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SYNOPSIS 

Chemistry deals with the transformation of molecular entity through several elementary 

steps occurring in different timescales. Therefore, understanding the overall mechanism of a 

chemical reaction involves the investigation of the elementary processes at a molecular level. 

Many such processes occur with great rapidity involving many short-lived intermediate 

species, called the transients. Hence, creating such short-lived transients involved in a chemical 

reaction and then monitoring the characteristics of these transients are essential to obtain a 

deep insight into the microscopic mechanism of the reaction. Creation of electronic excited 

state using short light pulse and monitoring of subsequent evolution of the excited states are 

the key to explore reaction dynamics in real time. In 1949, Norris and Porter developed 

microsecond flash photolysis technique to monitor short lived reaction intermediate, for the 

first time.1 In following years, invention of pulsed lasers and pump probe technique 

revolutionized the field of time resolved spectroscopy. Advent of femtosecond laser pulses 

have offered direct observation of transition state of a chemical reaction.2 Importance of 

femtochemistry in studies of reaction dynamics was recognized by awarding a Nobel Prize to 

Prof. Ahmed Zewail in 1999.  

Subpicosecond and femtosecond experiments allow monitoring fundamental chemical 

processes in real time.3,4 An electronically excited molecule undergoes a number of relaxation 

pathways, such as vibrational relaxation, charge transfer, energy transfer, proton transfer, 

solvent relaxation, configurational relaxation, intersystem crossing, internal conversion, etc.5 

These excited state deactivation pathways are relevant to many chemical and biochemical 

processes.6,7 Electron transfer, proton transfer and proton coupled electron transfer are the most 

important reactions in photosynthesis and solar energy conversion reactions.8-11 Intramolecular 

charge transfer excited state serves to elucidate microscopic picture of solute solvent 

interaction and solvation dynamics.12,13 Large amplitude structural motion in donor-acceptor 
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molecules strongly influences extent of charge separation forming twisted intramolecular 

charge transfer (TICT) state. Time resolved measurements on TICT relaxation dynamics 

provide information about excited state potential energy surface.14,15 Development of materials 

for solar energy harvesting, artificial photosynthesis, molecular electronics, etc are relies on 

excited state relaxation and deactivation mechanism.16,17 Thus, fundamental understanding of 

excited state relaxation dynamics in real time holds crucial significance to unravel natural 

photoinduced processes as well as development of artificial photofunctional materials. Time 

resolved measurements on structurally simpler model molecules often provide in-depth 

understanding of the molecular level mechanism and timescale of these competing processes. 

Employing femtosecond time resolved spectroscopy on several model molecular 

systems, the thesis aims at providing some important insights into the excited state dynamics of 

intramolecular charge transfer, proton transfer and structural relaxation and other electronic 

deactivation processes. For the convenience of presentation, the thesis is organized in the form 

of eight chapters. Chapter 1 and 2 describes the introduction of general photophysical aspects 

in electronic excited states and experimental techniques, respectively.  Particular aspects of 

photoexcited state relaxation dynamics of model molecular systems are presented in self 

contained manner from chapter 3 to chapter 8. A concise description of the thesis is given 

below. 

Chapter 1:  

In this introductory chapter, some basic principles and concepts related to the present 

thesis have been discussed. The thesis deals with the photo-induced processes such as 

vibrational relaxation (VR), internal conversion (IC), intersystem crossing, charge transfer, 

proton transfer, TICT and solvation around the excited solute molecule.  So a brief introduction 

to these interesting topics has been given in this chapter. The occurrence of a photo induced 

intramolecular process is strongly dependent on the geometry and electronic structure of the 
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molecule in the excited state as well as on the nature of interaction between chromophores and 

the surrounding solvent molecules. Role of solute-solvent interaction on the excited state 

dynamics has been discussed briefly in this chapter. Twisting induced charge transfer in donor-

acceptor (D-A) molecules has been an interesting issue which has been discussed in the present 

thesis. Brief note on the objective and motivation of the present work has also been discussed 

in this introductory chapter. 

Chapter 2:  

This chapter provides the details of experimental methods used for the investigations of 

different processes presented in the thesis. Most of the work has been carried out using 

ultrafast transient absorption spectroscopic techniques. The basic principles of transient 

absorption spectroscopy and details of the femtosecond transient absorption instrument have 

been described in this chapter. Femtosecond fluorescence up conversion technique has been 

described which was used as a complementary technique to the transient absorption 

experiments. Basic principles of steady state absorption and fluorescence spectroscopic 

techniques have also been briefly described.   

Chapter 3: 

 This chapter deals with the excited state relaxation dynamics of curcumin (figure 1), a natural 

pigment present in turmeric, in different protic and aprotic solvents. Structurally, Curcumin is a 

symmetrically substituted 1, 3-diketone which exist as keto-enol tautomer. The molecule 

possess strong charge transfer character in the S1 state and shows strong solvent dependence of 

steady state photophysical propertires.  Because of structural diversity and flexibility, the 

molecule may undergo photoinduced proton transfer, keto-enol tautomerization or 

isomerization around C=C double bond. Because of large charge transfer character in the 

excited state, solvation can play important role in the excited state relaxation. To unravel the 

exact relaxation pathways, transient absorption and fluorescence studies were performed in 

different solvents. It was observed that in polar solvents, both aprotic and protic, solvation is 
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the major relaxation process following photoexcitation. Solvation dynamics in protic solvents 

is multimodal, and the linear correlation between the longest component of the solvation 

process and the longitudinal relaxation time of the solvent suggests the specific hydrogen-

bonding interaction between the solute and the solvent. In nonpolar solvents, the lifetime of the 

S1 state was observed to be very short because of efficient nonradiative deactivation, which is 

an important consequence of the ultrafast excited-state intramolecular hydrogen transfer 

(ESIHT) reaction in the six-membered hydrogen-bonded chelate ring of the cis-enol form. 

Although intramolecular proton transfer may be occurring in ultrafast timescale, it has not been 

possible to monitor due to the symmetrical structure of the molecule with respect to the 

hydrogen-bonded chelate ring which forms symmetrical double minima potential energy 

surface in the ground as well as in the excited states. 

 

Figure 1: Structure of curcumin in keto-enol tautomeric form. 

Chapter 4: 

This chapter describes the steady state and ultrafast time resolved spectroscopic studies on an 

unsymmetrically substituted 1,3-diketone system, namely 4-dimethylamino dibenzoyl ketone 

(figure 2). Unsymmetrical substitution allowed us to decipher the ESIPT as well as 

intramolecular charge transfer dynamics and their consequence to the photophysical properties 

of the molecule. Steady state photophysical studies reveal strong solvent polarity dependent 

fluorescence behavior. In solvents of low polarity, fluorescence yield increases with polarity, 

becomes maximum in the medium polarity solvents but decreases in high polarity region.  

Because of the unsysmmetrical substitution, the molecule may exist in two possible cis-enol 

tautomeric forms (Enol-A and Enol-B) which are interconvertible via intramolecular proton 
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transfer. The relative energetics of two tautomers and their structural consequences determine 

the excited state properties. Structure and relative energy of the two tautomeric states in the 

first excited state were determined in gas phase as well as in polar solvents, which revealed 

that planar ICT state of Enol-A govern the photophysics in nonpolar solvents whereas 

dimethylanilino twisted TICT state of enol-B controls the photophysics in polar solvents. 

Transient absorption and fluorescence studies reveal that in low and medium polarity solvents, 

the excited Enol-B molecule (Enol-B*) undergoes ultrafast excited state intramolecular proton 

transfer (ESIPT) leading to the population of Enol-A*, which undergoes the ICT process 

without any significant change in the geometrical structure of the molecule. In polar solvents, 

ESIPT dynamics in the S1 state is reversed to populate Enol-B* and the relaxation process is 

mainly governed by solvation and twisting of the dimethylaniline group, leading to the 

population of the weakly emissive ‘twisted intramolecular charge transfer’ or the TICT state of 

Enol-B*. 

 

 

 

 

 

 
 
 
Figure 2: Structure of 4-dimethylamino dibenzoyl ketone (DMADK) in keto and keto-enol tautomeric 
forms.  
Chapter 5:  

Investigation of the role of donor acceptor conjugation on the ICT-TICT dynamics of charge 

transfer molecules is the subject matter of this chapter. Two isomeric charge transfer 

dimethylaminochalcone derivatives were synthesized (DMAC-A and DMAC-B, figure 3), 

which differ in relative positioning of the donor and acceptor groups. Steady state 
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photophysical measurements revealed that both the molecules have highly charge transfer 

character in their first excited singlet state but fluorescence behavior has been observed to be 

remarkably different. Fluorescence quantum yields of DMAC-A decreases with polarity of the 

solvents, whereas for DMAC-B, fluorescence yield increases in higher polarity solvents. In 

polar solvents, DMAC-A is more than two order of magnitude weaker fluorescent than the 

DMAC-B. Moreover, fluorescence band width of DMAC-A is significantly larger than that of 

DMAC-B in polar solvents. Remarkable difference in the fluorescence quantum yield and 

fluorescence lifetime is explained by invoking the formation of non-fluorescent TICT state for 

DMAC-A, whereas, for DMAC-B, planar ICT state is the relaxed S1 state without occurrence 

of twisting process. Femtosecond transient absorption measurements in different solvents of 

varying polarity and viscosity revealed the twisting dynamics of DMAC-A. The difference has 

been attributed to the strong coupling between the donor and acceptor groups in DMAC-A due 

to shorter distance,  whereas in DMAC-B, planar ICT structure is more stable and large barrier 

is involved along the TICT coordinate due to longer separation of the donor-acceptor group.  

 

Figure 3: Structure of two isomeric dimethylaminochalcones, DMAC-A and DMAC-B. 

Chapter 6: 

Chapter six deals with the charge transfer dynamics of a nitro substituted D-A systems. Nitro 

group being a very strong acceptor moiety, can induce large charge transfer in the excited state 

and may undergo twisting of the nitro group to facilitate complete charge separation. 

Moreover, photophysics of the nitroaromatic compounds are dictated by the properties of low 

energy triplet state, which is populated with a large yield. Thus charge transfer, structural 

relaxation and intersystem crossing may give rise to complex solvent dependent dynamics in 

the excited state. This issue has been addressed by exploration of the excited state dynamics of 
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1-(p-nitrophenyl)-2-(hydroxymethyl)pyrrolidine (p-NPP, figure 4)) in different solvents. 

Following photoexcitation using 400 nm light, conformational relaxation via twisting of the 

nitro group, internal conversion (IC) and the intersystem crossing (ISC) processes have been 

established to be the three major relaxation pathways responsible for the ultrafast deactivation 

of the excited singlet (S1) state. Although the nitro-twisting process has been observed in all 

kinds of solvents, the relative probability of the occurrence of IC and ISC has been found to be 

extremely sensitive to solvent polarity, because of alteration of the relative energies of the S1 

and the triplet (Tn) states. In the solvents of lower polarity, the ISC is predominant over the IC 

process, because of near isoenergeticity of the S1(ππ*) and T3(nπ*) states. On the other hand, 

in the solvents of very large polarity, the energy of the S1(ππ*) state becomes lower than those 

of both the T3(nπ*) and T2(nπ*/ππ*) states and the IC process to the ground electronic (S0) 

state are predominant over the ISC, and hence the triplet yield is nearly negligible. However, in 

the solvents of medium polarity, the deactivation of the S1 state is directed to both the IC and 

ISC channels. In the solvents of low and medium polarity, following the ISC process, the 

excited states undergo IC, vibrational relaxation, and solvation in the triplet manifold. On the 

other hand, in polar solvents, vibrational relaxation and reverse nitro-twisting process has been 

observed from the hot S0 state following ultrafast IC. 

N

HO

N
O

O  

Figure 4: Structure of 1-(p-Nitrophenyl)-2-hydroxymethylpyrrolidine. 

Chapter 7:  

This chapter discusses metal to ligand charge transfer dynamics of a mixed ligand ruthenium 

complex. Charge transfer dynamics in ruthenium polypyridyl complexes are important for the 

development of artificial solar energy harvesting system. Mixed ligand complexes are 
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especially important for broader solar energy absorption.  Thus understanding the charge 

transfer dynamics in mixed ligand complex is highly desirable for development of efficient 

solar energy harvesting materials. We have probed dynamics of ultrafast vibrational energy 

relaxation and inter-ligand charge transfer processes of a heteroleptic ruthenium complex, 

[Ru(bpy)2(pap)](ClO4)2 (where bpy is 2, 2′-bipyridine and pap is 2-(phenylazo)pyridine, figure 

5) using femtosecond to nanosecond time-resolved transient absorption spectroscopic 

techniques. A good agreement between the TA spectrum of the lowest excited 3MLCT state of 

[Ru(bpy)2(pap)](ClO4)2 complex and the anion radical spectrum of the pap ligand, which has 

been generated using pulse radiolysis technique, confirmed the charge localization at the pap 

ligand. While the lifetime of the inter-ligand charge transfer from the bpy to the pap ligand in 

the 3MLCT state is about 2.5 ps, vibrational cooling of the pap-localized 3MLCT state occurs 

in a much longer time scale with the lifetime of about 35 ps. Ultrafast charge localization 

dynamics observed here may have important consequences in artificial solar harvesting 

systems, which employ heteroleptic ruthenium complexes. 

Ru

N
N

N
N

N

N
N

2+

 

Figure 5: Structure of [Ru(bpy)2(pap)]2+ 

 

 

Chapter 8: 

In this chapter, we describe the ultrafast electronic relaxation dynamics of uranyl ion in 

aqueous and methanolic solution following photoexcitation to the S1(1Φg) state using 400 nm 

light. The S1(1Φg) state undergoes ultrafast intersystem crossing (<100 fs) to the higher 
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vibrational levels of the T2(3Δg) state, followed by the intramolecular vibrational relaxation 

(IVR) process in the later electronic state (τIVR ∼0.85 and 1 ps in aqueous and methanolic 

solutions, respectively). Subsequently, the T2(3Δg)  state undergoes an  internal conversion 

(IC) process (τIC ∼l.6 and 4.5 ps in aqueous and methanol solutions, respectively) to the long-

lived T1(3Φg) state, which is responsible for the luminescent properties of the  uranyl ion. In 

methanol, because of stronger interaction between the excited triplet, T1(3Φg), state and the 

solvent via solvent to uranyl charge transfer, the U(VI) ion undergoes partial reduction to U(V) 

and the energy level of this state possibly lies lower than that of (UO2 2+)*, which is the 

transient species existing in aqueous solution, and hence increasing the energy gap between the 

T2 and T1 states in methanol solution. 

Summary:  

 The main aim of the thesis is to investigate the dynamics of intramolecular charge 

transfer, proton transfer, large amplitude structural relaxation and solvation dynamics in some 

model molecules. Competing relaxation pathways and their dependence on structure, 

functional group, solvent properties has been evaluated. Different aspects of the excited state 

relaxation processes were deciphered using specific model molecules. The main conclusions 

drawn from the different molecular systems studied in this thesis are as follows:  

• Intramolecular charge transfer dynamics has been revealed to be associated with large 

amplitude structural relaxation of donor and acceptor moieties. Solvent polarity, 

viscosity and solvation dynamics were found to play significant role in ICT dynamics. 

Excited state properties have been revealed to be strongly dependent on the structure 

and functional group present in the molecular system. Solvent properties (i.g. polarity 

and proticity) have been found to significantly affect the excited state dynamics.  

• In curcumin, six membered intramolecular hydrogen bonded system, excited state 

relaxation is mainly governed by solvation dynamics. The possible ESIPT dynamics 
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could not be resolved due to symmetrical structure of the molecule. Nonetheless, 

ESIPT was found to influence the excited state lifetime in nonpolar solvents.  

• In a synthesized unsymmetrical diketone, namely DMADK, ESIPT process has been 

resolved which occurs in <200 fs timescale. Solvent polarity governs the direction of 

proton transfer and subsequent intramolecular charge transfer and structural relaxation.  

• Effect of conjugation and coupling between donor and acceptor groups on twisted 

intramolecular charge transfer dynamics has been revealed from the comparative 

photophysics and excited state dynamics of the isomeric 4-dimethylaminochalcones.  

• Studies on p-NPP revealed that twisting of nitro group governs the excited state charge 

transfer process followed by competing ultrafast internal conversion or Intersystem 

crossing depending on solvent polarity.   

• Studies on two inorganic systems leads us to understand that excited state dynamics in 

inorganic molecules occurs on the triplet energy surface following ultrafast intersystem 

crossing. In uranyl nitrate, ultrafast ISC followed by vibtational relaxation and internal 

conversion to the lowest energy triplet state are the initial event upon photoexciation. In 

a mixed ligand ruthenium complex, we observed the interligand electron transfer and 

vibrational relaxation to form lowest energy 3MLCT state.  

