyl-containing compounds are known for their distinctive photophysical
properties, particularly their rapid intersystem crossing (ISC), facilitated by
favorable singlet—triplet energetics and enhanced spin—orbit coupling (SOC).
However, the ISC efficiency and resulting triplet yields can vary significantly
depending on molecular factors. This study explores the role of intramolecular
charge transfer (CT) in modulating triplet state generation in thiocoumarins.
Specifically, the introduction of a diethylamino group at the 7-position of the
thiocoumarin ring (Thiocoumarin 1, or TC1) induces CT character, yielding a
moderate singlet oxygen generation efficiency (50-60%) and solvent polarity-
dependent fluorescence with a low quantum yield (~107%). In contrast, the 7-acetoxy-
substituted derivative (Acetoxy-TC) shows extremely weak fluorescence (quantum
yield ~107%) but achieves remarkably high singlet oxygen yields (80—90%) that are
largely independent of the solvent environment. Time-resolved spectroscopic
measurements reveal an ultrashort fluorescence lifetime and concomitant ultrafast
triplet state population in Acetoxy-TC across solvents, indicating highly efficient
ISC. On the other hand, TC1 displays a more stable singlet excited state and slower
ISC dynamics, consistent with its steady state photophysical behavior.
Complementary theoretical calculations further support these observations:
Acetoxy-TC exhibits solvent-independent high SOC values and a small singlet—
triplet energy gap, both conducive to efficient ISC. In contrast, TC1 shows less
favorable ISC parameters. These findings underscore the importance of molecular
design specifically avoiding CT states in achieving efficient triplet state generation

in thiocarbonyl systems.
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6.1 Introduction

In the field of photophysical studies of molecular systems, numerous reports have
highlighted the role of photoinduced charge transfer (CT) processes in various
solvent environments and their applications across areas such as biology and
imaging. 11 Owing to its dipolar nature, this CT state exhibits solvent-dependent
behavior in both absorption and emission spectra.}’1* Among the diverse range of
CT-state forming systems, amino-coumarin derivatives are among the most
extensively studied. These molecules absorb light in the near-UV to visible region?°-
24 and have been widely used as solvatochromic probes in fluorescence sensing and
imaging applications. 2>2¢ Upon photoexcitation, these aminocoumarin molecules
get promoted to the Franck—Condon (FC) excited state, from which intramolecular
charge transfer occurs typically from the amino group to the fused benzopyrone ring
forming the CT state. 2222 In coumarin systems, this singlet-CT state has high
guantum yields and nanosecond-scale lifetimes, primarily due to restricted non-
radiative decay channels.?>?> Moreover, their triplet states exhibit significantly
different energy levels and often violate the El-Sayed rule for intersystem crossing
(ISC). 228 In polar protic solvents, the CT state can further evolve into a twisted
intramolecular CT (TICT) state, which is readily decays to the ground state and leads
to reduced fluorescence quantum yield. 2°2° Thus, the formation and stabilization of
the CT state play a crucial role in maintaining the high fluorescence efficiency of

aminocoumarin systems.

In contemporary research, there is a growing interest in triplet states due to their
applications in optoelectronics and photodynamic therapy.3®=3* Consequently,
strategies are needed to suppress fluorescence and redirect singlet-state decay
pathways toward triplet-state generation. Numerous studies have shown that external
heavy atoms can effectively promote ISC in various aromatic compounds.3>-38
Several reports explored that apart from heavy-atom effect, particularly the sulfur
atom incorporation at the carbonyl oxygen of carbonyl compounds potentially

promotes the ISC dynamics. 323%-55 A similar thionation also potentially impacts the
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ISC dynamics in DNA/RNA nucleobases.?2%-% |n this regards, visible light
absorbing thiocoumarin derivative are also attractive for the study of triplet
formation dynamics. Interestingly, these thio-derivatives often exhibit very low
fluorescence quantum vyields and ultrashort fluorescence lifetimes, indicating
efficient ISC to nearby triplet states.562 Recently, Ramamurthy’s group investigated
the photophysical properties of various thio-aminocoumarin derivatives, both in
bulk solvents and within the confined environment of an octa acid (OA) cavity.®
Their findings revealed that molecules bearing an amino group at the 7-position of
the thiocoumarin core exhibited solvent polarity-dependent behavior in both
absorption and emission spectra. This contrasted with unsubstituted or
acetoxy/alkoxy-substituted thiocoumarins, indicating the formation of a CT state
specifically in the amino-substituted thio-derivatives. Our investigations into the
photophysical properties of Thiocoumarin 1 have revealed unique excited-state
dynamics, including ultrafast triplet generation in both bulk solvents and confined
environments like octa acid cavities. Notably, many of the observed ISC transitions
in these systems conform to the El-Sayed rule and exhibit high spin-orbit coupling
constants (SOC), further confirming efficient triplet generation.®* Generally, the
presence of a CT singlet state is associated with a smaller energy gap between the
singlet and nearby triplet states, which typically leads to reduced fluorescence and
enhanced ISC efficiency.?265-%° However, experimental observations showed that
the 7-amino-thiocoumarin derivatives exhibit relatively strong fluorescence, both in
ethanol glass at 77 K and within the OA cavity, compared to their non-amino

counterparts.®® Moreover, the phosphorescence-to-fluorescence intensity ratio

(—“’ ’”’s) was found to be higher for non-CT-based thiocoumarins than for the 7-amino