The studies of excited state dynamics in various model molecules with different structures and 

functionality have revealed that excited state processes are strongly dependent on the structure 

and functional moieties present in the molecule. Effect of surrounding solvent environment has 

also been observed to determine the fate of the photo excited state. The knowledge gained from 

the present study on the dynamics of photo-induced intra- and inter-molecular processes in 

condensed phase may be useful for their applications in different fields such as molecular 

based photonic devices, nonlinear optics, photovoltaics, etc. 
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Chapter 1 

 
Introduction 

 
 

Chemistry deals with the study of structure, property and chemical transformation of materials. 

The macroscopic properties of any given system are essentially governed by the geometric and 

electronic details at molecular level. Devising new experiment, careful observation and logical 

interpretation have led us to the atomic and molecular level picture of the macroscopic world. 

Detail understanding of the molecular structure and reaction pathways involved in natural 

processes guide us to rational design of artificial materials for mankind. Development of 

sophisticated spectroscopic techniques and accurate theoretical formulations has given us 

opportunity to unfold the fundamental details of matter. Among the various spectroscopic 

techniques developed to date, electronic spectroscopy is one area where electronically excited 

states created by UV-Vis light absorption are followed. Electronic spectroscopy holds special 

importance due to the relevance to photosynthesis, solar energy harvesting and many other 

photoinduced chemical and biological processes. Energy transfer, electron transfer and proton 

transfer are the basic events associated with natural photosynthesis.1-4 Photoinduced charge 

separation and charge migration are also important in various artificial solar energy harvesting 

processes. Hence, fundamental understanding of these processes are crucial towards 

understanding the natural photosynthesis as well as development of artificial solar energy 

harvesting systems.5-7 Detail characterization of molecular excited state and complete 

understanding of the relaxation dynamics of the excited state of various model molecular 

systems is important to manipulate the excited state energies for any desired application.8-10 
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Following excitation and prior to deactivation to the ground state, the molecules in the excited 

state undergo various intermediate relaxation processes.11-13 Quantitative measurements of 

fluorescence quantum yield and emission lifetime provide the rate of radiative and nonradiative 

relaxation. For detail understanding of the fast elementary processes, it is necessary to monitor 

the short lived species formed after the light absorption. The development of flash photolysis 

technique in 1949 by Norrish and Porter to study the lifetime of transient molecular species in 

millisecond (10-3) time scale was the first breakthrough in this regard.14 This discovery opened 

up a new direction to monitor very short time reactions. During the last few decades, the 

advent and continued development of pulsed lasers make possible to investigate the dynamical 

processes of the excited states in real time.15 Development of pico and femtosecond time 

resolved spectroscopic techniques has not only helped us to understand the basic aspects of 

electronic excited state relaxation, but also opened up new dimensions to the understanding of 

ultrafast reactions.16 Pump-probe techniques with ultrashort laser pulses nowadays allow 

tracking the chemical reactions on the time scale of molecular motions. This concept has led to 

the birth of the research area called femtochemistry for which the 1999 Nobel Prize in 

chemistry was awarded to Ahmed H. Zewail.17 

Because of its fundamental importance, photoinduced charge transfer dynamics in donor-

acceptor substituted molecular systems has been intensely studied during the last decades. 

Intensive studies on charge transfer systems consisting of semiconductor and organic dye 

molecules were performed due to the relevance in solar cells and led to the fascinating 

evidences that intermolecular charge transfer can occur in femtosecond timescale.18 Studies on 

the photoinduced charge transfer dynamics in the photoexcited states provide information 

about the various factors controlling this process as well as development of new molecular 

systems with high charge transfer rates.19-23 Present thesis deals with the electronic and 

structural relaxation of various charge transfer systems in the excited state using transient 
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absorption and fluorescence techniques with sub-picosecond time resolution. An overview of 

some of the photochemical and photophysical aspects in relation to general photochemistry in 

condensed phase is briefly presented in the following sections. 

1.1 Characterization of the excited states of molecules 

 To understand the photophysical and photochemical properties of a molecule, it is 

necessary to characterize the steady state absorption and fluorescence behavior in different 

solvent environments. Effect of solvent polarity on absorption and fluorescence maxima 

provides qualitative information regarding the nature of the electronic excited states. Position 

of the maximum of the emission spectrum is always shifted to longer wavelengths as compared 

to absorption spectrum. This shift in peak wavelength between absorption and emission spectra 

is called as “Stokes shift”. Solvent polarity dependent Stokes shift measurement provides 

quantitative measurement of excited state dipole moment using Lippert-Mataga formula.11 A 

large increase in excited state dipole moment suggests strong intramolecular charge transfer 

(ICT) excited state responsible for emissive excited state. Thus, distinction between a low 

dipole locally excited (LE ) state and high dipole charge transfer (CT) state is possible from 

steady state absorption and fluorescence measurements. Measurements of fluorescence 

quantum yields and fluorescence lifetimes provide the rate of radiative and nonradiative 

deactivation processes which are important to understand the electronic relaxation channels 

associated in the excited state. 

1.2 Relaxation processes following photoexcitation in solutions 

Here an overview is given about the general relaxation channels following photoexcitation of 

molecules in order to provide the necessary background for the discussion of the results 

presented in the subsequent chapters of the thesis. UV & VIS light absorption results in the 

excitation of the molecules to the higher energy electronic states, which occur in a time scale 

of ~10-15 sec. Following photoexcitation, excited molecules in solution experience various 
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competitive relaxation processes, which can be classified in the following major categories: 

vibrational relaxation, internal conversion (IC), intersystem crossing (ISC), radiative and 

nonradiative decay.11-13 The schematic representation of the basic photophysics following 

photoexcitation of the molecule can be outlined with the aid of a diagram, commonly known as 

the Jablonsky diagram and has been depicted in Figure 1.1.  

 

Figure1.1. The Jablonsky diagram, describing basic photophysical processes undergone by an excited 
state molecule. Straight and dotted downward arrows represent radiative and non-radiative relaxation 
processes respectively. Abbreviations: Abs-absorption, IC-internal conversion, ISC-intersystem 
crossing, RISC-reverse ISC, VR-vibrational relaxation, Fl-fluorescence, Ph-phosphorescence. 
 
In addition to the general photophysical processes described in Jablonsky diagram, various 

important photoinduced chemical/physical processes occur namely, proton transfer, electron 

transfer, energy transfer, intramolecular structural relaxation, photoisomerization, etc (Figure 

1.2).13 Occurrences of these processes depend on the chemical structure and functional group 

present in the molecular system. In solution phase, solvent reorganization plays an important 

role influencing the excited state relaxation. The above mentioned photophysical processes 

take place in a wide range of timescale, from a few femtoseconds to milliseconds. 
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Figure 1.2. Different photoinduced excited state reactions and relaxation pathways.  
 
1.3 Vibrational relaxation 

Photoexcitation of any molecule to electronic excited states follows Franck-Condon 

principle.19As a result, electronic excitation leads to excess vibrational energy localized in one 

or more Franck-Condon active vibrational modes which subsequently get redistributed and/or 

released to the entire molecule and the surrounding. In condensed phase, excess vibrational 

energy of a molecule is lost in two steps; (a) intramolecular vibrational redistribution (IVR), 

and (b) vibrational cooling (VC). Following photoexcitation, the FC localized energy is rapidly 

redistributed among the different vibrational modes of the molecule. This rapid redistribution 

is termed as ‘intramolecular vibrational redistribution’. During this process the total energy of 

the molecule does not change. This process can occur even in the isolated molecular system 

and does not need the surrounding solvent environment to be present. In medium to large 

organic molecules having large number of vibrational degrees of freedom, the timescale of 

IVR process is reported to be sub-100fs.20 The second relaxation pathway is induced by 

interaction with the surrounding solvent molecules. In this process, the vibrationally hot 

molecules equilibrate thermally by vibrational energy transfer to the solvent and thus termed as 

vibrational cooling (VC). The timescale for this process is almost an order of magnitude slower 
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than IVR.21 The timescale of the vibrational cooling process is also dependent on the thermal 

conductivity of the surrounding solvent medium.22, 23 Because of the ultrafast nature of the 

vibration relaxation process, this may complicate the understanding of intramolecular 

structural relaxation dynamics which occur in similar time scale. Thus, the knowledge of the 

vibrational relaxation rate is important to distinguish from other ultrafast relaxation processes 

such as solvation and intramolecular structural relaxation. 

1.4 Internal conversion (IC) 

Internal conversion (IC) can be defined as the process through which electronic excitation 

energy is converted into vibrational excitation energy without changing the spin multiplicity of 

the electronic states. Usually IC is ultrafast from highly excited states to the lowest electronic 

excited state, i.e., Sn to S1. On the other hand, deactivation of the S1 state tends to be dominated 

by fluorescence and intersystem crossing. This behavior has been observed to be almost 

general and known as Kasha’s rule.24 Rate of IC process from the S1 state is generally smaller 

than radiative process and strongly depends on the energy gap between the S1 and S0 state.  In 

case of rigid molecular systems, the decrease in IC efficiency with increasing energy gap 

between the S0 and S1 states can be correlated to an exponential drop of the Franck- Condon 

factor with increasing vibrational quantum number. This leads to a linear dependence of the 

logarithm of the internal conversion rate versus the (electronic excitation) energy gap which 

has been theoretically corroborated and is currently known as the well-established “energy gap 

law” for internal conversion.25 In case of many structurally flexible molecular systems, rate of 

IC has been observed to be much faster than what is envisioned from the energy gap law. Low 

frequency vibrational modes of the flexible side groups is believed to promote the IC process 

and known as loose bolt and free rotor effect.26 Recent experimental studies have revealed 

many examples with exceptionally ultrafast IC rate reaching down into the femtosecond time 

regime. The examples include DNA and RNA nucleobases, Green Fluorescent Protein (GFP) 
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chromophores outside the protein environments, etc.27 Extremely rapid IC processes in these 

systems are explained by invoking the concept of conical intersections.27 

 In solution, the solute-solvent interactions play an important role in governing the IC 

process. In case of charge transfer molecular systems, stabilization of highly polar excited state 

in polar solvent can significantly alter the energy gap between the S1 and S0 states leading to 

polarity dependence of the IC process. In addition, specific interaction between solute and 

solvent molecule, e.g., intermolecular hydrogen bonding plays an important role in promoting 

the IC process. In has indeed been a general observation that in protic solvents, the IC process 

is significantly faster as compared to that in aprotic solvent of similar polarities.28 In case of 

many intramolecularly linked donor-acceptor (D-A; where D is electron donor group and A is  

electron acceptor group) molecules where the charge transfer excited state undergoes large 

amplitude structural relaxation, the energy gap between relaxed S1 state and corresponding 

ground state becomes significantly small which results to exceedingly fast IC process. Solvent 

modulation of IC rate as compared to other relaxation channels can have strong implication on 

the excited state properties of charge transfer molecule in solution phase. In few of the 

molecular systems discussed in this thesis the solvent effects on IC process have been 

elaborated. 

1.5 Intersystem Crossing (ISC) 

Intersystem crossing is defined as the electronic relaxation between different spin multiplicity 

states.11 In organic photophysics, the relaxation from the S1 state to the closely lying triplet 

state is most commonly occurring ISC process. As the process is associated with the change in 

spin-multiplicity, which is a spin forbidden transition, significant spin-orbit coupling is 

necessary to promote the ISC process. Presence of heavy atom, thus, can induce excited state 

relaxation to the triplet state. Another important factor is the energetic closeness between two 

electronic states. In these situations, often a small coupling matrix element (i.e., without heavy 
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atom) suffices to induce an efficient transition between the states. Moreover, the ISC process 

may be facilitated if the symmetry of the participating electronic states is different. Aromatic 

carbonyl and nitro compounds with low energy triplet manifolds of nπ* character imparts 

ultrafast intersystem crossing to the triplet state from the lowest energy singlet excited state. 

Indeed, the nitro aromatic compounds are known to undergo fastest intersystem crossing (<1 

ps). The energy matching between the charge transfer S1 state and nπ* triplet state strongly 

depends on solvent polarity and thus can modulate the ISC rate. Knowledge of the ISC rate and 

the governing factors are important as ISC plays key role in photochemistry due to long lived 

triplet state formation which triggers many photochemical reactions.13 

1.6 Excited state intramolecular proton transfer (ESIPT) 

Due to fundamental importance in chemistry and biology, proton transfer reaction has been an 

important field of research for many decades.30 A variety of molecular systems having five or 

six member intramolecular hydrogen bond undergo photoinduced intramolecular proton 

transfer reaction to produce tautomeric species in the excited state.  

 
Figure 1.3. Schematic presentation of ESIPT reaction with an example of o-hydroxy benzoxazole. 
 

In 1955, Weller reported the first example of ESIPT reaction from the unusually large Stokes 

shifted (~1x104 cm-1) fluorescence of methyl salicylate molecule.31 Following this discovery, 



Chapter 1: Introduction 

 

9 
 

studies on intramolecular proton transfer reactions gained extensive attention by many 

researchers and a large class of ESIPT molecules have been discovered. Schematic of keto-

enol tautomerization via ESIPT reaction upon photoexcitation is shown in Figure 1.3. Large 

stokes shifted ESIPT fluorescence leads to many interesting applications such as proton 

transfer laser, chemosensor, organo-luminescent laser diode, DNA complexing agent etc.32, 33 

Recent development of ultrafast laser spectroscopic techniques has allowed the detail 

mechanistic understanding of the ESIPT reaction. Femtosecond transient absorption and 

fluorescence upconversion technique revealed that most of the ESIPT reactions occur in the 

timescale of 100-200 fs indicating barrierless motion along the proton transfer coordinate.34, 35 

The main contribution to the proton transfer coordinates comes from the low frequency 

skeletal vibrational motion.36, 37 Large amplitude twisting motion has also been observed to be 

coupled to the proton transfer process in many ESIPT systems.38 In case of highly charge 

transfer ESIPT system, proton transfer reaction is largely controlled by charge transfer as well 

as solvation dynamics. Proton coupled intramolecular charge transfer dynamics has extensively 

been explored in recent years.39 Keto-enol tautomers of 1, 3 diketones also undergo ESIPT 

reactions.  

R1
R2

O O
H

R1
R2

O O
H

 

Figure 1.4. ESIPT reaction in keto-enol tautomers of 1, 3 diketones. 

Unlike well explored ESIPT molecules, where a unidirectional proton transfer reaction occurs 

from enol to keto structure, photoinduced ESIPT in 1, 3-diketones may occur in either 

direction depending on the stability of two keto-enol tautomers in the ground and the excited 

electronic states (Figure 1.4). In the present thesis, ESIPT reactions and consequence to the 

excited state properties of symmetrical and unsymmetrical diketones have been discussed. 
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1.7 Solute- Solvent interaction and Solvation 
 
Solvent plays subtle role in all condensed phase chemical reaction by changing the energetic of 

reactants, transition state and products via intermolecular solute solvent interaction.40 Detailed 

understanding of the solute-solvent interactions is crucial in explaining the dynamics of 

chemical reactions. The motions of surrounding solvent molecules, which are coupled to the 

reaction coordinate, significantly affect these processes. All chemical reactions involve 

electronic and structural rearrangements during the course of the reaction and thus dynamic 

solvent interaction strongly influence the rate of a chemical reaction.41-43 Response of solvent 

molecules to influence the energetic of reactants and intermediates is very rapid. The 

development of ultrashort laser pulses enabled time resolved fluorescence and absorption 

measurements that directly probe solvent polarization dynamics over molecular length scales. 

This research area, known as ‘solvation dynamics’, holds an important position in the ultrafast 

spectroscopy.42-53 Briefly, a chromophore whose permanent dipole moment undergoes a 

significant change upon instantaneous optical excitation, the solvent molecules surrounding the 

solute will no longer be in an equilibrium situation in the excited state. After the pulsed 

excitation, the solvent molecules will reorient in order to stabilize the newly created dipole and 

to reach the new equilibrium situation, as shown in Figure 1.5. As the solvent molecules 

reorganize to establish the equilibrium with the new charge distribution, the fluorescence 

spectrum shifts to lower energy as a function of time. This dynamic stokes shift, which shows 

the progress of the solvation energy relaxation can be used to quantify the solvent response by 

monitoring the solvation correlation function, C(t), which is defined by 

)()0(
)()()(

∞−
∞−

=
νν
νν ttC  

  Where, ν(0), ν(t) and ν(∝) represent the frequency of the intensity maximum of the 

emission band immediately after photon excitation, at some time t after excitation and at a time 

sufficiently long to ensure the excited state solvent configuration is at equilibrium.  The 
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experimental studies with sufficiently high time resolution have revealed biphasic nature for 

the solvent response which occurs in a few femtoseconds to several picoseconds time scale. 

The initial fast part of the solvent response, occurs in femtosecond timescale is assigned to 

small amplitude inertial rotational motions of solvent molecules in the first solvation shell. 

 

Figure 1.5. Schematic diagram of solvent relaxation in photoexcited state. 