Ir

derivatives, indicating more efficient triplet generation in the absence of CT
character. These results suggest that the presence of a CT state in thiocoumarins may
counteract efficient triplet formation, highlighting a complex interplay between CT

character and ISC efficiency in these systems.
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With this comprehensive introduction, we started to present our work on how the
CT state in amino-functionalized thiocoumarins decreases the triplet formation
efficiency, we have selectively chosen the 7-acetoxy (Acetoxy-TC) and 7-diethyl
amino-thiocoumarin (TC1, with CT character) (see Scheme 6.1.1) derivatives and
studied the steady-state and time-resolved measurements and quantum chemical
calculations in bulk solvents as well as inside the caged octa acid (OA) cavity (see
Scheme 6.1.1).
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Scheme 6.1.1. Structure of (a) 7-Diethylaminothiocoumarin (Thiocoumarin 1 or TC1), (b) 4-
methyl-2-thioxo-2H-chromen-7-yl acetate (7-Acetoxy Thiocoumarin or Acetoxy-TC), (c)
Chemical structure of water-soluble octa-acid (OA) cavitand, (d) Three-dimensional structure
of OA cavitand

6.2. Results and Discussion

Our preliminary results reveal that the 7-acetoxy-substituted thiocoumarin
(Acetoxy-TC) exhibits an extremely low fluorescence quantum yield (~107%) and an
ultrashort fluorescence lifetime (~150 fs), in stark contrast to thiocoumarin 1, which
shows a higher fluorescence quantum yield (~10-%) and a singlet state lifetime in the
picosecond range when studied in bulk solvents. Notably, TC1 displays solvent
polarity-dependent shifts in both its absorption and emission spectra, indicative of
the presence of a charge transfer (CT) state.®* These contrasting excited state

behaviors in thiocoumarins prompted us to undertake advanced time-resolved
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spectroscopic studies, complemented by computational analyses, to further elucidate
the role of CT states in the photoexcited-state dynamics of thiocoumarins as efficient
triplet forming system. The results of these investigations are detailed in the sections

that follow.

6.2.1. Steady-State and Time-Resolved Absorption/Emission Studies in
Solution.

Figures 6.2.1(a—b) and 6.2.1(d—e) depict the steady-state absorption and emission
spectra of TC1 and Acetoxy-TC molecules in solvents of increasing polarity hexane,
acetone, and acetonitrile. A spectral shift in both the absorption and emission bands
is observed for the TC1 molecule, suggesting the presence of a charge transfer (CT)
excited state, unlike in the case of the Acetoxy-TC molecule. From the emission
spectra, it is also evident that the Acetoxy-TC molecule exhibits relatively strong
room-temperature phosphorescence (RTP) emission bands in both polar and non-
polar solvents, unlike the TC1 molecule, which shows weak RTP bands relative to
its fluorescence emission. More interestingly, the fluorescence quantum yield of the
Acetoxy-TC molecule is ~100 times lower than the TC1 molecule (See Figures
6.2.1c and 6.2.1f). This indicates that the molecule bearing a diethylamino moiety at
the 7-position forms a CT state and exhibits higher fluorescence compared to the
Acetoxy-TC molecule, which contains an acetoxy group at the 7-position of the
thiocoumarin. To assess the efficiency of triplet generation, the singlet oxygen
quantum vyields of both molecules were measured (see Figure 6.2.2a). Upon
comparison, the singlet oxygen yield is approximately 1.7 times higher for the 7-
acetoxy TC molecule than for the TC1 molecule. Therefore, steady-state
measurements indicate that the CT state formation TCL1 is less conducive to triplet

generation.

Further to understand the origin of the fluorescence emission band, the excitation
spectra of Acetoxy-TC were recorded, and compared those with the absorption

spectra are presented in Figures 6.2.3. It is already established that the excitation
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spectra of the fluorescence band in TC1 are red-shifted relative to the absorption
band, which we interpreted as evidence for a hidden low-energy singlet state
(possibly S1) with very poor oscillator strength, but relatively strong fluorescence
compared to the higher oscillator strength singlet state (S2). This interpretation is
further supported by the excitation wavelength-dependent variations in fluorescence
guantum vyield values. However, in Acetoxy-TC, the excitation spectra of
fluorescence band almost approximately match with the absorption spectra (see
Figure 6.2.3). This indicates that in Acetoxy-TC fluorescence comes only due to

excitation the main absorptive state.
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Figure 6.2.1: Steady-State (a) absorption and (b) emission spectra of TC1 in hexane (purple;
Aex = 400 nm), acetone (green; Aex = 420 nm), and acetonitrile, ACN (red; Aex = 420 nm).
Steady-State (d) absorption and (e) emission spectra of acetoxy-TC in hexane (purple; Aex =
370 nm), acetone (green; Aex = 370 nm), and acetonitrile, ACN (red; Aex = 380 nm). (c, f)
Fluorescence quantum yield of TC1 and acetoxy-TC in previously mentioned solvents. All
these measurements were done in an aerated condition at 25 °C without any special treatment.
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Figure 6.2.2: Steady state (a) Singlet oxygen yield and (b, c) fluorescence lifetime of
thiocoumarin 1 (TC1) and Acetoxy-TC in solvents with different polarities i.e. hexane, acetone,
and acetonitrile (ACN). Singlet oxygen quantum yield measurements were performed at 10 °C
by taking chrysazin molecule in acetonitrile as a singlet oxygen standard (®so0=0.69).”
Fluorescence lifetimes were recorded at 25 °C at their corresponding emission maxima.
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Figure 6.2.3: Steady-state excitation spectral measurement and fluorescence quantum yield
measurement: excitation spectra (right axis) and absorption spectra (left axis) of TC1 in (a)
hexane (Hex) and (b) acetonitrile (ACN) in an aerated condition at 25 °C (Aem for excitation
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spectral measurements are indicated in the figures). Excitation spectra of Acetoxy-TC in (d)
hexane (Hex) and (e) acetonitrile (ACN) in an aerated condition at 25 °C (c) Excitation
wavelength-dependent fluorescence quantum yield of TC1 in ACN solvent in an aerated
condition at 25 °C (using the reference quantum yield 0.032 of coumarin 481 in 50% ethanol).