 The slower component arises from diffusive restructuring of the solvent shell. Recent 

experimental results employed multi-exponential models to fit experimental data for various 

solvents.53 Though ultrafast fluorescence experiments are generally used for solvation study, 

the same can be monitored by following the time evolution of stimulated emission or excited 

state absorption in transient absorption spectroscopy, subjected to the condition that the spectra 

are not complicated by the strong overlap with each other. The time scale of solvation and 

other intramolecular relaxation are often very close and disentangling the different relaxation 

processes indeed become a formidable task. Careful analysis of transient absorption spectral 

evolution in various solvents and aid of complementary fluorescence upconversion 

experiments is very useful to resolve intramolecular relaxation and solvation dynamics. 

Extensive research in past two decades deciphered the characteristic time constants of the 
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multimodal solvation process in varieties of solvents and solvent mixtures. As solvation is 

always associated with charge transfer dynamics, knowledge of solvent relaxation time helps 

to distinguish intramolecular dynamics from the solvent relaxation processes. 

1.8 Excited state structural relaxation: Twisted intramolecular charge 
transfer 

 
 
Figure 1.6. TICT model for dual emission of DMABN molecule. 

Intramolecular donor-acceptor molecules or complexes undergo significant transfer of 

electronic charge from the donor group to the acceptor group in electronic excited state. 

Structural relaxation in the excited state can further facilitate the charge redistribution leading 

to complete separation of charge. Twisting of donor and acceptor groups to perpendicular 

orientation often leads to decoupling of donor and acceptor orbitals and a near quantitative 

charge separation may results. Large amplitude structural relaxation upon photoexcitation of 

charge transfer molecules has attracted great deal of attention for last few decades and a 

myriad of molecular systems have been studied to elucidate mechanistic insight of TICT 

relaxation.54-64 The concept of TICT relaxation via large amplitude structural change in the 

excited state of intramolecular charge transfer molecule was originated from the observation of 

dual fluorescence of 4-dimethylamino benzonitrile (DMABN). In 1973, Grabowski et. al. 

proposed twisted dimethylamino structure of DMABN in the excited state to account long 

wavelength ICT emission which is characterized by large dipole moment.54 It was realized that 
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efficient charge separation is attained in the twisted configuration due to orbital decoupling 

between the donor and acceptor moieties.55, 56 Dual emission of DMABN was modeled by 

considering twisted structure of dimethylamino group relative to benzene ring which is 

responsible for low energy fluorescence band. Figure 1.6 pictorially represents the TICT 

concept proposed by Grabowski and coworkers. Studies on structurally constrained analogue 

of DMABN molecule apparently supported the twisting mechanism, which has been popular as 

twisted intramolecular charge transfer (TICT) mechanism.  Rettig and coworkers generalized 

the TICT hypothesis by studying numerous donor acceptor molecular systems.57, 58 In many 

cases TICT states have been established to be nonfluorescent due to the diminished oscillator 

strength of the twisted conformer. In recent years, ultrafast time resolved experiments 

employing visible, infrared and Raman techniques have elucidated the timescale and 

mechanistic aspects of TICT reaction of DMABN and structurally related molecules.  

 

Figure 1.7. Schematic excited state potential energy surface of TICT relaxation. 

Measurements on structurally constrained molecular systems have helped to identify the 

reaction coordinates and shape of the excited state potential energy surfaces along the twisting 

coordinate. A general scheme of excited state relaxation dynamics of the TICT molecules is 
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shown in Figure 1.7. The barrier along the twisting coordinate depends on the structure of the 

molecule and nature of donor acceptor group. 

1.9 Barrierless ultrafast structural dynamics 

The traditional picture of a chemical reaction is the passage of the reactant state over a high 

activation barrier to form the product. This picture of an elementary chemical reaction has 

played a key role in our understanding of many physical, chemical, and biological processes. 

However, a large number of important chemical and biological reactions in solution occur 

without the intervention of any potential barrier and the dynamics of a barrierless chemical 

reaction differs considerably from those having an activation barrier.61-75In the absence of a 

barrier between the reactants and the products, there is no separation of timescales between the 

motion in the reactive region and in the rest of the potential energy surface (PES). Therefore, these 

reactions are generally characterized by high reaction rates and often strongly coupled to solvent 

friction. Since barrierless chemical reactions are usually very fast (with time constants often in 

the picosecond range), detailed study of these processes required the development of ultrafast 

laser spectroscopy. Over the last few decades it has become clear that there exist a rather large 

number of organic dye molecules whose photophysics in solution follow barrierless dynamics. 

It was noticed that some diphenyl and triphenylmethane dyes (for example, auramine, crystal 

violate, malachite green, ethyl violate etc.) do not fluoresce in low viscosity solvents, but are 

strongly fluorescent in highly viscous solvents. Strong viscosity dependence of fluorescence 

yield in this class of molecules were explained by the occurrence of large amplitude structural 

motion in the excited state. Oster and Nishijima proposed a theoretical model for the 

barrierless reactions for the first time based on the viscosity dependence of fluorescence yield 

of Auramine in glycerol at various temperatures.61They found that the reciprocal of the 

fluorescence intensity was proportional to T/η (where η is the macroscopic viscosity of the 

solvent). They assumed a flat excited state potential energy surface along the torsional 
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coordinate with two local sink functions, through which the population leaks away with the 

diffusion controlled rate. On the other hand, Förster and Hoffman reported a η2/3 dependence 

of the fluorescence yield and proposed another theoretical model considering parabolically 

shaped potential energy surface with a sink at the minima, which was responsible for the 

torsional coordinate dependent radiationless decay to the ground state.62 This model could 

explain the dynamic stokes shift of the emission band but failed to account broadening of the 

emission spectra. Moreover, the η2/3 dependence of the fluorescence yield on the viscosity was 

not supported in many subsequent studies. Later, Bagchi, Fleming and Oxtoby (BFO) proposed 

a generalized model to describe the twisting motion of the phenyl groups in TPM dyes on the 

parabolically shaped excited state potential energy surface with a nonlocal sink function.63,64 

BFO theory successfully explains both the dynamic Stokes shift and the emission band 

broadening observed during the excited state relaxation process. Time resolved transient 

absorption studies by Harris and coworkers with picosecond time resolution revealed detailed 

dynamics of TPM dyes and the effect of viscosity, pressure and temperature.65,66 Many of these 

observations could be well explained by the BFO model. In 1990, M.M Martin and his 

coworkers revealed the signature of structurally relaxed conformation in the excited states by 

employing TA spectroscopy with improved time resolution (~500 fs). Observation of 

conformationally relaxed dark excited state structure indicated that weak fluorescence, ultrafast 

fluorescence decay and their viscosity dependence are actually related to the dynamics within 

the excited state.67-71 In 2000, Glasbeek and coworkers introduced the coordinate dependent 

radiative rate in theoretical model and explained their experimental observations on reaction 

dynamics of auramine and many other molecular systems.72 Barrierless reactions are not 

limited only to twisting in the electronic excited state of dye molecules. Many activationless 

processes are found in the photoinduced isomerization reaction such as isomerizations of 

stilbene or diphenylbutadiene is known to follow barrierless reaction pathways.64 Barrierless 
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reactions are generally characterized by high reaction rates, exhibit a temperature dependence 

distinctly different from that of high barrier reactions, and are often strongly coupled to solvent 

viscosity. Indeed, viscosity dependence has been often used to characterize the reaction 

mechanism of these reactions because in the absence of a barrier, solvent friction is the only 

impediment to the reaction.66 Another important feature is that these reactions may depend on 

the initial conditions so that the wavelength of the excitation light may also play an important 

role in controlling the relaxation dynamics. 

In the last two decades, barrierless twisting relaxation dynamics of several charge transfer 

molecules such as 4-dimethylaminobenzophenone, Michler’s ketone, push-pull stilbenes etc, 

have been extensively studied using femtosecond transient absorption spectroscopy.73-75 

Because of large charge transfer character of the S1 state, solvent polarity plays an important 

role to define the shape of the reactive PES and thus influence the rate of relaxation. The shape 

of the excited state potential energy surface along the reactive coordinates also depends on the 

strength of the donor and the acceptor groups. In presence of strong accepting groups, the 

relaxation dynamics of D-A charge transfer molecules can significantly vary due to 

modification of the shape of reactive PES. The capacity to accommodate high charge density at 

the acceptor unit can allow twisting of acceptor unit. Amino substituted nitro aromatic 

compounds are such kind of examples where twisting of nitro group has been proposed.76,77 

Detailed studies of this kind of molecular system is necessary to attain a general description of 

relaxation behavior, their time scale and distinction of other competitive relaxation processes. 

In the present thesis we have emphasized to understand the effect of donor acceptor 

conjugation, strength of acceptor group and coupling of proton transfer on the TICT relaxation 

dynamics. Consequence of TICT relaxation to other deactivation channels such as internal 

conversion and intersystem crossing has also been revealed from systematic solvent dependent 

studies. 
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1.10 Photophysics and excited state dynamics of inorganic complexes 

Photophysical studies of inorganic complexes gained a lot of attention due to importance in 

solar energy harvesting, and artificial photosynthesis.78, 79 Excited state properties of inorganic 

complexes mainly differ from organic molecules in two aspects. Firstly, effective charge 

transfer between metal and ligand orbitals generates low energy metal to ligand and/or ligand 

to metal charge transfer states (MLCT /LMCT), in addition to metal and ligand centered 

electronic states. Secondly, due to strong spin orbit coupling imparted by heavy central metal 

atom, intersystem crossing is extremely fast. Thus the excited state properties of metal 

complexes are generally characterized by long lived triplet MLCT state.80 Ultrafast time 

resolved experiments have recently been extensively employed to understand the initial 

evolution of the excited electronic state, following optical excitation to the singlet MLCT 

excited states.81 Ultrafast spectroscopic investigations have disclosed that most inorganic 

complexes undergo intersystem crossing within 100 fs timescale and molecules reach triplet 

excited manifold (3MLCT) prior to even any vibrational relaxation or internal conversion. 

Consequently, the photophysical and photochemical properties of inorganic complexes is 

mainly characterized by the triplet excited state. Presence of the strong spin orbit coupling and 

high density of states facilitate ultrafast intersystem crossing leading to the formation of long-

lived triplet states. The classic rules developed through the study of organic photophysics state 

that vibrational relaxation is the fastest relaxation process, followed by internal  conversion, 

and intersystem crossing is the slowest relaxation process (kVR>kIC>kISC). The ultrafast 

spectroscopic investigation for transition metal systems show that the classic rules do not 

necessarily apply to inorganic systems and photodynamics of inorganic complexes are 

fundamentally different from organic photophysics.80 Thus knowledge of ultrafast events in 

various inorganic molecular systems can provide a generalized description of excited state 

photodynamics. In the present thesis two inorganic systems have been probed by ultrafast 

transient spectroscopy. 
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1.11 Scope of the present thesis 
 
Above discussion suggests that studies of the excited state properties of molecular systems in 

real time have immense importance for understanding the fundamentals of reaction dynamics. 

Photo initiated chemical reaction such as electron transfer, proton transfer and structural 

motion are relevant to solar energy conversion and photonic application. Time resolved 

measurements provide information about the factors which govern the excited state photo 

processes. Present thesis explored real time dynamics of different model molecular systems to 

understand the intricate relaxation processes in the excited state. Steady state absorption and 

fluorescence measurements have been used to obtain qualitative information on the relative 

radiative and nonradiative relaxation rates which helps to explain the ultrafast spectroscopic 

results. Ultrafast time resolved fluorescence and absorption techniques with subpicosecond 

time resolution have been extensively employed for the studies presented in the thesis. 

Quantum chemical calculations were used to obtain the structure of the molecule in electronic 

excited state. The remainder of the thesis is organized as follows. Chapter 2 describes the 

methodology and instrumental techniques employed in the present thesis work. Detail 

description of femtosecond amplified laser system and transient absorption spectroscopic 

technique has been provided. Chapter 3 to chapter 8 deal with the experimental results and 

discussion of excited state relaxation dynamics of different molecular systems. Solvent 

dependent intramolecular charge transfer excited state relaxation behavior such as solvation, 

charge transfer and proton transfer dynamics have been elaborately discussed. Effect of solvent 

polarity, viscosity and intermolecular hydrogen bonding has been systematically explored, 

which revealed how solute solvent interaction, specific hydrogen bonding and viscous 

hindrance from surrounding solvent molecules influence the excited state deactivation rates. At 

the end, summary of the results presented in the thesis are given followed by an outlook on 
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ultrafast structural dynamics which can be probed using advance spectroscopic techniques for 

better understanding of excited state reactions. 
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Chapter 2 
Experimental Techniques and 

Instrumentation 
 

Exploration of photophysical properties and excited state dynamics in model organic and 

inorganic molecules is the subject matter of the thesis. Various steady state and time resolved 

optical instruments have been employed as the experimental tool for the study of different 

chemical systems in solution phase. Steady state absorption and fluorescence spectroscopy 

were used to characterize the solvent dependence of spectral properties. Time correlated single 

photon counting (TCSPC) and fluorescence upconversion techniques were used to measure the 

excited state lifetimes of the emissive excited states. Femtosecond time resolved transient 

absorption spectroscopy was extensively employed as the main tool to monitor the excited 

state relaxation processes occurring in femtosecond and picosecond timescale. In addition, 

nanosecond laser flash photolysis was used to characterize the long lived excited state species. 

Principle of the detection techniques and the basic instrumental layouts are briefly described in 

this chapter.      

2.1 Steady state absorption and fluorescence measurement 

Optical absorption (ultraviolet-visible; UV-vis) spectroscopy provides information about the 

transition energies and transition probabilities to the different electronic excited states from the 

ground state.11, 12 UV-vis absorption is dependent on the electronic structure and the 

surrounding environment of the absorbing chromophore which allows the characterization of 

various chromophoric systems. Changes in the solvent polarity, polarizability and hydrogen 

bonding ability often induce significant change in the absorption spectral shape and position 

providing useful information regarding the nature of interactions between the ground-state of a 
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chromophoric molecule and its surrounding environment.12, 82 Measurements of the optical 

absorption spectra are always essential to adjust the concentration of the absorbing species in 

the solution for the purpose of their investigations using different other photochemical 

techniques.  

Absorption of a sample is quantitatively measured as absorbance (A) defined by  ���(��
� ) . The 

absorbance of a sample is given by Lambert-Beers law: 

	 = log 
��
� 
 =  �� �� 

where I
0 

and I are the intensities of the incident and transmitted light, respectively, and l is the 

path length in centimeter for the light beam passing through the sample, C is the molar 

concentration of the solute and ε is molar extinction coefficient expressed in lit.mol-1.s-1. For 

absorbance measurements, the sample is usually kept in a quartz cuvette of 1 cm path length. 

For very concentrated solutions, as used in femtosecond transient absorption studies, thinner 

quartz cells were used with typical path length of either 0.1 or 0.2 cm. Ground-state optical 

absorption spectra (in the 200-1100 nm range)  of the chemical systems presented in this thesis 

were measured using ‘Biomate’ make  absorption spectrometer available in our laboratory.  

 Photoexcited molecules eventually come back to the ground state by emitting a photon 

or nonradiative relaxation. Fluorescence spectroscopy directly measures the emission intensity 

distribution as a function of emission energies of photoexcited molecules. The fluorescence 

peak position (emission maximum), shape of the fluorescence spectrum and intensity of the 

fluorescence emission are in general very sensitive to the structure of the molecule as well as 

solvent properties. This provides the information regarding the characteristics of the emissive 

excited state.11,12,82 In the present study, steady-state fluorescence measurements were carried 

out using a Hitachi model F-4500 fluorescence spectrometer. The instrument uses a 150 watt 

continuous powered high pressure xenon lamp as the excitation source and the desired 



Chapter 2: Experimental Technique and Instrumentation 

 

 

22 
 

excitation wavelength was selected using an excitation monochromator. Sample is excited in a 

1 cm x 1 cm quartz cuvette and the fluorescence is collected and measured in a direction 

perpendicular to that of the excitation beam. The emission wavelength is selected using an 

emission monochromator and detected using R-928F (Hamamatsu) photomultiplier tube 

(PMT). The interference from the excitation and scattered radiation was eliminated using 

appropriate filters before the emission monochromator. The wavelength range covered by the 

instrument was 220 to 800 nm. Emission spectra were corrected for the detector and 

monochromator sensitivity by comparison with standard spectrum of quinine sulfate. 

Quantitative evaluation of the emission probability relative to the total excited state 

deactivation is measured by fluorescence quantum yield (Φfl). The emission quantum yield of a 

sample is measured relative to that of a standard sample having known quantum yield.82 
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where Areference and Asample are the absorbances at the excitation wavelength, Freference and Fsample 

are the  integrated fluorescence intensities and ηreference and ηsample are the refractive indices for 

the reference and the sample solutions, respectively. The measurement of quantum yield in 

different solvents or a series of related molecular system provides important information 

regarding the excited state deactivation mechanism. Low quantum yield value reflects 

enhanced probability of nonradiative relaxation as compared to that of radiative relaxation.  