Further to get the time information of triplet generation, fluorescence lifetime of both
the molecules (Acetoxy-TC and TC1) are recorded at their corresponding emission
maxima is measured using the femtosecond fluorescence up-conversion technique;
decay traces are displayed in Figure 6.2.2b, 6.2.2c. In hexane, fluorescence lifetime
of both the molecules are found to be ultrafast with a time constants of ~ 200 ps. As
the solvent polarity increases (from hexane to acetone to acetonitrile), the
fluorescence lifetime of the TC1 molecule increases in a regular fashion. In contrast,
no significant change is observed in the lifetime decay of the Acetoxy-TC molecule
with changing the solvents. This suggests that, in the case of the TC1 molecule, in
polar solvents, leading to a longer fluorescence lifetime due to the presence of CT
state. In all the solvents, the fluorescence decay profiles were fitted, and time
constants are tabulated in Table 6.2.1. In acetonitrile, time components of
fluorescence decays of TC1 are 1.2 ps and 4.7 ps, which likely arise from the
emission of the two lowest-lying singlet states (S1 and Sy), as previously reported.5
In the moderately polar acetone solvent, fast two-time components are 0.5 ps (79 %)
and 2.2 ps (19 %). One additional component (13 ps, 2%) possibly arises from the
specific interaction of the TC1 with the acetone. A similar result of slow
fluorescence decay also observed in weakly polar dichloromethane solvent with time
components of 0.6 ps (83 %) and 4.2 ps (17 %). This indicates that increased solvent
polarity enhances the lifetime of the emissive states. The combined fluorescence
quantum yield and lifetime data suggest that the polar solvents stabilize the CT state
which leads to reduce the efficiency of triplet formation.
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Table 6.2.1: Fitted kinetic parameters of TCL1 in specified solvents in their fluorescence
emission maximum.

Solvent a1 T1 (PS) az T2 (PS) as T3 (PS)
Hexane 1 0.15 - -

ACN 0.43 1.2 0.57 4.7

DCM 0.83 0.6 0.17 4.2
Acetone 0.79 0.5 0.19 2.2 0.02 13

# Error in fitted time constants: +30 fs for ultrafast growth component, +0.2 ps for picosecond
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Figure 6.2.4: Transient absorption (TA) response (pump, 400 nm, probe, 460—730 nm) of TC1
in hexane (left panel), acetone (middle), and acetonitrile (ACN) (right panel). (a, b, ¢c) TA
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spectra at some representative delay times for hexane, acetone and acetonitrile (ACN),
respectively. In hexane, the TA spectra consist of extremely feeble SE around 470-650 nm
(green) and strong ESA over the whole probe spectral window (red). In acetone and ACN,
spectra consist of SE around 470-600 nm (green) and ESA above 600 nm (red). (d, e, f) Fitted
kinetics of TC1 in hexane, acetone, and ACN solvent at 700+5 wavelength of the spectra. (g,
h, 1) Decay-associated spectra from the global analysis of TA data in hexane, acetone, and ACN
solvent. In hexane, two global time constants are 95 fs, 15.5 ps, and >10 ns, in acetone three
global time constants are 0.5 ps, 4.2 ps and >10 ns and in ACN solvent, four global time
constants are 0.6 ps, 2.8 ps, 21 ps and >10 ns. All the transient measurements were done in an
aerated condition.

To further validate this hypothesis and get the time information about the triplet
formation dynamics, femtosecond transient absorption (TA) studies were conducted
for both molecules. Figure 6.2.4(a—c) displays the transient absorption spectra of
TC1 in three different solvents. From these transients, it is evident that at early times
(sub-picosecond to a few picoseconds), a negative band appears within the steady-
state emission spectral range. This feature is attributed to stimulated emission (SE),
and it is observed consistently across all solvents. In hexane, this negative SE band
rapidly converts into a broad positive band within a few sub-picoseconds and
remains unchanged up to 2 ns (the time window of our measurement). In contrast,
in polar solvents such as acetone and acetonitrile, the SE feature persists for
picoseconds. The broad positive band observed in the 460—730 nm region is assigned
to the excited-state absorption (ESA) of triplet states according to our earlier
report.®* This observation strongly supports our initial speculation regarding the
stabilization of the CT state in polar solvents, leads to create one additional slow ISC
channel. However, the transient spectral features of the Acetoxy-TC molecule are
markedly different, exhibiting a stimulated emission (SE) band in the 460-600 nm
range with an ultrashort lifetime; approximately 0.3 ps (see Figure 6.2.5a—c).
Regardless of the solvent, this emissive feature rapidly transforms into a broad
excited-state absorption (ESA) band on a sub-picosecond timescale and remains
unchanged throughout the entire experimental time window (>2 ns). This behavior

strongly indicates the involvement of the triplet state.
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Table 6.2.2: Triplet state rise time components of TC1 and Acetoxy-TC are extracted from the
fitted TA Kkinetics data at 7002 nm (average 700 nm) for TC1 and 4755 nm (average 475
nm) for Acetoxy-TC, in hexane, Acetone, and acetonitrile at 298K.

Solvent TC1 Acetoxy-TC
Spectral T, (PS) 7, (ps) Spectral T, (Ps)
range
(nm) range (nm)
Hexane 0.25 - 0.40
Acetone 0.45 10.4 0.28
Acetonitrile | 098702 [ 025 2.45 | 470-480 0.23

# Error in fitted time constants: £30 fs for ultrafast growth component, 0.2 ps for picosecond
growth components

Transient Kinetics at the triplet absorption regions (700 nm for TC1 and 475 nm for
Acetoxy-TC) were fitted using multiexponential functions (see Figure 6.2.4d—f). In
our earlier report, we found that in acetonitrile, the triplet kinetics of TC1 fit a
biexponential model, with triplet generation time constants of 0.55 ps and 1.54 ps.%
In acetone, similar biexponential behavior is observed, with time constants of 0.45
ps and 10.4 ps (see Table 6.2.2). In contrast, in hexane, a single ultrafast component
(~0.25 ps) is sufficient to fit the triplet formation kinetics. These results suggest that
in polar solvents, the presence of a CT state introduces an additional singlet state
channel, from which triplet generation occurs more slowly. However, for the
Acetoxy-TC molecule, the Kinetics of triplet generation are totally ultrafast with time
constants of approximately 0.3 ps, regardless of solvent polarity. Therefore, TA
Kinetic analysis suggests that in polar solvents, TC1 accesses two distinct singlet

state channels (ultrafast and slow) for triplet state population, exhibiting strong
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polarity dependence. In contrast, ultrafast triplet generation in Acetoxy-TC occurs

exclusively through the initially excited singlet state, having no CT character.