2.2 Fluorescence lifetime measurement 

Fluorescence lifetime measurement is essential to obtain the rate of the radiative and 

nonradiative process occurring from the excited singlet states. In general, time correlated single 

photon counting (TCSPC) technique is most widely used to determine the excited state 

lifetimes longer than 100 ps to ns.83-85 The shorter lived emissive excited states (lifetime less 
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than 100 ps to sub-ps) can be monitored using state of the art fluorescence upconversion 

technique which works on pump-probe configuration. It is a time gated emission detection 

technique and the experimental time resolution is limited only by the temporal width of the 

excitation pulse. Mode locked Ti-Sapphire laser systems provide ultrashort pulses of < 100 fs 

time duration.  In the present thesis, TCSPC technique has been used to measure fluorescence 

lifetime of the emissive transients longer than 100 ps. Following is the brief overview of the 

TCSPC technique and instrumental set up: 

2.2.1   Basic principle of TCSPC technique 

The principle of TCSPC measurement relies on the fact that the time-dependent probability 

distribution of the single photon emission from an excited molecule following its excitation is 

equivalent to the time-dependent changes in the fluorescence intensity of the sample following 

its δ-pulse excitation.83-85 The schematic diagram of a typical TCSPC set up is shown in Figure 

2.1.  As shown in Figure 2.1, an excitation pulse (optical pulse) from a pulsed lamp or a laser is 

split into two parts. One part is used to excite the sample and the other part of the light pulse is 

directed to a start PMT. The start PMT generates an electrical signal called START signal, 

which after passing through a Constant Fraction Discriminator (CFD), fed  to the START input 

of the Time to Amplitude Converter (TAC) unit to initiate its charging operation. On receiving 

the start signal, the TAC continues to undergo charging linearly with time. The part of the 

optical pulse, which excites the sample, effectively gives rise to the emission photon. This 

photon is then detected by the stop PMT (at the right angle to the direction of excitation) to 

generate electrical STOP pulses for each of the individual photons received. The STOP pulses 

thus generated in the stop PMT are also passed through a CFD and a variable delay line to the 

STOP input of the same TAC unit. On receiving the first STOP pulse, the TAC unit stops its 

charging operation and subsequently generates an electrical output pulse (TAC-output), having 

amplitude proportional to the time difference (Δt) between the START and the STOP pulses 
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reaching the TAC unit. The TAC output pulse is then fed to the input of a Multichannel 

Analyzer (MCA) through an Analog-to-Digital Converter (ADC). The ADC generates a 

numerical value proportional to the height of the TAC output pulse and thus selects the 

corresponding memory address (channel) in the MCA, where a single count is added up. 

 

Figure 2.1. Schematic diagram of a Time Correlated Single Photon Counting Spectrometer.  

The above cycle (from the triggering of the pulsed excitation light source to the data storage in 

the MCA) is repeated for a large number of times and thus a histogram of counts is collected in 

the MCA channels. The distribution of the counts against the channel number in the MCA then 

represents the fluorescence decay curve of the sample, provided the collection rate of the 

emission photons by the stop PMT is kept very low, only about 2% or less, compared to the 

repetition rate of the excitation pulses. This experimental condition effectively ensures that 

following an excitation pulse, in no circumstances more than one emission photon can be 

detected by the stop PMT. Thus, in the TCSPC measurement, for about 98% cases of the 

excitation pulses, though the sample is excited, there is effectively no emission photon that is 

directed to the stop PMT. Only about 2% cases of the sample excitations by the pulsed light 

source there is an effective emission of photon that is directed to the stop PMT and detected by 

the TCSPC setup. Such a low count rate is essential to maintain the time-dependent probability 
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distribution of the photon emission from a single excited molecule following its excitation 

process. From the measured fluorescence decay curves, the fluorescence lifetimes of the 

samples are estimated following a suitable analysis procedure and introducing a proper time 

calibration for the MCA channels.86 In practice, experimentally measured fluorescence decay 

F(t) is deconvoluted with  the instrument response function R(t) to extract the actual 

fluorescence decay I(t). The least-squares method is used to extract the single or 

multiexponential decay parameters. The best fit is judged by the reduced χ2 value, which 

should be close to 1 and a random distribution of weighted residuals.87  

 The TCSPC instrument used in the present study was from Horiba Jobin Yvon IBH, 

UK, Model Datastation Hub. A 406 nm laser diode with vertical polarization of excitation 

pulse (~250 ps) was used as the excitation source. The repetition rate of the excitation pulses 

was kept at 1MHz. Emission was collected at magic angle (54.70) polarization with respect to 

the excitation beam. Temporal resolution of the instrument was measured to be ~300 ps. The 

measured data were fitted with exponential decay function to extract the fluorescence lifetime 

of the sample. 

2.2.2. Basic principle of fluorescence up-conversion 

The basic principle of achieving ultra-short time resolution in the time-resolved fluorescence 

measurement is use of ultrashort light pulse to create the emissive excited state and monitoring 

of the fluorescence transient by time gating using the non linear frequency mixing technique 

(Figure 2.2). The emission light (frequency ωfl) collected from the sample following its 

excitation with an ultra-short laser pulse and a suitably delayed intense laser pulse, known as 

the gate pulse (frequency ωg), are focused into a thin nonlinear crystal whose optic axis is 

oriented at an appropriate angle with respect to the ωg and ωfl light beams. The sum-frequency 

photons (frequency ωs= ωg + ωfl ) are generated only during that time for which the ultra-short 

gate pulse is present at the crystal along with the comparatively long lived fluorescence light. 
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Thus, frequency mixing occurs only for a thin temporal slice of the fluorescence decay and 

accordingly acts as a light gate, providing time-resolution quite comparable to the width of the 

gate pulses used.88-92  

 

Figure 2.2. Schematic representation of sum frequency generation principle in a non-linear crystal 
which is the basis of fluorescence up-conversion. 

One important criteria to be fulfilled is the “phase matching condition” among the interacting 

lights in the nonlinear crystal which is achieved by optical axis of the non-liner crystal is 

rotated with respect to the polarization direction and the direction of propagation of the gate 

and the fluorescence light pulses until the intensity of the sum-frequency light becomes the 

maximum for a selected ωfl value (i.e. the monitoring emission wavelength). The selection of 

ωfl or the monitoring emission wavelength is easily achieved by setting the wavelength of the 

monochromator in front of the photodetector corresponding to the sum-frequency light (ωs) of 

the selected fluorescence light (ωfl) and the fixed gate pulse (ωg). For a selected emission 

wavelength, optical axis of the non-liner crystal is tuned to maximize the intensity of sum-

frequency light. Following this method, one can easily carry out the time-resolved fluorescence 

up-conversion measurements for a wide range of wavelengths covering the whole fluorescence 

spectrum of the sample. β-barium borate (BBO) is known to be the most useful nonlinear 

crystal in the fluorescence up-conversion measurements, because it has a high transmittance 

over a wide spectral range (covering most of the UV-visible spectral region) and a reasonably 

high non-linear efficiency for the sum-frequency generation process. 88-92 
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2.2.3. Brief description of the fluorescence up-conversion setup 

The block diagram of the femtosecond fluorescence up-conversion instrument (FOG, CDP, 

Russia) used for the measurements is shown in Figure 2.3. In this instrument a mode-locked 

Ti:sapphire oscillator (Tsunami, Spectra Physics) was used as the source of femtosecond laser 

pulses. The laser system provides 800 nm light having ~50 fs pulse duration which operates 

with a repetition rate of 82 MHz. The output laser beam from the Ti:Sapphire oscillator is 

passed through a second harmonic generator unit (a suitable BBO crystal with proper tuning of 

optical axis for phase matching) to generate 400 nm light. The 400 nm second harmonic light 

thus produced is separated from the residual fundamental light of the Ti:Sapphire laser by 

using a dichroic mirror and is used for the excitation of the samples of our interest. The 

residual fundamental light is used as the gate pulse for the fluorescence up conversion. 

 

 

Figure 2.3.  Schematic diagram of the femtosecond fluorescence up-conversion instrument. 
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In the actual experimental arrangement, the sample solution is kept in a rotating quartz 

cell of 1 mm thickness. The sample cell is rotated continuously during the measurement to 

prevent localized heating and photo-degradation of the sample. A cut-off filter is used 

immediately after the sample cell to prevent the residual 400 nm excitation light and/or Raman 

light to reach the detection system. The transient fluorescence emitted from the sample is then 

focused onto an up-conversion crystal (0.5 mm thick BBO crystal), using two elliptical 

mirrors. The residual fundamental beam used as the gate pulse is first directed to an Optical 

delay line and subsequently focused onto the up-conversion crystal. A translational stage, 

driven by a stepper motor with a step size of 0.1 μm, is used to change the delay of the gate 

pulse. Each step of the translational stage changes the optical path length of the gate pulse by 

0.2 μm, thus delaying the pulse by 0.66 femtosecond per step. The gate pulse is focused onto 

the up-conversion crystal using a lens to mix with the fluorescence signal and thus to generate 

the sum-frequency or the up-converted signal. The upconverted light is focused onto a slit of a 

double monochromator after passing through a UV band pass filter (UG 11) that eliminates the 

gate and the unused fluorescence light but transmits the up-converted light. This up-converted 

light is finally detected by using a photomultiplier tube connected to a photon counting system 

(CDP Inc. Russia). A variable wave plate (Berek Compensator) in the path of the excitation 

beam is used to control the polarization direction of the excitation pulses relative to the 

horizontally polarized gate pulses. Fluorescence up-conversion measurements were carried out 

under magic angle condition to avoid the rotational depolarization effect of the probe 

molecules on the observed fluorescence decays. The fluorescence decay profiles measured for 

the samples at a given wavelength in the up-conversion method is a convolution of the sample 

response with that of the instrument response function (IRF). To extract the actual fluorescence 

decay parameters of the sample, the measured fluorescence decay is to be de-convoluted with 

respect to the instrument response function of the setup. The measurement of the IRF of the 
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up-conversion setup can be easily obtained by mixing the residual excitation light that passes 

through the sample with the gate pulse in the up-conversion crystal and measuring the 

concerned sum-frequency light, which is commonly referred as the cross-correlation light, by 

using the time-gated photon counter. The changes in the cross-correlation light intensity with 

the delay time of the gate pulse can be easily recorded similar to the measurements of the 

fluorescence decays and the temporal profile thus obtained for the cross-correlation light 

represents the IRF of the fluorescence up-conversion instrument. The FWHM of the IRF for 

the present instrument is found to be ~300 fs at the full width at half maximum.  

2.3 Nanosecond laser flash photolysis 

Photoinduced long lived excited state transients (e.g. triplet excited state, radical cation, anion 

etc.) can be monitored by laser flash photolysis experiment. The technique was introduced by 

Porter and Norris in 1949 and since then has become a basic tool in the study of the 

photochemical and photophysical properties of compounds under the effect of light irradiation.  

The sample is excited by the intense pulse of the pump source (normally a laser) to create the 

excited state population. The spectral and temporal properties of these excited state molecules 

are monitored by a probe light from a pulsed xenon lamp passed through the sample at right 

angles to the path of the exciting pulse. After passing through the sample the probe light is 

directed to a monochromator / spectrograph. The transmitted probe light is then measured 

either by a single detector (for kinetic analysis at a single wavelength) or by an array detector 

(for spectral analysis at a given time). The transmission intensity of the sample before, during, 

and after the exciting pulse are converted by the detector into electrical signals and measured 

by an oscilloscope (in the case of the single detector) or acquired by a CCD camera (in the case 

of an array detector). The changes in the transmission intensity are normally converted into 

changes of optical density. The basic layout of the set up is shown in Figure 2.4.  
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Figure 2.4. Basic layout of nanosecond flash photolysis set up. 

   

 In present thesis, transient absorption experiments with about 5 ns time resolution were 

performed using a Laser Kinetic Spectrometer (Edinburgh Instruments, UK, model LP920). 

The sample in a 10 mm ×10 mm quartz cuvette was excited using 532 nm laser pulses of 5 ns 

duration and 20 mJ/pulse energy generated using a frequency doubled Nd-YAG laser (Thales 

Laser SA, France, model: SAGA). Continuum light (250 – 1000 nm) from a pulsed 450 W 

xenon arc lamp was used as the optical probe. Time-resolved transient absorption spectra in the 

300 - 950 nm region were recorded using an ICCD camera (Andor, UK, Model: iStar-320T) 

and the temporal absorption profiles at selected wavelengths were recorded using 

photomultiplier tube (Hamamatsu R920) connected to a 200 MHz digital oscilloscope.  

 

2.4 Femtosecond pump probe transient absorption spectroscopy 

2.4.1 Principle of transient absorption spectroscopy: 

The central theme of the thesis is the investigation of the ultrafast relaxation dynamics 

of the photoexcited molecules which occur in sub-picoseond and picosecond timescale. Real 

time monitoring of the dynamics occurring in sub-picosecond timescale requires femtosecond 

time resolution. This is achieved either by fluorescence up-conversion or transient pump-probe 
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spectroscopy using femtosecond laser pulses. The principle of fluorescence up-conversion is 

described in section 2.2.2. In transient absorption spectroscopy, a strong pump pulse is used to 

create Franck Condon excited state population within a very short period of time defined by the 

temporal width of the pump pulse. This excited state population evolves with time due to 

relaxation in various pathways. This change in population of excited state molecules are 

followed by recording the changes in transmitted intensity of a weak monitoring pulse, as a 

function of the time delay between the pump and the monitoring probe pulse. In this technique, 

the optical delay is introduced to the probe pulse to travel more distance (ΔL) than that of the 

pump beam, so that a delay (Δt = 2ΔL/c) between the pump and the probe can be generated. In 

the measurement, the probe pulse is divided into a sample and a reference pulse. The sample 

pulse is spatially overlapped with the pump pulse in the sample, while the reference pulse 

passes through an unexcited region (unaffected by pump pulse) of the sample. The experimental 

signal, i.e. the change in absorbance (ΔA), is obtained as the negative logarithm of the ratio of 

the intensity of the probe and reference pulses as given by: 

.log
0

0
R

R

S

S

I
I

I
IA ×=Δ  

Where, SI 0  and SI  are the transmitted intensity of the sample probe pulse in absence and 

presence of pump pulse and RI 0  and RI  are the same for the reference probe pulse 

respectively. 

Solution phase absorption and emission spectra are usually very broad. Thus, 

differential absorption spectra generally covers the entire visible wavelengths, even extend to 

near infrared region. Hence, it is essential to examine the temporal behavior of the 

photoinduced reaction over a wide range of probe wavelengths. In the experiments described 

here, both the probe and the reference pulses are white light continuum (WLC). The WLC is 

generated by the non-linear phenomenon of self-phase modulation of an intense laser pulse 
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propagating through a dense but transparent medium. Under proper experimental conditions, a 

WLC can be made to extend from the visible to near infrared and it can be detected by either 

integrating photodiodes or a spectrograph together with a charge-coupled device. In these 

experiments, ΔA (λ, Δt) is obtained as a function of the probe wavelength λ and the delay time 

Δt between the pump and the probe pulses. In the experiments described above, there can be 

three different contributions to the transient absorption signal (see Figure 2.5). First the strong 

pump pulse excites the molecules from the ground state (S0) to a higher excited state S1 or Sn. 

Then, the molecules in the excited state absorb probe light, called as excited state absorption 

(process A in Figure 2.5). This is observed as decrease in the probe light and hence there is an 

increase in ΔA. If the probe wavelength falls in ground state absorption region, the probe pulse 

is attenuated more in absence of pump pulse as compared to presence of pump pulse. This 

results to negative absorbance signal which is called bleach signal (process C in Figure 2.5).  A 

similar negative signal appears when probe light stimulates emission from the excited state 

molecules. This generally happens when probe wavelength overlaps with emission spectra of 

the sample. This signal is called stimulated emission (process B in Figure 2.5). The temporal 

evolution of stimulated emission provides the information regarding the population relaxation 

of the emissive excited state. This often provides complementary information to that of excited 

state absorption. The time resolution of such an experiment does not depend on the response of 

the detector, rather on the width of the pump and probe pulses.  



Chapter 2: Experimental Technique and Instrumentation 

 

 

33 
 

 
Figure 2.5. Scheme of the states involved in a pump probe experiment in a dye solution. (A) Excited 
state absorption (B) Stimulated emission. (C) Bleaching. 

 

2.4.2 Femtosecond transient absorption spectrometer: 

Femtosecond pump-probe spectroscopy needs to generate significant concentration of excited 

state to monitor absorption. This requires significantly large number of photons/pulse to 

generate adequate excited state population. This can be done with amplified laser system which 

uses a femtosecond Ti-sapphire oscillator and chirp pulse amplification technique to generate 

intense femtosecond laser pulses.93-94 The pump-probe spectrometer was built using an 

amplified laser system which was procured from Thales, France. The principle of femtosecond 

pulse generation and amplification is described below: 

2.4.2.1 Ultrashort pulse generation: Ti-sapphire oscillator: 

Femtosecond laser pulses are generated by Ti-sapphire oscillator. A continuous wave laser 

from a diode pumped solid state laser is used to excite the Ti3+ ions doped in sapphire. Ti3+ 

ions doped sapphire crystal show broad photoluminescence in 650-1000 nm. This provides 

large gain bandwidth which is an essential condition for ultrashort pulse generation. The basic 

principle of femtosecond pulse generation relies on Kerr lensing effect of the Ti-Sapphire gain 
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medium which leads to self focusing of the Gaussian laser beam passing through it. The Kerr 

lens forms a passive ‘intracavity’ aperture and introduces power dependent loss which makes 

resonator unstable in CW mode. On slight cavity disturbance, a pulsed transmission of the 

laser beam is energetically preferable over CW mode. Since the band width of the Ti-Sapphire 

gain medium is very large, it can produce optical pulses as short as 10 fs. To achieve the 

shortest pulse duration one need to compensate the dispersion introduced by the lens, crystal 

and other dispersive materials. This is done by intracavity pulse compression component such 

as ‘two prism compressor’ or by using ‘chirped mirror’ in the laser resonator cavity which 

provides requires negative group delay dispersion.  

 

Figure 2.6. Optical layout of femtosecond Ti-sapphire oscillator. 
 

In our setup Femtosource, Synergy (from FEMTO LASER, Vienna, Austria) has been used for 

generation of femtosecond pulses. The diode pump solid state (DPSS) laser (VERDI, 3.8W 

CW laser) with 532 nm wavelength has been used as pump laser. The optical layout of the 

oscillator cavity has been shown in Figure 2.6. The output beam of the pump laser is coupled 

through the lens which defines the resonator axis. Long cavity arm is aligned by using 

amplified spontaneous emission (ASE) from the Ti: Sapphire crystal or the transmitted green 

light from the pump laser. Output coupler is aligned by reflecting back the ASE beam 

collinearly into the gain medium. The output coupler is arranged with 100 to prevent reflections 
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from the rear side of the substrate. The quality of intra cavity dispersion is very crucial for the 

generation of high quality optical pulses in sub-femtosecond range. The chirped mirror used in 

mirror dispersion controlled Ti: Sapphire oscillator vary constant group delay dispersion over 

long range 24. For mode locking, small perturbation in the cavity lengths was made by moving 

mirror M4 towards output coupler and then released to its original position. After mode-

locking starts, sometime optimization of the curved mirror M1 is necessary to get stable pulse 

train. The output of the oscillator was monitored by fast photodiodes and the stability of the 

optical pulses were observed in an oscilloscope. A spectrum analyzer is used to measure the 

spectral width of the mode locked pulse.  The final output from the oscillator has 50 nm 

spectral width with nearly symmetric spectrum which corresponds to ~20fs pulse duration. The 

average output power of the oscillator is >500mW and output energy is ~5nJ/pulse at 102 MHz 

pulse repetition rate. 

2.4.2.2 Chirped pulse amplification (CPA) - Ti:sapphire amplifier: 

The amplification of femtosecond laser pulses takes place also in a Ti:sapphire crystal, which 

is called gain medium, pumped by an external laser source (pump laser). A femtosecond 

Ti:sapphire oscillator serves as seed laser for the amplification process. In order to avoid the 

damage of the gain medium by the high-intensities pulses, the peak power needs to be reduced. 

For example, a 1 mJ, 20 fs pulse focused to a 100 μm spot size has a peak fluence of 5 × 1012 

W/cm2, which is ~ 1000 times higher than the damage threshold of most optical materials 

(GW/cm2).95 The peak power reduction is done by temporal stretching of femtosecond pulses. 

The stretched pulses are then safely amplified, followed by recompression to the femtosecond 

duration. This is called as chirped pulse amplification (CPA) technique and the principle is 

shown in Figure 2.7. 
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Figure 2.7. Principle of chirped pulse amplification technique. 

2.4.2.3 Pulse stretcher and compressor: 

An ultrashort laser pulse is characterized by the broad spectral distribution. By using a 

combination of gratings and/or lenses, the individual frequencies within an ultrashort pulse can 

be separated (stretched) from each other in time (see Figure 2.8). The longer component 

wavelength (red part) is diffracted at larger angle as compared to blue part. This wavelength 

dependent divergence creates a path difference between the red and blue part of pulse leading 

to temporal stretching of the incoming pulse.  The duration of the incoming femtosecond pulse 

is usually stretched (chirped) up to 104
 times from fs to a few hundred ps. The resulting chirped 

pulse is ready to be amplified, since peak power of a stretched pulse after amplification is 

lower than the damage threshold of the amplification crystal. After amplification the pulse is 

recompressed back to its original duration by a conjugate dispersion line in the compressor 

(Figure 2.8). The main challenge for a compressor is to recover not only the initial pulse 

duration and quality, but also to compensate the dispersion introduced in the amplification 

stage itself. To achieve this goal, the distance between gratings in the compressor is set longer 

than that in the stretcher. This will compensate overall second-order dispersion and help in 

producing relatively short pulses, but at the expense of introducing higher-order dispersion 

terms, which usually create extra temporal features in the compressed pulse such as prepulses 

and/or wings. 
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Figure 2.8: Principle of optical layout for pulse stretching (upper) and pulse compression (lower). 
 
2.4.2.4 Regenerative and multipass amplification: 

The most widely used approach of pulse amplification is the regenerative and the multipass 

techniques. The regenerative amplification traps the pulse to be amplified in a laser cavity until 

the gain is saturated. Trapping and dumping the pulse in and out of the resonator is performed 

by a fast-switching Pockel cell and a broad-band polarizer. The Pockel cell consists of a 

birefringent crystal, which can change the polarization of a traveling laser field by applying a 

voltage on it. In the multipass amplification, different passes are geometrically separated.  A 

Pockel cell is used to inject a single pulse into the amplifier. The number of passes is usually 

limited by the difficulties on focusing all the passes on a single spot of the crystal.  
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Figure 2.9. Schematic diagram of combined regenerative-two pass amplifier. 

In present set up, we have two stage amplifications, consisting of both regenerative and two 

pass amplifier. The optical layout of combined regenerative-two pass amplifier is shown in 

Figure 2.9. The amplifier is pumped by second harmonic of a single 1 KHz Q switched (300 

ns) Nd-YLF Laser (JADE) having 18 W power. Around 5.6 W power is used to pump the 

regenerative cavity while the remaining part (12.4 W) is used to pump the two pass 

amplification stage. Q switching and Pockel cell voltage are synchronized by master clock 

which is triggered by the oscillator signal through photodiode. The combined regenerative and 

two stage amplifier provides 3.5 W amplified laser output which is fed to compressor to 

generate highly intense femtosecond laser pulse. 

2.4.3 Measurement of Ultrashort Pulses: 

The most widely used technique for measuring an ultrafast femtosecond or picosecond optical 

pulse is an autocorrelator.95 The basic optical configuration (Figure 2.10) is similar to that of a 

Michelson interferometer. An incoming pulse is split into two pulses of equal intensity by 

using a 50/50 beam splitter. One beam is headed to an adjustable optical delay, which delays 

the pulse by Δt. The two beams are then recombined within a nonlinear crystal for second 
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harmonic generation. The resulting second harmonic generation autocorrelation trace is 

detected by a photo-multiplier as a function of delay time between the two pulses. 

 

 

 

 

 

 

 

 
 
 
Figure 2.10. Optical layout of intensity autocorrelator for femtosecond pulse measurement. 
 
The efficiency of the second harmonic generation resulting from the interaction of the two 

beams is proportional to the degree of pulse overlap within the crystal. Monitoring the intensity 

of second harmonic generation as a function of delay time between the two pulses produces the 

autocorrelation function directly related to pulse width. If the intensity of two pulses are I(t) 

and I(t−τ), the autocorrelation (or convolution) of the two pulses is given by 

	 =  � �(�)�(� − τ)��          
∞

�∞
 

By measuring the autocorrelation function, the pulse width of a given temporal shape can be 

determined. In order to determine the actual pulse width from the displayed autocorrelation 

function, it is necessary to make an assumption about the pulse shape (usually sech2
 shape for 

chirp-free pulse or Gaussian shape for linear chirped pulse). Intensity autocorrelation 

measurement provides 60 fs pulse (considering sech2
 shape) width of our amplified laser 

system which was used for setting up the transient absorption spectrometer. 
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2.4.4 Generation of pump pulse: Second harmonic generation 

Fundamental wavelength of 800 nm light obtained from the femtosecond amplified 

laser source is not suitable for excitation, as most molecules absorb in UV and visible region. 

To obtain femtosecond pulses of 400 nm, which is suitable for photoexcitation of most organic 

and inorganic molecular systems, second harmonic generation (SHG) technique was 

employed.96, 97 Type I BBO crystal of 0.5 mm thickness is used for generating second 

harmonic of 800 nm to produce pulses at 400 nm. In present pump probe set up, 100 μJ/pulse 

energy of 800 nm pulses was used to focus with a lens on to the BBO crystal which generates 

~10 μJ/pulse energy at 400 nm. This 400 nm light is separated from the fundamental by a 

dichroic mirror, and used for sample excitation (Figure 2.11).  The second harmonic generated 

is polarized perpendicular to the fundamental (type I phase matching). This 400 nm 

wavelength light is used for sample excitation in all the transient absorption studies presented 

in the thesis. 

 

Figure 2.11.  A schematic diagram of second harmonic generation (SHG) principle. 

2.4.5 Generation of probe light: White light generation 

In pump probe spectroscopy, it is necessary to have continuum of light to probe the 

photogenerated transient species.  In the experimental setup presented here, white light is 

generated by focusing small part of 800 nm fundamental (~2 μJ) with a lens on to a sapphire 

window of 1.5 mm thickness (Figure 2.12). Self phase modulation of the 800 nm laser pulse 
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leads to generation of higher and lower frequencies leading to spectral broadening covering 

visible and near-infrared region.98, 99 The spectrum of white light pulses is centered at 800 nm 

and bandwidth extends from 400-1000 nm. A non-divergent, low energy white light continuum 

is generated by keeping the energy of the fundamental pulses just above the threshold for 

continuum generation. This is accomplished with the help of neutral a density filter and 

suitable apertures.  

 

Figure 2.12. A schematic diagram of white light continuum generation principle. 

2.4.6 Setup of pump-probe spectrometer 

The block diagram of amplified laser system and the measurement setup is schematically 

shown in Figure 2.13. In present set up ~200 mW of laser power is used for pump probe 

experiments. The original 800 nm light is split by a 90:10 beam splitter. The major part of the 

beam is passed through a delay rail, followed by second harmonic generation to generate 400 

nm pump pulse which is focused to the sample for excitation. The minor part is used to 

generate continuum probe light by focusing to a sapphire plate. The white light continuum 

beam is split with a neutral density filter into signal and reference beams. The signal beam is 

focused into the sample cell of 2 mm thickness which is spatially overlapped with the pump 

beam at the sample region. The sample solution is circulated through the cell during the 

measurements using a peristaltic pump. The polarization of pump light is set at the magic angle 

(54.70) to eliminate sample reorientational dynamics. The pump and signal beams are focused 

in a near collinear (~100) fashion on to 2 mm thick sample cell and the transmitted light is 
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filtered through 10 nm band pass interference filter. The focuses of the two beams are kept just 

after the sample cell. Integrating photodiodes are used to measure the intensity of signal, 

reference and pump pulses. To remove the noise arising from shot to shot laser fluctuations, a 

chopper is introduced in the path of the pump light. The chopper selects an alternate pulse with 

a repetition rate of 500 Hz. As the repetition rate of the probe is 1 KHz, the action of chopper 

makes the pump pulse to be divided into a pump condition and no-pump condition. As a 

consequence, the signal measured in the signal photodiode at no-pump 

 

Figure 2.13. Complete layout of pump probe transient absorption spectrometer. 

condition is taken to be I0 and the one measured at pump condition to be I. The change in 

absorbance is calculated as negative logarithm of I/I0. The reference photodiode is used in the 

present setup to remove subtle fluctuations of the laser, which acts as a ratio to the signal. 

Signal to noise ratio is improved by averaging the signal over more than 1000 shots at each 

delay times and decay traces are taken twice in back and forth motion of the delay stage. Data 

averaging is done by BOXCAR average and the signal is fed to computer through Analogue to 
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digital converter and GPIB port. Signal calculation, signal averaging, delay stage movement, 

data recording are done by an automated data acquisition program run by LABVIEW interface. 

The optimum overlap of the pump and probe pulses (time zero) was achieved by measuring the 

maximum signal for the excited state absorption (ESA) of perylene (PE) in cyclohexane at 700 

nm. Zero time delay (optimum temporal overlap of pump and probe) was set at the 50% of the 

maximum excited state absorption signal. After signal optimization, reference perylene cell 

was replaced by sample cell. A large volume of solution (~10 ml) was flown through the 

sample cell to minimize the effect of sample degradation under the strong laser excitation. 

Concentration of the sample was adjusted to get solution absorbance in 0.3-0.5 range at 400 

nm excitation wavelength. The effect of concentration on dynamics was checked at two 

different concentrations for each of the samples studied. No significant concentration 

dependence was noted in any of the molecular systems presented in this thesis. All the 

experiments were performed at 296 K which is the temperature maintained in our laser 

laboratory.  

 The temporal profiles recorded using different probe wavelengths have been fitted with 

multi-exponential decaying or growing components by iterative deconvolution method using a 

sech2 type instrument response function with fwhm of 120 fs. To provide the lifetime values 

associated with fit function, the notations “d” or “g” associated with the lifetimes, τ1, τ2, or τ3, 

have been used for the component having a positive or negative exponent, to indicate whether 

the transient absorption signal is decaying or growing, respectively. Similarly, the components 

representing the growth or decay of stimulated emission (SE) have been represented by the 

notation τ(d) or τ(g), respectively,. The lifetimes which are longer than 400 ps has not been 

shown, since lifetimes longer than 400 ps cannot be determined with reasonable accuracy by 

analyzing the temporal curve recorded up to maximum delay time of 1.2 ns in our instrument. 
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2.5 Quantum chemical calculation  

Density functional theory (DFT) is a successful method to evaluate the ground state properties 

of molecular systems with an appreciable accuracy. The time dependent DFT approach (TD-

DFT) has become a routine method for the evaluation of vertical electronic excitation spectra 

and excited state geometry. Though, TDDFT calculated energy parameters do not provide 

quantitative accuracy, qualitative information regarding the electronic and geometric structures 

and energetic are reasonably good. In particular, comparison of excited state parameters of a 

series of molecules provides important clues to substantiate the experimental observation.   

All the quantum chemical calculations have been performed using GAMESS software 

package.100 The ground state geometry of all the molecules were optimized using the density 

functional theory (DFT) without imposing any symmetry restriction. Becke’s three parameter 

hybrid exchange function with the Lee-Yang-Parr gradient corrected correlated functional 

(B3LYP) 101, 102 was used in conjunction with 6-311+G(d,p) basis set as implemented in 

GAMESS software package. Polarizable continuum model (PCM)103 was used to incorporate 

the effect of the bulk solvent. The time dependent DFT (TDDFT) method using the B3LYP/6-

31G (d,p) basis set were used for the optimization in the first singlet excited state to observe 

the change the geometrical change upon relaxation from the Franck-Condon state. Vertical 

excitation energies were also calculated using TDDFT method to calculate the potential energy 

in the ground and first singlet excited state at diffetent twisted geometry. For every optimized 

structure, Hessian calculations were performed and it was found out that the vibrational 

frequencies were real and thus the optimized structures represent true minima in the potential 

energy surface. 

2.6. MATERIALS  
 
Curcumin (purity~80%) was purchased from Sigma-Aldrich and purified by repeated column 

chromatography to obtain 99% purity. Deuterated curcumin (curcumin-d3, in which only the 
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exchangeable hydrogen atoms of two phenolic groups and the enolic hydroxyl group were 

replaced by deuterium atoms) was prepared by the following method: curcumin was dissolved 

in deuterated methanol (CH3OD) solvent and kept in a dry nitrogen atmosphere for 24 h and 

then the solvent was evaporated. To ensure complete deuteration of the exchangeable hydrogen 

atoms, the process was repeated three times. Curcumin- d3 was dissolved in methanol-d in 

nitrogen atmosphere for studying the effect of deuteration on the excited-state dynamics. 1-(p-

nitrophenyl)-2-hydroxymethyl pyrrolidine (p-NPP) (purity> 99%) was also obtained from 

Sigma-Aldrich and used as received. p-Dimethylamino-1, 3-diketone (DMADK) and two 

isomeric dimethylaminochalcones (DAMC-A and DMAC-B) were synthesized by following 

reported procedures.  