To better understand the involvement of multiple excited states in the photophysical
processes of TC1, we compared the decay-associated spectra (DAS) obtained
through the global analysis of the TA data. In hexane, global parameters are 95 fs,
15.5 ps, and 2 ns. Out them, 95 fs components display characteristic of stimulated
emission (SE) and 15.5 ps, and 2 ns components exhibit excited-state absorption
(ESA) feature, corresponding to the initial (T») and final triplet state (T1). (see Figure
6.2.4g) With changing solvent to ACN, one more relatively slow SE type global time
component (2.8 ps) appears in the excited state dynamics. (see Figure 6.2.4i) In
acetone, three global time parameters are identified with time constants 0.5 ps and
4.2 ps (SE-type) and >10 ns (ESA type) (see Figure 6.2.4h). Therefore, in polar
solvents, TC1 has at least two emissive singlet states which strongly correlates with

our fluorescence upconversion results.

For the Acetoxy-TC molecule, however, the DAS analysis reveals a complete lack
of solvent polarity dependence, with consistent global time constants of ~0.2 ps (SE)
and >10 ps (ESA) across all solvents (see Figures 6.2.5g—i). This result indicates
apart from the initially excited singlet state, no other long-lived low-energy emissive
singlet states are generated in Acetoxy-TC. The overall transient absorption data
analysis strongly supports our initial hypothesis that no CT state forms in Acetoxy-
TC, in contrast to TC1. In TCL1, the formation of CT state activates one additional
triplet generation pathway. However, this pathway is significantly slower than the
ultrafast triplet formation from the initially excited Franck—Condon (FC) state. As a
result, TC1 exhibits high fluorescence quantum yield and a pronounced fluorescence
lifetime in polar solvents, accompanied by a reduced triplet yield. Therefore, the
collective experimental findings clearly indicate that CT state formation in

aminothiocoumarins plays a counteractive role in triplet state population generation.
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Figure 6.2.5: Transient absorption response (pump, 400 nm, probe, 460—-730 nm) of Acetoxy-
TC in hexane (left panel), acetone(middle), and acetonitrile (right panel). (a, b, ¢) TA spectra
at some representative delay times for hexane, acetone and acetonitrile (ACN), respectively. In
all three solvents i.e. hexane, acetone and acetonitrile (ACN) the TA spectra consist of
extremely feeble SE around 470-650 nm (green) and strong ESA over the whole probe spectral
window (purple). (d, e, f) Fitted kinetics of Acetoxy-TC data in hexane, acetone, and ACN
solvents are at 4755 nm wavelength of the transient spectra. (g, h, i) Decay-associated spectra
from the global analysis of TA data in hexane, acetone, and ACN solvent. In all three solvents,
global time constants are 0.2-0.3 ps and >10 ns. All the transient measurements were done in
an aerated condition.
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6.2.2. Steady-State and Time-Resolved Absorption/Emission Studies within a
Confined Capsule.

Octa-acid (OA) is known to form closed capsular host—guest complexes with a
variety of guest molecules.”*"® Octa-acid (OA) is known to form closed capsular
host—guest complexes with a variety of guest molecules. Since excited thioketones
are known to be highly reactive in organic solvents and often relax via interactions
with C-H bonds,*>*747 a3 well-defined and restricted medium such as the OA
capsule is ideal for gaining deeper insights into the role of CT states formation in
intersystem crossing dynamics in thiocoumarins. Recently, we demonstrated via *H
NMR spectroscopy that OA forms a 2:1 host—guest complex with both TC1 and
Acetoxy-TC dyes in borate buffer solution (pH 7.4).% The steady-state absorption
and emission spectra of TC1@OA:2 and Acetoxy-TC@OA: show a strong band in
the 570-750 nm range and a weaker band around 460-560 nm (see Figure 6.2.6a,
6.2.6b). The band above 570 nm resembles the phosphorescence observed in gated
emission spectra measured in ethanol glass at 77 K, and is thus assigned to

phosphorescence, while the higher-energy band is attributed to fluorescence.

To identify the origin of the emission bands, excitation spectra for both the
fluorescence and phosphorescence emissions were recorded and compared them
with the absorption spectra (see Figure 6.2.6¢-6.2.6f). For both TCL@OA: and
Acetoxy-TC@OA:2 complexes, the excitation spectrum of the phosphorescence band
exactly matches the main absorption band. In contrast, the excitation spectrum of the
fluorescence band appears red-shifted relative to the absorption spectrum in
TC1@OA: which we interpreted and proved as the presence of a low-energy, weakly
absorbing but strongly emissive hidden singlet state within the main absorption
band. However, the fluorescence excitation spectrum of Acetoxy-TC@OA: is blue-
shifted relative to the absorption band. This implies that in this case the fluorescence
arises from excitation into a higher-order singlet state, and no other low-energy
hidden singlet state (relative to main singlet absorption band) is involved in

fluorescence emission.
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Figure 6.2.6: Steady-state absorption, emission, and excitation spectra of (a) TC1 and (b)
Acetoxy-TC inside the octa acid (OA) cavity in borate buffer solution i.e. TCI@OA: and
Acetoxy-TC@OA: respectively: (a) Absorption and Emission spectra of TC1@OA:
(excitation wavelength 430 nm) and (b) Acetoxy-TC@OA: (excitation wavelength 400 nm);
(c) Excitation spectra for three different fluorescence emission regions (505, 520, and 535 nm)
of TC1@OA: and (d) Excitation spectra of Acetoxy-TC@OA: (500 nm) comparison with the
absorption spectrum; (e) Excitation spectra for the 595 and 640 nm emission bands and
comparison of TC1@OA: with the absorption spectrum; (f) Excitation spectra for the 640 nm
emission bands Acetoxy-TC@OA2 and comparison with the absorption spectrum All the
measurements were done in aerated condition and at room temperature.
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Figure 6.2.7: Normalized fluorescence decays of TC1 and Acetoxy-TC inside the octa acid
(OA) cavity at emission wavelengths: 520 nm (for TCI@OA:) and 500 nm (for Acetoxy-
TC@OA2) (Aex=400 nm) at 25 °C. All the measurements are done in nitrogen-purged
conditions.

The fluorescence lifetime of TC1 within the OA cavity, and the fitted time
components (0.59 ns, 12.8 ns, and >1 ns) are obtained from our earlier report. (See
Figure 6.2.7a).%* Out them, the first two components we interpreted as the lifetimes
of two closely lying emissive singlet states, one of which is attributed to a charge
transfer (CT) character as evident by our earlier report as well. Interestingly, for
Acetoxy-TC@OA:, the fluorescence decay is characterized by a single ultrafast
component (~0.2 ps). (See Figure 6.2.7b) This singlet state lifetime is very similar
to that observed in solvents, suggesting that Acetoxy-TC lacking a CT state has
highly unstable singlet excited state that undergoes rapid non-radiative decay on an

ultrafast timescale.
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Figure 6.2.8. Transient absorption response (pump, 400 nm, probe, 460-730 nm) of TC1 and
Acetoxy-TC inside the octa acid (OA) cavity. TA spectra of (a) TC1 and (b) Acetoxy-TC at
some representative delay times. In the OA cavity, the TA spectra of TC1 consist of SE around
480-550 nm (green) and ESA above 600 nm (red), TA spectra of Acetoxy-TC consist of a
short-lived SE band around 470-600 nm (green), a strong ESA band centered around 480 nm
(purple) appears rapidly. Fitted kinetics at the triplet ESA region (700 nm for TC1 and 480 nm
for Acetoxy-TC) of (c) TC1 (d) Acetoxy-TC inside the OA. Decay-associated spectra from the
global analysis of TA data (OA) of (e) TC1 and (f) Acetoxy-TC in octa acid. For TC1 in OA,
four global time constants are 50 fs, 15 ps, 970 ps, and >10 ns. For Acetoxy-TC in OA global
time constants are 0.2 ps and 10 ns. The transient measurement was performed in a N2-purged
condition. All the transient measurements were done in an aerated condition.

To gain deeper insights into triplet state formation dynamics, we performed transient
absorption (TA) measurements of OA-encapsulated Acetoxy-TC and compared with
the encapsulated TC1. Representative TA spectra at some time delays are presented
in Figure 6.2.8. In our earlier report, we found that for TC1@OA., a short-lived
stimulated emission (SE) band appears in the 470-600 nm range at early times,

which subsequently evolves into a broad excited-state absorption (ESA) band at later
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times (see Figure 6.2.8a).%* In contrast, Acetoxy-TC@OA: exhibits distinctly
different triplet spectral characteristics. Following a short-lived SE band (470-600
nm), a strong ESA band centered around 475 nm appears rapidly (see Figure 6.2.8Db).
To understand the kinetics of these excited-state processes, we compared the
transient decay at the respective triplet spectral regions (700 £ 2 nm for TCL@OA:
and 475 £ 5 nm for Acetoxy-TC@OA:?) (see Figures 6.2.8c and 6.2.8d). In our
previous finding, we reported that two rise components for TC1@OA, indicating
the involvement of both ultrafast and slower intersystem crossing (ISC) pathways in
triplet state formation. However, for Acetoxy-TC@OA:., only a single ultrafast rise
component was observed, suggesting a much faster and more direct ISC process.
These findings clearly show that, as in solvents, triplet state formation for CT-state
forming TC1 is slower than for the Acetoxy-TC, even within the confined
environment of the OA capsule. Global analysis of the TA data for TC1@OA:
revealed four decay-associated spectral (DAS) components (see Figure 6.2.8e). The
first two components (50 fs and 15 ps) correspond to SE features, while the third and
fourth components (970 ps and >10 ns) is associated with the ESA of the triplet state.
For Acetoxy-TC@OA:?, only two global time components were identified: a 200 fs
SE-type component and a >10 ns ESA-type component which indicates the presence
of only one emissive singlet state and one triplet state in the overall excited state
dynamics. (see Figure 6.2.8f). A comparative analysis of the results in three solvents
(hexane, acetone, and acetonitrile) and within the OA cavity demonstrates that the
excited-state dynamics of TC1 are highly sensitive to solvent polarity. This behavior
is consistent with the notion that excited-state dynamics in TC1 involve charge
transfer from the 7-amino group to the thiocarbonyl moiety. To further understand
the solvent polarity-dependent triplet state formation in the CT-state-forming TC1,
and to uncover the reason behind the solvent independent ultrafast ISC observed in
Acetoxy-TC, we performed time-dependent density functional theory (TDDFT)

calculations, the results of which are discussed in the following section.
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6.2.3. TDDFT Calculation.