Synthesis of DMADK: A tetrahydrofuran solution (10 mL) of 4-(N, N-dimethylamino)-

acetophenone (9 mmol) and methylbenzoate (12 mmol) were added drop-wise to a boiling 

suspension of sodium hydride (12 mmol) in THF (10 mL) under argon atmosphere. After 

refluxing overnight, the reaction mixture was cooled and evaporated to dryness. The residue 

was dissolved in dichloromethane, and the solution was washed with dilute HCl. The 

dichloromethane solution was dried on sodium sulfate. The product was purified by a column 

chromatography and recrystallized from ethyl acetate (Yield: 30%). The product was identified 

by NMR spectroscopy. 'H NMR (CDC13, TMS): δ 3.12 (s, 6H), δ 6.73 (d, 2H), δ 6.79 (s, lH), δ 

6.9(d, 2H, 8Hz), δ 7.6 (m, 3H), δ 6.9(d, 2H), δ 7.95 (m, 4H). Proton NMR spectra indicates 

that the molecule mainly exists as keto-enol tautomeric forms.  

Synthesis of DMAC-A:  4-(N, N-dimethylamino)-acetophenone (9 mmol) and benzaldehyde 

(9 mmol) was mixed thoroughly in 10 ml of aqueous ethanol. 20 mmol sodium hydroxide was 

added to the solution and was stirred for two hours which led to yellow precipitation. The 

precipitate was collected and washed several times with cold ethanol. The yellow product was 

recrystallized from ethanol which results to bright yellow needle (product yield= 80%). Purity 
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of the product was checked by thin layer chromatography and identified by proton NMR 

spectra. 'H NMR (CDC13, TMS): δ 3.05 (s, 6H), δ 6.75 (d, 2H), δ 7.8 (s, lH), δ 7.7(m, 4H), δ 

7.4 (d, 2H), δ 7.82(s, 1H), δ 8.01 (d, 2H). 

Synthesis of DMAC-B:  A tetrahydrofuran solution (10 mL) of 4-(N, N-dimethylamino)-

benzaldehyde (9 mmol) and acetophenone (9 mmol) were added drop-wise to a boiling 

suspension of sodium hydride (12 mmol) in THF (10 mL) under argon atmosphere and 

refluxed for 12 hours. After refluxing, the reaction mixture was cooled and evaporated to 

dryness. The residue was dissolved in chloroform and the solution was washed with dilute 

hydrochloric acid. The chloroform solution was dried on sodium sulfate and the product was 

purified by a column chromatography. A bright orange color product (yield: 65%) was 

obtained which was characterized by proton NMR spectroscopy. 'H NMR (CDC13, TMS): δ 

3.04 (s, 6H), δ 6.69 (d, 2H), δ 7.5(m, 5H), δ 7.4 (d, 1H), δ 7.82(s, 1H), δ 7.99 (d, 2H). 

Nuclear grade crystals of uranyl nitrate (purity >99%) was obtained from Fuel Chemistry 

Division, Bhabha Atomic Research Centre and was dissolved in 1N nitric acid to avoid 

hydrolysis. Heteroleptic ruthenium polypyridyl complex, [Ru(bpy)2(pap)](ClO4)2 (purity> 

99%) was obtained from Dr. Dipanwita Das, IIT Bombay and used as received.  

Each of the solvents, namely, Cyclohexane, Toluene, Ethyl acetate, Dioxane, Acetonitrile, 

Acetone, Dimethylsulfoxide (DMSO), Formamide, Propylene carbonate (PC), 

Dimethylformamide (DMF), as well as  alcohols like methanol, Ethanol, Propanol, Butanol, 

Pentanol, ethylene glycol etc, were of spectroscopic grade (Spectrochem, India) and were used 

without further purification. Deuterated methanol (methanol-d) with 99 atom percent was 

purchased from Aldrich, USA. 
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Chapter 3 

 
Ultrafast Dynamics of the Excited States of 

Curcumin in Solution 
 

3.1. Introduction 

Curcumin has been the subject of intense investigations in the wide ranging fields of 

physics, chemistry, biology and medicine because of its potential applications as antioxidant, 

anti-inflammatory and anticancer agents.104-109 Curcumin has also been identified to have the 

ability to prevent protein aggregation in debilitating diseases such as Alzheimer’s and 

Parkinson’s.110-113 

Structurally, curcumin is an α,β-unsaturated β-diketonic compound, in which two o-

methoxy phenolic moieties are attached symmetrically through two π-conjugated ethylenic 

linkers (Scheme 3.1). NMR, absorption and fluorescence spectroscopic techniques have been 

widely employed to study the structural, photophysical, photobiological as well as biophysical 

properties of curcumin and its derivatives in solutions and in different kinds of heterogeneous 

media, such as micelles, vesicles and membranes.114-128 Among several possible isomeric 

structures of curcumin, as proposed by Sun et. al.129 only three of them, which can be 

considered as candidates for the ground state of curcumin, are shown in Scheme 3.1. The 

structure I, which is the cis-diketo form, is the most common representation of curcumin. 

However, full geometry optimization starting with the cis-diketo structure using high level ab 

initio computations performed by Balasubramanian did not produce a minimum but it 

rearranged to the trans-diketo form (Structure II).130 In addition, the trans-diketo isomer was 

found to be a minimum with all real vibrational frequencies by computation, confirming this as 
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a potential isomer of curcumin. The reason for this isomerization was assigned to the negative 

charges on the C=O groups, that resulted in a strong electrostatic repulsion between the two 

C=O groups. Further, the 1H and 13C NMR and IR spectra of curcumin in chlorobenzene 

revealed that the cis-keto structure of curcumin undergoes a keto-enol rearrangement by 

transfer of a proton from the CH2 group to form the enol form (Structure III) and it is 

essentially the major conformer of this molecule present in a variety of solvents.123 NMR 

experiments performed by several other groups too established that the cis-enol form of 

curcumin is essentially the only form of this molecule present in a variety of solvents ranging 

from chloroform to mixtures of dimethylsulfoxide (DMSO) and water with varying pH in the 

range 3 to 9.124-128 Geometry optimization of the cis-enol structure at different levels of 

computational theories revealed that the enolic form with the dihedral angle of 180° was planar 

and was definitely the most stable form of the ground state both in the gas phase as well in 

aqueous solution.130, 131-135  Theoretical calculations have also established the fact that the cis-

enol form is more stable than cis-diketo form, and the energy difference is about 7.75 kcal mol-

1.131 Further, Balasubramanian also showed that the diketo structure exists only in the trans 

form and it is 6.7 and 6.9 kcal mol-1 above the enol form in the gas phase and solution, 

respectively. Formation of cis-enol structure becomes preferred because of its large dipole 

moment (7.7 and 10.8 D in the gas and solution phases, respectively), which leads to formation 

of strong intramolecular H-bond, as well as the extended conjugation of the molecular 

backbone compared with the diketone form.130,131 Moreover, the TDDFT calculated absorption 

spectra and oscillator strengths of both isomers provide further evidence to support the 

conclusion that the enol form of curcumin predominates in solution. The experimental value of 

the absorption maximum for the enol form of curcumin (417 nm in benzene or 419 nm in 

chloroform) is  very close to .the calculated absorption maximum (419 nm), suggesting the 

predominance of this form in solution.114-116, 131 On the contrary, the structure of the diketo 

form is twisted and the theoretically predicted absorption maximum shifts to the near-
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ultraviolet region.130, 131 In fact, the cis-enol form may be considered as co-existing in two 

equivalent or symmetric keto-enol tautomers (Structures III and IV), which may interconvert 

between each other via intramolecular hydrogen atom transfer (IHT) process. NMR 

spectroscopic analysis in solution indicated only the presence of rapidly interconverting 

structures III and IV.124   

Several studies have focused on the photophysical properties of the excited states of 

curcumin in different kinds of solvents using time-resolved fluorescence spectroscopy in pico 

and sub-picosecond time scales and have predicted about the occurrence of two fundamental 

photophysical processes of the excited state, namely the excited state intramolecular hydrogen 

atom (or proton) transfer, ESIHT (or ESIPT) process, as well as dipolar solvation.115-122  

Firstly, solvation is expected to play an important role in the excited-state relaxation dynamics 

of curcumin because of a significant change in the dipole moment (Δμ ~ 6.1 D) following 

photoexcitation of the molecule from the ground electronic (S0) state to the first excited singlet 

(S1) state.115 This value is comparable to that of Coumarin 153 (Δμ ≈ 8 D), which has been 

extensively used as a standard probe for studying solvation dynamics.136,137  Secondly, the 

ESIHT process in the hydrogen bonded chelate ring of the cis-enol formhas been predicted to 

play an important role in the efficient nonradiative deactivation process of the excited state.115, 

117,119 Earlier studies on chemical systems having asymmetric intramolecular hydrogen bonded 

chelate centre and hence asymmetric potential energy surface (PES) for ESIPT reaction, have 

established the fact that the ESIHT process is ultrafast and the lifetimes of these processes are 

in the range of a few hundred femtosecond (vide infra).141- 147 Since curcumin is a symmetric 

molecule with respect to the hydrogen bonded chelate centre (structures III and IV), it is 

unlikely that ESIHT process leads to any change in the absorption and emission properties of 

the excited state to enable monitoring the process spectroscopically.  
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 Cis-diketo (I)      Trans-diketo (II) 

         

Cis-enol (III)      Cis-enol (IV) 

Scheme 3.1. Chemical structures of the cis- and trans-diketo forms of curcumin and the keto-enol 
tautomeric equilibrium.  

 

Recently, Adhikary et. al. studied the excited-state photophysics of curcumin both in 

alcoholic solutions as well as in surfactant micelles using sub-picosoecond fluorescence 

upconversion spectroscopy.119, 120 They reported about the presence of two decay components 

in the excited-state kinetics with the lifetimes of about 12 - 20 ps and 100 ps in methanol and 

ethylene glycol (EG). The lifetime of the shorter component was nearly insensitive to 

deuteration and this process was assigned to the process of solvation of the S1 state. Whereas, 

the lifetime of the longer component (100 ps in methanol) was observed to become longer due 

to deuteration and they assigned this component to the ESIHT process. However, this inference 

was not in conformity with the general observation of ESIHT timescale (~100-200 fs) in 

common six member hydrogen bonded system. In this chapter, the results of our investigations 

on the relaxation dynamics of the excited states of curcumin in wide varieties of solvents, 

which include apolar aprotic, polar aprotic and polar protic solvents have been described using 

both sub-picosecond time-resolved fluorescence upconversion and transient absorption 

spectroscopic techniques. 
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3.2. Results 

3.2.1. Steady-state absorption and fluorescence: Absorption and fluorescence spectra 

of curcumin have already been well characterized by different groups in different kinds of 

solvents and media.115, 117, 118 However, for better understanding of the dynamics of the excited 

states in different kinds of solvents, the characteristics of  the absorption and fluorescence 

spectra of curcumin have been compared in four different kinds of solvents, namely, 1,4-

dioxane (an aprotic solvent of low polarity), acetonitrile (a polar aprotic solvent), methanol (a 

polar protic solvent and a strong hydrogen bond donor) and dimethylsulfoxide (DMSO) (a 

polar aprotic but a strong hydrogen bond acceptor) in Figure 3.1.40 Curcumin has very low 

solubility in a non-polar solvent, like cyclohexane (static dielectric constant, ε0 ~ 0) and hence 

the sub-picosecond dynamics of fluorescence or transient absorption could not be studied in 

this solvent. Therefore, we choose 1,4-dioxane ε0 ~ 2.21), which is a little more polar than 

cyclohexane, as the representative of the class of non-polar aprotic solvents. It is important to 

note that both the absorption and the fluorescence spectra exhibit significant solvent effect. 

Each of the absorption spectra presented in Figure 3.1 shows an intense absorption band in the 

300–500 nm wavelength region. In 1,4-dioxane, acetonitrile and methanol, absorption 

maximum appears at the same wavelength (ca 420 nm) with a shoulder at ca 440 nm. 

However, in DMSO, the positions of both the absorption maximum and the shoulder are 

bathochromically shifted to 436 nm and 450 nm, respectively. It is also important to note that 

the intensity of the shoulder band increases significantly in methanol and DMSO, which are 

strong hydrogen bond donating and hydrogen bond accepting solvents, respectively. These 

facts suggest a significant perturbation of the intramolecular hydrogen bond existing in the cis-

enol conformer and dictate the possibility of formation of intermolecular hydrogen-bonded 

complex in the ground state. However, formation of intermolecular hydrogen bond at the site 

of the phenolic OH groups too cannot be excluded. 
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Figure 3.1.  Steady-state absorption and fluorescence spectra of Curcumin in 1,4-dioxane, acetonitrile, 
DMSO and methanol. 
  

Further, both the shapes and the wavelength maxima of the fluorescence spectra as well as the 

Stokes shifts are strongly dependent on the solvent characteristics. In 1,4-dioxane, the 

fluorescence spectrum shows a splitting of the maximum appearing at 480 and 494 nm. On the 

other hand, the same is broad with a maximum at 538 nm in acetonitrile, 550 nm in DMSO and 

560 nm in methanol. The Stokes shifts are about 3400, 5220, 4754 and 5950 cm-1 in 1,4-

dioxane, acetonitrile, DMSO and methanol, respectively. These values can be compared with 

that of about 1500 cm-1 in cyclohexane.115 Larger Stokes shifts in more polar solvents is 

obviously a consequence of solvation because of a large change in dipole moment, Δμ=6.1 D) 

following photoexcitation of curcumin to the S1 state.115 This implies that in the S1 state, 

reasonable amount of charge is transferred from the aromatic 4-hydroxy-3-methoxyphenyl 

moiety to the dicarbonyl moiety through π-conjugation.130 As a consequence of this, the 

properties of the S1 state are expected to have strong solvent dependence and solvation 

dynamics is likely to play an important role in the relaxation dynamics of the S1 state of 

curcumin. However, the larger solvatochromic red-shift observed in hydrogen bond donating 

solvent (methanol) can only be explained by the effect of both polarity and hydrogen bonding 
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ability of the solvent on the excited state of curcumin. In earlier work, better linear correlation 

of the Stokes shift with the solvent polarity parameter, ET(30) was observed as compared to 

that with the reaction field factor, ΔF.115 This fact supports the prediction about strong 

hydrogen-bonding interaction between the S1 state of curcumin and the solvents.  

3.2.2. Fluorescence Upconversion Study: Figure 3.2 shows the fluorescence 

upconversion signals of curcumin in ethanol recorded in the 460 – 660 nm region using laser 

pulses of 425 nm of 100 fs duration. They have been analyzed by deconvolution of the effects 

of the finite temporal resolution of the fluorescence upconversion apparatus (FWHM of the 

instrument response function ~300 fs) from the measured emission decays. The fluorescence 

dynamics is non-exponential and shows significant wavelength dependence. The upconversion 

signals recorded in the 460 – 500 nm region could be well fitted using a triexponential decay 

function, whereas those recorded in the 515 – 660 nm region could be fitted using an 

exponential function consisting of an ultrafast growth component and another two decay 

components. In the 600 - 650 nm region, the inclusion of the decay component with a lifetime 

longer than 500 ps, but of very small amplitude, was essential to obtain a good fit. The best-fit 

function corresponding to each of the temporal curves has been shown in Figure 3.2 and the 

values of the different decay parameters associated with each of them have been given in Table 

3.1. While the decay component with the lifetime of 200 ± 15 ps is associated with each of the 

upconversion signals presented in Figure 3.2 region, the lifetimes of the other components, 

both the growth and the decay, are wavelength dependent. The presence of the long-lived 

component with the lifetime longer than 500 ps has already been reported in the fluorescence 

decay measured using single photon counting technique and has been attributed to the presence 

of a small amount of other conformers, namely, the trans-diketo form, in the ground 

state.115,117,118  
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Figure 3.2. Fluorescence upconversion signals of curcumin in ethanol, recorded at different 
wavelengths, along with their biexponential or triexponential fit functions. Values of the lifetimes are 
given in Table 3.1. Inset of B: Signals recorded at 460 and 660 nm have been compared in sub-60 ps 
time domain to show the nearly equal rate of decay of the signal recorded at 460 nm and the rate of 
growth of the signal recorded at 660 nm. 
 