Theoretical calculations were carried out using TDDFT for both molecules in three
solvents: hexane, acetone, and acetonitrile and vertical excitation energies and the
electronic characters of the states are depicted in Figure 6.2.10. In hexane, the low-
lying singlet excited states of TC1 appear at 2.759 eV (S1) and 3.216 eV (S2),
corresponding to nt* and mrr* character, respectively, at the Franck—Condon (FC)
point (see Figure 6.2.9 and Table 6.2.4). Among them, the S state is optically
brighter and involves an intramolecular charge transfer (CT) from the amino group
to the thiolactone moiety. The energy gap between the first two singlet states is
approximately 0.457 eV in hexane. In acetonitrile solvent, the S; and S states bring
them closer in energy, and the computed energies for S; and S in acetonitrile are
2.993 eV and 3.048 eV, respectively. A similar trend of energy and characteristics
is also observed in acetone, an intermediately polar solvent with energies 3.006
eV(S1) and 3.078 eV (S2). The presence of the amino group at the 7-position
facilitates intramolecular charge transfer excitation, which in turn leads to a strong
solvatochromic response and a reduction in the S1—S> energy gap. These theoretical
results are consistent with our experimental observations of difference between the
excitation and absorption spectra in solvents. A similar excitation spectral shift is
observed in OA (octa acid), where the microenvironment is assumed to be non-polar.
However, due to the computational expense of simulating TDDFT spectra for the
OA-bound TC1 complex, it remains unclear whether the same two excited states are

responsible in that system.
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Table 6.2.3. Vertical transition energies of TC1 in Hexane, Acetone and Acetonitrile solvents

Hexane Acetone Acetonitrile
States Chara Energy Osc. States Chara Energy Osc. States Chara Energy Osc.
cter (eV) strength cter (eV) strength cter (eV) strength
S1 nm* 2.759 0.00001 St nm* 3.066 0.00014 |S: nm* 2.993 0.00006
S2 ¥ 3.216 0.72070 S2 n* 3.078 0.68310 |S2 n* 3.048 0.66691
S3 nr* 3.975 0.15800 S3 nr* 3.956 0.23000 |Ss ¥ 3.921 0.23001
T n* 2.165 - T1 n* 2.138 - T1 n* 2.114 -
T2 nm* 2.497 - T2 nm* 2.782 - T2 nt* 2.773 -
T3 ¥ 3.044 - T3 n* 3.000 - T3 ¥ 2.964 -
AE (S2/S1) - 0.457 - AE (S2/S1) - 0.012 - AE (S2/S1) - 0.055 -
AE (Si/T1) - 0.594 - AE (Sd/Ty) - 0.928 - AE (SdTy) - 0.879 -
AE (S1/T2) - 0.262 - AE (SdT2) - 0.284 - AE (S1/T2) - 0.220 -
AE (S1/T3) - -0.285 - AE (Sd/T3) - 0.066 - AE (SJT3) - 0.029 -
AE (S2/T1) - 1.051 - AE (S2/Ty) - 0.940 - AE (S2/T1) - 0.934 -
AE (S2/T2) - 0.719 - AE (S2T2) - 0296 - AE (So/T2) - 0.275 -
AE (S2/Ts) - 0.172 - AE (S2/T3) - 0.078 - AE (S2/T3) - 0.084 -
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Figure 6.2.9. Electronic structures of the Sy, Sz, Sz, Ty, T2, and T3 states of TC1 in Hexane,
Acetone and Acetonitrile (ACN) solvents through TDDFT calculation

Table 6.2.4. Spin orbit coupling constants (SOC) of TC1 in Hexane, Acetone, and acetonitrile

solvent
) Hexane Acetone
Electronic
states Transition SOC Transition SOC
Type (cm™) Type (cm™)
S1—T4 nu*-wm* 115.2 nm*-mu* 97.72
S,—T, nm*-nm* 0.71 nm*-nm* 1.33
S, —T; n*-m* 83.56 n*-m* 102.75
S,—T4 an*-nn* 0.19 nn*-nm* 1.45
S,—T, mn*nn* 7178  mn*-nm* 64.25

S, —T; an*-m* 0.18 n*-ma* 1.59

Acetonitrile

Transition  SOC

Type (cm™)
n*-m* 96.8
n*-nm* 0.82
n*-m* 103.8
k- 0.88
n*-nm* 66.3
an*-ma* 0.95
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Figure 6.2.10: Vertical electronic excitation energies and their characters of electronic exited
states of TC1 and Acetoxy-TC in Hexane, Acetone and acetonitrile (ACN) obtained through
TDDFT calculation.

Triplet state calculations revealed that lower lying triplet states (T1, T2, and T3) are
close in energy to the Si and S> states, suggesting the possibility of population
transfer between the singlet and triplet manifolds across solvents (see Table 6.2.3).
With changing solvents from hexane to polar solvents (acetone or acetonitrile,) S1
— T1 energy gaps increases but S, — T» gap decreases. Therefore, in polar solvents,
the S1 — T transition may become energetically unfavorable, whereas the S, — T»
transition may become more energetically favorable. To assess the orbital feasibility
of such intersystem crossing (ISC) events, El-Sayed’s rule was applied by examining
the frontier molecular orbitals of TC1 in all three solvents at the FC geometry (see
Figure 6.2.9). Additionally, spin—orbit coupling (SOC) values were computed for all
low-lying singlet-triplet pairs (see Table 6.2.4). In hexane, the S, — T transition
involves mn* — nn* character with a SOC value of ~72 cm™, while the So — T3
transition involves a mn* — mn* configuration. Therefore, ISC from S» to T2 is both
energetically and orbitally feasible. Similarly, the S; — T transition, involving nt*
and nn* character, has a high SOC value of ~115 cm™, indicating a highly favorable
ISC pathway. In acetonitrile, S1 — T1, S1 — Ts, and Sz — To transitions follows the

energy and orbital criteria (El Sayed rule) with SOC value of ~ 97 cm™, ~104 cm™,
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and ~66 cm™. All other ISC transitions are orbitally forbidden. In acetone,
probability of ISC transitions is very similar to the acetonitrile, with SOC values ~
97 ecm™ (S1 — T1), ~103.8 cm™ (S1 — T3), and ~66 cm™ (S2 — T2). Therefore, it
indicates that in TC1, solvent switch from hexane to polar solvents (acetone or
acetonitrile), not only the S1 — T1 energy gaps increase but the SOC values also
decrease which may be responsible for diverted and slow ISC of TC1 in polar
solvents. However, through the SOC values for (S2 — T2) transition decrease in
polar solvents but which may be compensated by the decreased S, — T2 energy gap
which leads to show solvent independency in the ultrafast triplet generation from the
S, state in TCL.