This kind of fluorescence dynamics is the well-known characteristics associated with 

those chemical systems, such as coumarin 153, in which solvation plays a major role in the 

relaxation dynamics of the excited state of a molecule, which is created with a large molecular 

dipole moment following photoexcitation.136,148,149 This information, in combination with the 

fact that the fluorescence spectra of curcumin exhibit larger Stokes shift in more polar solvents, 

suggests that wavelength dependent dynamics observed in the fluorescence upconversion 

experiment is obviously a consequence of the solvation process. To delineate this aspect, we 

constructed the time-resolved emission spectra for the excited state of curcumin in ethanol at 

different delay times in the range of 0.35–80 ps using the fluorescence upconversion signals 

collected at different wavelengths (Figure 3.2) using the method of Maroncelli and co-

workers.148 In brief, the deconvoluted multiexponential decay function at each monitoring 

wavelength is normalized so that its time integrated value matches with the emission intensity 

at the corresponding wavelength in the steady-state emission spectrum in the same solvent. 
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This means that the emission spectrum of the ‘fully-solvated’ state recorded at infinite delay-

time corresponds to the steady-state emission spectrum in the same solvent. In this way, the 

normalized fluorescence intensity is known at all delay times in the 0.35 to 80 ps time domain 

for the entire set of monitoring wavelengths in the 460 – 660 nm region and the time-resolved 

emission spectra at different delay-times are constructed by point-to-plot of the emission 

intensities at different wavelengths. They have been presented in Figure 3.3. 

 
Table 3.1. Decay parameters obtained by fitting the fluorescence upconversion signals presented in 
Figure 3.2. 

Wavelength 
(nm) 

Decay parameters 
τ1, ps a1 τ2, ps a2 τ3, ps a3 

460 1.8  0.43 13.9  0.52 200  0.05 
480 1.95  0.15 13.6  0.68 195  0.17 
500 3.7  0.15 23.9 0.6 180  0.25 
515 0.07  -0.01 27  0.6 201  0.4 
530 0.4 -0.04 30.5  0.55 199  0.45 
545 5.9  -0.17 51.8  0.46 215  0.54 
560 6.0  -0.27 52  0.32 210  0.68 
580 6.2  -0.34 70  0.12 212  0.88 
600 12.3 -0.49 190  0.92 long 0.08 
620 16.2  -0.62 190  0.93 long 0.07 
640 17  -0.66 195  0.92 long 0.08 
660 19  -0.69 185  0.92 long 0.08 
 

The dynamic bathochromic shift of the emission maximum with increase in delay time is the 

clear signature of the process of solvation of the excited state. However, a significant decrease 

in intensity of emission with increase in delay time is an indication of concomitant decay of the 

excited state during the solvation process. This suggests that association of the excited state of 

curcumin with the solvent molecules via intermolecular hydrogen-bonding induces faster 

nonradiative decay of the former. The frequency, at which the maximum intensity appears in 

the time-resolved emission spectrum, shifts from 19509 cm-1 recorded at 0.35 ps to 18150 cm-1 

recorded at 80 ps and hence the observed dynamic shift of the frequency maximum of the 

emission spectra due to solvation is about 1319 cm-1. It is a normal practice to construct the 
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solvent correlation function, C(t), as defined by equation 1, to determine the time constants 

associated with the solvation process.136,148  

 

Here, �(0), �(t), �(∞), are the frequencies of the emission maxima at the delay times of zero 

(i.e. immediately after photoexcitation), intermediate time t, and infinity (i.e. after completion 

of the solvation process), respectively. To determine these emission maxima, we have used the 

peak frequency obtained directly from the log normal fits of the corresponding spectrum.  If we 

compare the position of the emission maximum of the spectrum, which could be recorded at  
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Figure 3.3. Time-resolved emission spectra constructed at different delay times (Delay times: 0.35, 0.5, 
0.8, 1.2, 1.6, 2.0, 2.5, 3, 3.5, 4.0, 5, 6, 8, 10, 12, 14, 16, 18, 20, 24, 28, 32, 36, 40, 44, 48, 52, 56, 60, 65, 
70, 75, 80 ps). Inset: Time-correlation function C(t), constructed following equation 1, along with the 
tri-exponential fit function. The lifetimes associated with the fit function and the average lifetime 
calculated are also shown in the inset. 
 

earliest delay-time, i.e. 19509 cm-1 at 0.35 ps, with that of the fluorescence spectrum recorded 

in a nonpolar sovent, i.e. at about 20000 cm-1 in cyclohexane,115 it becomes evident that we 
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have missed the early events of solvation phenomena, which have been completed prior to the 

delay time of 0.35 ps. So, because of limitation of the instrument response of about 300 fs, we 

have not been able to record the emission spectrum of the unsolvated species, which exists 

only at zero delay time.  Hence, the value of �(0) could not be determined in this experiment. 

However, accepting the value of 20000 cm-1 as that of �(0) should be a good approximation. 

The maximum of the emission spectrum recorded at the delay time of 80 ps is seen to appear at 

18150 cm-1, This corresponds to that for the steady state fluorescence spectrum recorded in 

ethanol and this is the assumption made for construction of the time-resolved fluorescence 

spectra presented in Figure 3.3. This value is assigned to �(∞). Thus the correlation function, 

C(t), constructed using equation (1) has been shown in the inset of Figure 3. This curve also 

includes the point, for which the value of C(t) is equal to 1. The C(t) curve could be fitted 

using a triple exponential function, which provides the lifetimes of the components with their 

relative amplitudes as 0.3 ps (0.3), 5 ps (0.15) and 30 ps (0.55). The average solvation time 

could be calculated as 17.3 ps and it agrees well with the value determined in ethanol using 

standard solvation probes (<τ>avg ~ 16 ps).148, 149  

 In Figure 3.4, we have compared the fluorescence upconversion signals for curcumin in 

methanol and curcumin-d in methanol-d recorded at a few selective wavelengths, namely 480, 

520 and 640 nm. While in all the cases, the fluorescence upconversion signals are fitted with 

multiexponential functions consisting of decay and / or growth components, the lifetimes of 

each of the corresponding components is longer in the case of deuterated solute and solvent. 

However, the effect of deuteration is seen to be more prominent at the longer monitoring 

wavelengths and at longer delay time. This information, in combination with that obtained 

from the fluorescence upconversion experiment performed in ethanol (Figures 3.2 and 3.3), 

confirms the fact that association of the excited state of curcumin with the solvent molecules 

becomes stronger as the solvation process proceeds to completion and it involves the formation 

of intermolecular hydrogen (or deuterium, in the case of deuterated solute and solvent) bonds 
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between the solute and the solvent, via reorganization of the hydrogen (or deuterium) bonds of 

the solvent around the solute molecule (vide infra). Stretching vibrations in hydrogen (or 

deuterium) bonds induce fast nonradiative deactivation of the excited state and hence the 

longer lifetimes of the corresponding components in the case of curcumin-d in methanol-d as 

compared to those of curcumin in methanol is the result of deuterium isotope effect, imparted 

to strong intermolecular hydrogen bonding interaction between the S1 state of curcumin and 

the solvent. 
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Figure 3.4. Comparison of the flurescence decay of curcumin in methanol and curcumin-d in methanol-
d at 480, 520 and 640 nm. 
  

 Earlier, Adhikary et. al reported the lifetimes of the S1 state of curcumin as 70 and 120 

ps in methanol and methanol-d4, respectively, on the basis of their measurement at 520 nm.119 

However, our results described above show that the fluorescence decay monitored at this 

wavelength cannot provide the correct value of the lifetime of the fully relaxed or solvated S1 

state. Because of the dynamic shift of the fluorescence maximum representing the progress of 
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solvation phenomenon, the fluorescence decay monitored at different wavelengths through the 

entire region of the fluorescence spectrum is wavelength dependent and non exponential. 

Hence, the analyses of the upconversion signals recorded in the 460 – 600 nm region can 

provide any meaningful information neither about the solvation time nor the lifetime of the S1 

state. Since, at these wavelengths, we monitor a non-equilibrium mixture of differently 

solvated excited state species, the lifetimes obtained by multiexponential fitting of the 

fluorescence decay represents the average values of the lifetimes of a large number of 

differently solvated species. Meaningful information can be obtained by monitoring the 

fluorescence decay only at the red edge of the fluorescence spectrum, say, at 640 - 660 nm, at 

which the fully solvated S1 state can be monitored. At 640 or 660 nm, the growth of the 

upconversion signal represents the formation of the fully solvated species and the decay 

lifetime of the signal can be assigned to that of the solvated species. Therefore, we find that the 

decay lifetimes of the S1 state of curcumin in methanol and curcumin-d in methanol-d are 130 

± 7 ps and 220 ± 10 ps, respectively. These lifetimes are longer than those reported by 

Adhikary et. al. because of the reason explained above. Further, we have shown in  the case of 

curcumin in ethanol that the solvation in alcoholic solvents are multimodal and hence the 

single exponential growth of the S1 state monitored at 640 nm (or at any other wavelength) 

cannot provide the complete information regarding the solvation dynamics. However, the 

growth lifetimes, 10 ± 1 ps or 14 ± 1 ps, measured at this wavelength can be described as the 

longest component of the multimodal solvation process of curcumin in methanol or curcumin-d 

in methanol-d, respectively (details discussion is given in section 4.1.1).  

 

3.2.3. Transient Absorption Spectroscopic Study 

3.2.3.1. In aprotic solvents: Fluorescence upconversion experiments revealed that 

intermolecular hydrogen bonding interaction via hydrogen bond reorganization is possibly the 

major process contributing to the relaxation of the S1 state of curcumin in alcoholic solvents. 
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However, this technique has not revealed the role of any other process, such as 

photoisomerization via twisting of the double bonds. In addition, the dynamics of the S1 state 

of curcumin in aprotic solvents has not been studied earlier, and hence the aspect of solvation 

of curcumin in this class of solvents is yet unexplored. These are the reasons, which motivated 

us to investigate the relaxation dynamics of S1 state of curcumin in different kinds of solvents 

using the transient absorption spectroscopic technique, which has a better time-resolution 

(~100 fs) as compared to that of the fluorescence upconversion method. 

Figure 3.5 presents the time-resolved differential absorption spectra of the transient 

species created following photoexcitation of curcumin in 1,4-dioxane using 400 nm laser 

pulses of about 50 fs duration. The transient spectrum recorded at 0.2 ps delay-time consists of 

one negative absorption band in the 470 – 500 nm region (the entire band could not be 

recorded here because of limitation of the spectrometer) and a broad positive absorption band 

due to excited state absorption (ESA) in the 500 – 830 nm region. A comparison between the 

steady-state spectra (both absorption and fluorescence) of curcumin in 1,4-dioxane (Figure 3.1) 

and the negative absorption band observed here, the latter could obviously be assigned to 

stimulated emission (SE) and not to bleaching. In addition, comparison of the shapes and 

positions of the steady-state fluorescence spectrum and the ESA band, as shown in Figure 3.5, 

suggest significant overlapping between the SE and ESA bands in the 470 – 570 nm region. 

With increase in delay-time, both the SE and ESA bands decay. However, the pattern of 

evolution of the time-resolved spectra suggest that the decay of the ESA band in the lower 

energy (e.g. in the 650 – 700 nm) region is slower than that in the higher energy (e.g. in the 

500 – 650 nm) region. Further, in the 700 – 770 nm region, an ultrafast decay of transient 

absorption is followed by a growth component (see Figure 3.6). All these characteristics lead to 

wavelength-dependent temporal dynamics, which suggest the involvement of more than one 

transient species or excited states in the relaxation dynamics of curcumin in this solvent. 
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Figure 3.5. Time-resolved differential absorption spectra of the transient species formed following 
photoexcitation of curcumin in 1,4-dioxane using 400 nm laser. Olive colored curve represents the 
position and shape of the steady-state fluorescence spectrum.  
  

In Figure 3.6, the temporal profiles recorded at a few selective wavelengths following 

photoexcitation of curcumin in 1,4-dioxane have been presented. The best-fit functions are also 

presented in this figure along with the lifetimes associated with the different components in the 

insets. Temporal profiles recorded in the 500 – 600 nm region show wavelength dependent 

dynamics because of overlapping of SE and ESA bands in this region. However, those 

recorded i n the 470 – 500 nm region and in the 600 - 1000 nm region are expected to provide 

useful information regarding the dynamics of the S1 state. The temporal profiles presented in 

Figure 3.6 could be best fitted by a four exponential (those recorded at 470, 590 and 870 nm) 

or three exponential (that at 790 nm) function consisting of both decay and/or growth 

components and the lifetimes of the components associated with these temporal profiles are 

seen to be very similar. Hence, four different kinds of excited states or processes are 
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responsible for the evolution of the transient spectra presented in Figure 3.5. Unfortunately, 

spectral characteristics of these four kinds of transient species could not be resolved in the 

transient spectra because of overlapping of the ESA and SE bands throughout the wavelength 

region. The average lifetimes of three of these processes could be determined as 1.6, 44 and 

325 ps. Each of the temporal profiles recorded at different wavelengths is associated with a 

long-lived component, which has lifetime longer than 500 ps (not shown in the inset).  
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Figure 3.6. Temporal profiles (circles) recorded at a few selective wavelengths following 
photoexcitation of curcumin in 1,4-dioxane using 400 nm light. The red lines represent the best fit 
multiexponential functions and the lifetimes associated with the best fit function are given in the insets. 
 

Nardo et. al. have found that in cyclohexane, a nonpolar aprotic solvent like 1,4-

dioxane, the fluorescence decay of curcumin is  tri-exponential (with the lifetimes of 57 ps, 

256 ps and 1405 ps).117 It should be noted that the lifetimes of the two shorter lived 

components are comparable to the lifetimes determined in 1,4-dioxane. The presence of a long-
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lived decay component with the lifetime of about 1100 ps, in addition to the shorter lived 

component with 52 ps lifetime, in the fluorescence decay in benzene has also been reported by 

Khopde et. al.115 We assign the lifetimes of 44 ps and 325 ps to the S1 states of the cis-enol and 

trans-diketo conformers, respectively, which exist in the ground state of curcumin (see section 

1). Since, the component with the lifetime of 1.6 ps is quite in agreement with the value of the 

average solvation time, <τ>coum (~1.7 ps), determined using coumarin 153 as a probe for 

solvation dynamics in the same solvent (Table 3.2), it possibly can be assigned to the solvation 

process.150 However, we need to discuss the results in other solvents to confirm the assignment 

of this ultrafast component. 

Figure 3.7 presents the time-resolved differential absorption spectra of the transient species 

generated following photoexcitation of curcumin in acetonitrile, which can be considered as a 

polar aprotic solvent. The transient absorption spectrum recorded at 0.2 ps delay-time shows 

the presence of two broad ESA bands with maxima at ca 590 and 900 nm. We do not observe 

an SE band in the 500 – 700 nm region, where the fluorescence emission band of curcumin in 

acetonitrile occurs (Figure 3.1), but a small negative absorption at 530 nm. The observed 

differential transient spectrum is the result of additive combination of SE and ESA bands in 

this wavelength region. With increase in delay-time in sub-5 ps time-domain, we observe the 

decay of the ESA band in the 550 – 800 nm region with the concomitant development of an 

ESA band in the 470 – 500 nm region. This evolution also leads to the development of a week 

SE band with a maximum at ca 700 nm. It is also important to note that decay of the ESA band 

in the 530 – 800 nm region is faster than that in the 800 – 1000 nm region, which does not 

show any significant change in this time-domain. Evolution of the time-resolved spectra looks 

apparently different from that observed in 1,4-dioxane, because of the fact that the 

fluorescence spectrum is shifted significantly towards the lower energy region as compared to 

that in the case of 1,4-dioxane, leading to the overlap of ESA and SE  bands in a spectral 

region, which is different from that in the case of 1,4-dioxane. However analyses of the 
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temporal profiles reveal the involvement of similar kinds of processes in the relaxation of the 

excited states of curcumin in these two solvents as well as in other solvents discussed earlier.  

The pattern of evolution of the time-resolved transient absorption spectra in acetonitrile also 

supports these facts.  Development of the ESA band in the 470 – 500 nm region and the SE 

band in the 650 - 750 nm region with increase in delay-time is the result of the dynamic 

bathoromic shift of the SE band but hypsochromic shift of the ESA band due to solvation of 

the excited state. That is why the shapes of the temporal profiles recorded in the 500 – 700 nm 

region and the corresponding lifetimes of the different components are wavelength dependent.  
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Figure 3.7. Time-resolved absorption spectra of the transient species formed following photoexcitation 
of curcumin in acetonitrile using 400 nm laser pulses. 
 

Since, the steady-state fluorescence spectrum of curcumin in acetonitrile has very weak 

intensity in the 470 – 490 nm region (Figure 3.1), the ESA band is expected to be free from 

interference from the SE band in this region. Therefore, the temporal profiles recorded in this 
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region are expected to provide meaningful results regarding the lifetimes of the excited states 

or the processes associated with them. On the basis of similar arguments, temporal profiles 

recorded in the 700 – 1000 nm region are also expected to provide meaningful values of the 

lifetimes. At delay times longer than 5 ps, we observe the decay of all the ESA and SE bands 

occurring in the entire wavelength region, but a marginal increase of ESA in the 700 – 800 nm 

region.   