On the other hand, the S; state of Acetoxy-TC possesses nn* character (weakly
allowed), while the S state exhibits bright n* character, and this state ordering
remains unchanged across all three solvents (see Table 6.2.5 and Figure 6.2.11). In
hexane, the energies of the S1 and S; states are 2.645 eV and 3.653 eV, respectively.
Upon switching the solvent to acetonitrile, both states shift to higher energies 2.865
eV (S1) and 3.692 eV (S2). A similar energy trend is also noted in acetone, where the

S1 and S energies are 2.852 eV and 3.866 eV, respectively.
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Table 6.2.5. Vertical transition energies of Acetoxy-TC in Hexane, Acetone and Acetonitrile solvents

Hexane Acetone Acetonitrile

States Chara Energy Osc. States Char Energy Osc. States Chara Energy Osc.

cter (eV) strength acter (eV) strength cter (eV) strength
St nm* 2.645 0.00014 S1 nm* 2.852 0.000014 | S: nm* 2.865 0.000014
Sz ¥ 3.653 0.64540 S2 ¥ 3.866 0.70567 S2 ¥ 3.692 0.70300
S3 nm* 4.201 0.00008 S3 nr* 4.248 0.02358 S3 ¥ 4.242 0.02345
T1 ¥ 2.278 - T1 ¥ 2.359 - T1 ¥ 2.364 -
T nm* 2.365 - T nm* 2.601 - T, ni* 2.615 -
T3 ¥ 3.466 - T3 ¥ 3.442 - T3 ¥ 3.439 -
AE (S1/T1) - 0.367 - AE (Si/T1) - 0.493 - AE (S1/T1) - 0.501 -
AE (S1/T2) - 0.280 - AE (Si/T2) - 0.251 - AE (Si/T2) - 0.250 -
AE (S1/T3) - -0.821 - AE (Si/T3) - -0.590 - AE (S1/T3) - -0.574 -
AE (So/T1) - 1.375 - AE (So/T1) - 1.507 - AE (So/T1) - 1.328 -
AE (SofT2) - 1.288 - AE (SofT2) - 1.265 - AE (SofT2) - 1.077 -
AE (SofT3) - 0.187 - AE (SofT3) - 0.424 - AE (So/T3) - 0.05 -
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Figure 6.2.11. Electronic structures of the S1, Sz, Sz, Ty, T2, and T3 states of TC1 in Hexane,
Acetone and Acetonitrile (ACN) solvents through TDDFT calculation

Table 6.2.6. Spin orbit coupling constants (SOC) of Acetoxy-TC in Hexane, Acetone, and

acetonitrile solvent

. Hexane
Electronic
states Transition SOC
Type (cm™)
$1—-T4 n*-m* 133.8
Sl — TZ nﬂ:*'nﬂ:* 145
S1—T;3 ni*-n* 36.79
S,—T4 ¥ -mt 1.10
S,—T, nn*-nm* 116.62
S, —T;3 ¥ -mt 0.05

Acetone
Transition SOC
Type (cm?)
n¥-n* 132.7
n*-nm* 0.69
n¥-n* 36.01
k- 0.17
n*-nw* 118.27
k-t 0.05

Acetonitrile

Transition ~ SOC

Type (cm?)
n¥-n* 132.6
n*-nm* 0.69
nm¥-n* 35.88
- 0.17
n*-nm* 118.18
k- 0.05
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Interestingly, in Acetoxy-TC, the S; and S» states are not energetically close, with
an energy gap greater than 0.9 eV, unlike in the case of TC1. However, neither S;
nor Sz exhibits any charge transfer (CT) character (See Figure 6.2.11). Calculations
reveal that in hexane, the energies of the low-lying triplet states are 2.278 eV (T1),
2.365 eV (T2), and 3.466 eV (T3), indicating that singlet-to-triplet transitions are
energetically favorable. Furthermore, the transitions Si(nn*) — Ti(nn*) and Sa(mn*)
— T2 (nn*) adhere to El-Sayed's rule and are associated with high spin—orbit
coupling (SOC) values of 133.84 cm™ and 116.62 cm™, respectively (see Table
6.2.6 and Figure 6.2.11), suggesting a strong likelihood of ultrafast triplet formation.
Upon switching the solvent to acetone and acetonitrile, the energies and electronic
characters of the triplet states (T1, T2, T3) remain largely unchanged (see Figure
6.2.10 and Table 6.2.5). In addition, the SOC values of these energetically and
orbitally allowed singlet—triplet transitions remain nearly constant across solvents,
reinforcing the prediction of efficient triplet generation in all three media. Therefore,
overall theoretical result strongly supports our experimental observation of ultrafast
and quantitative triplet formation in Acetoxy-TC (having no CT character)
regardless of solvent polarity. In contrast, in TC1, we believe that due to the CT
state, solvent-dependent modulation of electronic state energies and electronic
couplings in polar solvents diminishes singlet—triplet orbital mixing efficiency.
Overall, this analysis underscores that the CT character of singlet states in

aminothiocoumarins can counteract fast and efficient triplet generation.

6.3 Conclusions

The steady state experiment revealed that in TC1 has CT behavior and shows
relatively high fluorescent characteristics and yields less triplets in solvents.
However, in Acetoxy-TC, fluorescence quantum yield is exceptionally low and yield
almost a quantitative triplet and relatively strong room temperature phosphorescence
(RTP) emission irrespective of the solvent polarities having no CT character in the

singlets. In addition, fluorescence excitation spectra of TC1 are red shifted to the
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absorption spectra which indicates the presence of a hidden low energy singlet
excited state band inside the main absorption band having emissive characteristics.
However, in Acetoxy-TC, the fluorescence excitation spectra completely match with
the absorption band irrespective of the solvents indicates that the fluorescence is
coming from excitation of the main absorption band only. Inside the OA cavity, both
the TC1 and Acetoxy-TC has strong RTP characteristics, and those bands
completely originate from the excitation of the main absorptive state only.
Fluorescence upconversion measurement in bulk solvent reveals that the
photoexcited singlet states of TC1 sustain up to several femtoseconds in hexane
indicating extensive population loss suddenly. Lifetime increases abruptly up to
several picoseconds upon changing solvents of different polarities. However,
fluorescence lifetime decays of Acetoxy-TC having no CT states sustain only up to
hundreds of femtoseconds and it is independent of solvent polarities. A detailed
femtoseconds transient absorption (TA) measurements reveal that ultrafast 1ISC is
the major non-radiative decay channel in Acetoxy-TC. Furthermore, TA analysis
also reveals that in hexane, TC1, a similar ultrafast ISC behavior like Acetoxy-TC
across solvents. However, in polar solvents, triplet state generation of TC1 is
relatively slow and both the lowest singlet states involve in ISC process which is
possibly due to the presence of CT singlet state. Inside the OA cavity fluorescence
lifetime decays of TC1 is relatively slow over the Acetoxy-TC. We believe, the same
CT states formation in TC1 might the responsible length picosecond fluorescence
lifetime and retarded ISC behavior of TC1 inside the OA cavity. Such behavior is
not observed for the Acetoxy-TC molecule, likely due to misalignment of the donor
moiety with the thiocoumarin ring or due to forbidden charge transfer resulting from
the higher electronegativity of the oxygen atom at the 7-position of the ring.
Theoretical TDDFT calculation of vertical excitation energies, singlet-triplet
coupling values strongly supports the experimental observations of environment
independent ultrafast ISC behavior of Acetoxy-TC having unlike strongly retarded
ISC in TC1 having a CT singlet state. The overall study highlights the possible role

charge transfer singlet state in the triplet state formation dynamics in thiocoumarins.
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In molecular systems, intersystem crossing (ISC) from singlet to triplet states is
influenced by various factors including substituents in the molecular structure, its
geometry, inherent vibrations, intermolecular hydrogen bonding, and the
surrounding medium's viscosity.1® Detailed photophysical investigations can
elucidate the mechanisms behind triplet state formation via ISC. This knowledge
paves the way for designing innovative triplet-generating molecular systems with

broad applications.

In this thesis, | investigated the intersystem crossing (ISC) dynamics of several
triplet-generating molecules in both bulk solvents and confined environments, such
as AOT reverse micelles and octa acid (OA) cavities. In particular, the excited-state
study of the Cu(dmphen).Cl complex in viscous and confined reverse micelle media
revealed that triplet-state generation and its decay involve volume-changing
vibrational motions and proceeds over an activation barrier of approximately 5.9
kJ/mol.” These findings advance our understanding of the vibrational contributions
to triplet formation and support ongoing efforts to identify and explore triplet

forming metal-ligand complex systems.

Current research on triplet systems is increasingly focused on identifying heavy-
atom-free molecules. In this context, | have investigated the unique photophysical
properties of the thionated coumarin 1 molecule (called TC1), which exhibits a
notably low fluorescence quantum yield and an ultrashort fluorescence lifetime, both
in bulk solvents and within the octa acid (OA) cavity.® It has been observed that on
an ultrashort timescale, the singlet state population rapidly transitions to the triplet
state. Theoretical analysis of the energy and orbital characteristics aligns well with
the experimental findings, confirming the rapid ISC behavior. This study
demonstrates how thionation significantly alters the photophysical properties of
coumarin-type molecules and opens avenues for developing new, quantitatively

efficient triplet-generating systems.

Hydrogen bonding interactions significantly impact various ground and excited state

processes, profoundly influencing the photoexcited properties of molecular systems.
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29-14 My research has shown that in the hydrogen bond-forming protic solvent
methanol, the fluorescence quantum yield and lifetime of TC1 are approximately ten
times higher than in the similarly polar, but aprotic, solvent acetonitrile, with a
concomitant tenfold decrease in triplet yield. Time-resolved studies revealed an
additional hydrogen-bonded singlet state in methanol,'> which is responsible for
slower ISC dynamics and reduced triplet yield. Theoretical calculations were
conducted to understand how hydrogen bonding alters the energy and orbital
characteristics of thiocoumarin 1 in methanol. These calculations also elucidated
how solvent-solute hydrogen bonding interactions energetically and orbitally
constrain ISC across different molecular vibrational coordinates. This research
delineates the inhibitory role of hydrogen bonding in the efficiency of triplet
generation in the thiocoumarin 1 molecule, providing insights into the complex

interplay between molecular interactions and photophysical behavior.

| have delved into how intramolecular charge transfer (CT) influences triplet state
generation in thiocoumarin systems. Photophysical analyses of two thiocoumarin
derivatives indicated that amino-thiocoumarins, which possess CT properties,
generate fewer triplets than the non-CT acetoxy-thiocoumarin molecules in solvents,
pointing to varying triplet formation mechanisms. Time-resolved studies revealed
the presence of ultrafast components in triplet generation for non-CT thiocoumarins,
while amino-thiocoumarin (TC1) displays two growth components, one fast and one
slow with a dependency on solvent polarity. Theoretical calculations have elucidated
how the energetics and spin-orbit coupling factors (SOC) promote rapid and efficient
intersystem crossing (ISC) in acetoxy-thiocoumarin molecules. Conversely, the
solvent polarity in CT-forming TC1 appears to decelerate ISC. This effect of
intramolecular charge transfer on triplet formation was similarly observed in studies
within OA-caged environments. Overall, these studies highlight how intramolecular
charge transfer significantly affects the photophysical behavior of thiocoumarin

systems, critical for efficient triplet generation.
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