In Figure 3.8, we have presented the temporal profiles recorded at a few selective wavelengths 

following photoexcitation of curcumin in acetonitrile. The temporal profiles recorded in the 

470 – 490 nm region could be-fitted with a four exponential function consisting of two 

ultrafast growth components of ESA with the lifetimes of 0.3 and 0.65 ps, followed by its two 

exponential decay with the lifetimes of 310 ps and a long lived component having lifetime 

longer than 500 ps, which is not shown in the insets of the figure. However, those at other 

wavelengths could be fitted well with three exponential functions consisting of both decay and 

/ or growth components. Although the ultrafast component with the lifetime of 0.3 ps is not 

evident in the temporal profiles recorded at wavelengths other than 470 nm, the values of the 

other two lifetimes determined at 690 nm and 870 nm are very similar to those determined at 

470 nm. The values of two of the three lifetimes, determined at 610 nm, do not agree well with 

those determined at other wavelengths possibly because of overlapping of SE and ESA bands 

at this wavelength. Average values of the lifetimes of the three components determined at 490, 

690 and 870 nm in acetonitrile are shown in Table 3.2.  

Temporal profiles have been recorded at 470 and 870 nm in other polar aprotic 

solvents, namely, dimethylformamide (DMF), DMSO, Propylene carbonate (PC) and 

formamide, are shown in Figure 3.9. Temporal profiles recorded at 470 nm in each of the four 

solvents have been well-fitted with an exponential function consisting of two growth 

components and decay components. That recorded at 870 nm could be fitted well with a four 

exponential decay function. The lifetimes of three shorter lived components (but not the one 
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with lifetime longer than 500 ps) associated with the multiexponential best-fit function are 

given in the caption of the Figure3.9.  
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Figure 3.8. Temporal profiles (circles) recorded at a few selective wavelengths following 
photoexcitation of curcumin in acetonitrile. The red lines represent the best fit multi-exponential 
functions. The lifetimes associated with the fit functions are given in the insets.  
 
The lifetimes of the corresponding components are very similar at these two wavelengths in 

each of these solvents and the average values of these lifetimes determined from these two 

measurements are given in Table 3.2. It is important to note that viscosities of DMSO and PC 

are six and forty times, respectively, larger than that of acetonitrile. Further, the polarity of 

formamide is more than about three times larger than that of acetonitrile. So it has been 

interesting to examine the effect of these factors on the lifetimes of different components 

which has been discussed in section 3.3 (vide infra). We have also studied the effect of 

hydrogen bonding solvents on the excited state dynamics and lifetime of curcumin in different 

alcoholic solvents. The experimental results are given in the next section. 

 



Chapter 3: Ultrafast Dynamics of the Excited States of Curcumin in Solution 

 

 67  

0 5 10 15 300 600 900
0

3

6

9

0 3 6 9 100 200 300
0

3

6
0 2 4 6 8 300 600

0

5

10

15

870 nm

 A
bs

or
ba

nc
e 

(m
O

D
)

A. DMF

470 nm

0 2 4 6 8 300 600
0

3

6

870 nm

470 nm

B. DMSO

870 nm

470 nm
C. PC

870 nm

470 nm

 Time (ps)

D. FA

 

 

Figure 3.9. Temporal profiles (circles) recorded at 470 and 870 nm following photoexcitation of 
curcumin in polar aprotic solvents. The red lines represent the best fit multi-exponential functions. The 
lifetimes (in ps) associated with the fit functions are as follows (in each case the fit function is 
associated with a slow decay component with a lifetime longer than 500 ps, which is not given here):  
(A) DMF: 470 nm -  0.3 (g), 2.3 (g), 162 (d); 870 nm – 3.5 (d), 150 (d). 
(B) DMSO: 470 nm - 0.35 (g), 2.6 (g), 202 (d); 870 nm – 4 (d), 160 (d). 
(C) PC: 470 nm - 1 (g), 6.3 (g), 300 (d); 870 nm – 1 (d), 7.7 (d), 270 (d). 
(d) FA: 470 nm - 0.3 (g), 3.2 (g), 42 (d); 870 nm – 0.25 (d), 3.9 (d), 50 (d). 
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3.2.3.2. In Protic Solvents: To delineate the aspect that solvation is the major process 

involved in the relaxation of the excited state of curcumin in alcohols, as revealed by the 

transient fluorescence spectroscopic study, we investigated the properties of the excited states 

in the series of normal alcoholic solvents. Evolution of the transient absorption spectra of the 

transient species generated following photoexcitation of curcumin in methanol has been shown 

in Figure 3.10. Spectral characteristics of the transient species formed in this solvent are very 

similar to those observed in acetonitrile. As discussed in the case of acetonitrile, dynamic 

hypsochromic and bathochromic shifts of strongly overlapping ESA and SE bands, 

respectively, occurring in the 500 – 750 nm region are responsible for the evolution of the 

time-resolved spectra presented in this figure. However, in this case, we observe the reverse 

dynamic shift of the SE band which is the net result of combination of the two opposite kinds 

of spectral shifts undergone by the ESA and SE bands. As a consequence of this, occurrence of 

wavelength dependent dynamics in the 500 – 700 nm region is obvious in this case too. 

Following the same arguments as presented earlier, the lifetimes of the components, which 

have lifetimes shorter than 500 ps, could be determined accurately by analyzing the temporal 

profiles recorded in the 470 – 490 nm region and 700 – 1000 nm regions. In Figure 3.11, we 

have presented the temporal profiles recorded at a few selective wavelengths. Analysis of the 

temporal profiles recorded in the 470 – 490 nm region reveals four exponential dynamics, 

which includes the contribution of a component with a lifetime of 400 ps (also shown in Table 

3.2). In other solvents, this component is longer than 500 ps.  However, in the case of the 

temporal profiles recorded in the 800 – 1000 nm region, inclusion of an ultrafast decay 

component with lifetime of 0.25 ps has been found necessary to fit the ultrafast decay part, in 

addition to the four other decay components. The average values of the lifetimes determined 

from the measurements at these three wavelengths are given in Table 3.2. 
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Figure 3.10. Time-resolved differential absorption spectra of the transient species formed following 
photoexcitation of curcumin in methanol. Olive coloured curve represents the steady-state fluorescence 
spectrum in this solvent. 
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Figure 3.11. Temporal profiles (circles) recorded at a few selective wavelengths following 
photoexcitation of curcumin in methanol. The red lines represent the best fit multiexponential functions. 
The lifetimes associated with the fit functions are given in the insets.  

 
Considering better strength of the transient absorption signal at 480 nm and also the 

fact that accurate information about the lifetimes are available at this wavelength because of 

negligible overlap between the ESA and SE bands, temporal profiles have been recorded at this 
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wavelength in other normal alcoholic solvents (i.e. ethanol to 1-pentanol) as well as in ethylene 

glycol (EG) (Figure 3.12). Each of the temporal profiles presented in this figure could be best 

fitted with a four exponential function consisting of two ultrafast growth components (τ2 and 

τ2) and two decay components (τ3 and τ4). While in methanol, τ4 is about 425 ps, in other 

alcoholic solvents, it is longer than 500 ps and the same is not given in Table 3.2.  It is 

important to note that the alcoholic solvents used here, viscosity varies from 0.55 in methanol 

to 3.51 in pentanol and 13.8 in EG and the average solvation time, <τ>coum varies from 5 ps in 

methanol to 103 in pentanol (Table 3.2). However, <τ>coum of EG (15.3 ps) is nearly equal to 

that of ethanol (~ 16 ps), viscosity of which (η ~1.08 cP) is much smaller than that of EG (η 

~13.8 cP). The lifetimes of different components, which are presented in Table 3.2, show a 

large variation with the change in solvent characteristics. However, a preliminary observation 

reveals that while the τ1 and τ2 seem to have a better correlation with the solvation time rather 

than the viscosity, τ3 may be better correlated with the hydrogen-bonding ability (measured by 

ET
N values) in alcoholic solvents. 

3.3. Discussion 

3.3.1. Solvation dynamics in protic solvents: In the present study, we have combined two 

complementary ultrafast techniques, namely, subpicosecond fluorescence upcoversion and 

transient absorption spectroscopy to investigate the dynamics of the excited states of curcumin 

in different kinds of solvents. Our fluorescence upconversion study in ethanol (section 3.2) has 

established beyond doubt that solvation process has a major contribution in the relaxation of 

the S1 state of curcumin in alcohols. It has also been established that the solvation process is 

multimodal with three components having lifetimes of 0.3 ps, 5 ps and 30 ps in ethanol and the 

average solvation time, <τ>solv could be determined as 17.3 ps (Figure 3.3). 
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Figure 3.12. Temporal profiles recorded at 480 nm following photoexcitation of curcumin in alcohols 
:EG (1), ethanol (2), 1-propanol (3), 1-butanol (4) and 1-pentanol (5). Lifetimes obtained from the best 
fit multiexponential finction are given in Table 3.2. 
 

To compare them with the values of τ1 (= 3 ps) and τ2 (= 27 ps) (Table 3.2) determined by us 

in ethanol using transient absorption technique, we find that this technique provides an average 

value of 2 ps for two ultrafast components (0.3 ps and 5 ps), and the value of τ2 (27 ps) agrees 

well with that (30 ps) of the longest component associated with the C(t) function (equation 1), 

determined using the fluorescence upconversion technique. They also correspond well to the 

longitudinal relaxation time, (τL ~28.1), of the solvent (Table 3.2). It is also important to note 

that the lifetimes of the three components associated with the C(t) function are in good 

agreement with the lifetimes, τI, τII and τIII (Table 3.2) associated with the multiexponential fit 

of the spectral response function determined by Maroncelli and his coworkers using the 

standard solvation probe, coumarin 153.136 The average solvation time, <τ>solv = 17.3 ps) 

determined by us also agrees well with that (16 ps) reported by these authors. In addition, the 

value of τ2 in methanol is in perfect agreement with the lifetime of the component of 10 ps 

lifetime determined by Adhikary et. al., who also assigned this component to solvation 

process.119  Therefore, these arguments establish that the two ultrafast components (namely, τ1 

and τ2) associated with the relaxation dynamics of the S1 state of curcumin in normal alcohols 



Chapter 3: Ultrafast Dynamics of the Excited States of Curcumin in Solution 

 

 73  

are associated with the solvent reorganization process and further confirms that in alcoholic 

solvents, solvation plays a major role in it.    

 We discussed earlier that curcumin adopts mainly the intramolecular hydrogen-bonded 

cis-enol form (Scheme 3.1), with minor amounts of the trans-diketo conformer, which has 

much smaller dipole moment (1.41 D) than that of the former ( ~ 10.8 D).124 However, in polar 

hydrogen bonding solvents, the intramolecular hydrogen bond is perturbed significantly 

because of formation of intermolecular hydrogen bond. Increased absorption in the lower 

energy region of the absorption spectrum as well as large Stokes shifts in both polar and 

hydrogen bonding solvents suggest that both polarity and intermolecular hydrogen bonding 

perturb the intramolecular hydrogen bond existing in the cis-enol conformer.115,117 Therefore, 

the results presented in this work regarding the dynamics of the excited states of curcumin in 

alcoholic solvents describe the dynamics of specific interaction between the solute’s electronic 

state and the solvent via intermolecular hydrogen bonding, which is accompanied by the 

reorganization of the hydrogen-bonding network structure of the alcoholic solvent. Berg and 

coworkers established the fact the solvent dynamics affecting the hydrogen bond 

reorganization time of the solvent is well correlated with the dielectric relaxation time or the 

longitudinal dielectric relaxation time, τL.155,156  Several groups of workers reported non-

exponential solvation dynamics in n-alcohols.148,149, 153, 157-159 The short component observed in 

n-alcohols is shorter than τL, and is assigned to solvent restructuring in the proximity of the 

excited solute molecule.159 Solvent restructuring is associated with the internal, like hydroxyl 

rotations, of solvent molecules rather than reorientation and can be described as formation of 

intermolecular hydrogen bond between the excited molecule and the solvent. The long 

component of the correlation function has its origin in the reorganization of the solvent 

hydrogen bond network structure to reach equilibrium. Matsumoto and Gubbins simulated the 

average lifetime for the first breaking or formation of the hydrogen bond in methanol is 0.9 ps, 
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whereas the autocorrelation time of hydrogen bond, which measures the time for 

reorganization of the solvent hydrogen bond network structure is 11.8 ps.160 This value is 

comparable to the value of τL of methanol (9.2 ps).153,167 Based on these arguments, the 

ultrafast component (τ1) determined in alcoholic solvents  (e.g. the lifetimes of 1.5 ps and 3 ps 

in the case of methanol and ethanol, respectively) using transient absorption technique can be 

assigned to the inertial motion of the solvent molecule involving rotation of the hydroxyl 

group, which is directly involved in interaction with the ketonic group of curcumin leading to 

formation of intermolecular hydrogen bond. Further, the longest component of the solvent 

relaxation time (in the present case, this time is given by τ2 in Table 3.2) can be assigned to the 

reorganization of the solvent hydrogen bond network structure. This has been correlated with 

the longitudinal relaxation time (τL) of the solvent by equations 2 and 3,155,156 

 

If we assume that the enthalpy of the transition state, ΔH, does not vary significantly 

due to change of solvents belonging to the same class, e.g. primary alcohols, we expect a linear 

correlation between ln(τ2) and ln(τL) (equation 3). As shown in Figure 3.13A we find a 

reasonably good linear correlation between these two parameters in n-alcohols and reconfirm 

the postulation that the hydrogen bond reorganization around the excited solute molecule is 

responsible for the dynamics of the relaxation process of the S1 state in the alcoholic solvents 

observed here. This correlation also confirms that this lifetime associated with the relaxation of 

the S1 state of curcumin is the property of the pure solvent and not of the excited state of the 

solute. Additionally, this also justifies the assignment of τ1 and τ2 determined from the 

measurement at a single wavelength, i.e. at 480 nm to the solvation process.60,61 Determination 

of C(t) from the results of transient absorption measurements has been impossible because of 
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overlapping of the transient ESA and SE bands. However, close agreement between the results 

obtained from the measurements in methanol, ethanol and EG using both the fluorescence and 

absorption techniques support our arguments. We observe that in the case of EG, the data point 

shows significant deviation from the best fit line. Considering the fact that EG is a dihydric 

alcohol, the structure of the hydrogen-bonded complex formed between curcumin and EG, is 

expected to be different from that formed with a normal alcohol. 

3.3.2. Solvation dynamics in aprotic solvents: Figure 3.13A also includes the data for a 

few aprotic solvents for which the τL values are available and we find quite a good agreement 

between τ2 and τL values of the solvents, as observed in the case of alcohols. This suggests that 

not only the specific hydrogen bonding interaction as discussed above in the case of protic 

solvents, but also the dielectric relaxation of the pure solvent play an important role in all kinds 

of solvents. Barbara and his coworkers made some novel measurements on the microscopic 

solvation dynamics of a couple of coumarin dyes or other probes, such as bianthryl, in several 

aprotic solvents as well as in methanol and 1-propanol.148,162,163 Experimentally, C(t) (equation 

1), was well represented by a single exponential in relatively less polar solvents, such as 

acetone but by a double exponential function in polar solvents.48 Therefore, in polar solvents, 

C(t)  was fitted biexponentially to obtain two time constants (τa and τb) and the average 

solvation time, <τ>solv = a1τa + a2τb (where a1 and a2 are the corresponding amplitudes), was 

found to be very similar to that predicted by dielectric continuum theory.165-167 Horng et. al 

also explored the intramolecular charge transfer (ICT) dynamics in a donor substituted 

acridinium dye in a variety of solvents and the lifetime of the charge transfer process was 

correlated to the average solvation time, <τ>coum, which was measured with the solvation probe 

coumarin 153.154,168 Solvation times of C153 were employed because they represented the best 

measures of the time scales of polar solvation available these days.  
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We have calculated <τ>solv  in the polar solvents studied here using the relative 

amplitudes, a1 and a2, associated with τ1 and τ2, respectively, which represent the double 

exponential growth of transient absorption measured at 480 nm (Table 3.2). Our discussion on 

the dynamics of the S1 state of curcumin in the alcoholic solvents clearly reveals that τ1 and τ2 

are correlated with the bimodal solvation process. We also consider the fact that in less polar 

solvents, the solvation process can be well represented by a single exponential response of the 

solvent.149 Therefore, the ultrafast component, τ1,  determined in nonpolar aprotic solvents, has 

been assigned to the lifetime of IVR process, τv (Table 3.2), and τ2 is approximated to the 

average solvation time, <τ>solv. In polar solvents, τ1 has been assigned to the inertial 

component of the solvent response because of close similarity of its value with that determined 

earlier in the corresponding solvent.139,143 In Figure 3.13B, we have plotted ln(<τ>solv) vs 

ln(<τ>coum.) and the solid line in this plot is the fit of the data collected in all kinds of solvents 

to follow the relation: ln(<τ>solv) = 0.13 + 0.99 ln(<τ>coum.). The near unity slope of the best fit 

line suggests the close similarities in the values of the average solvation time determined by us 

and those determined earlier to establish its correlation with the dielectric relaxation behavior 

of the pure solvent predicted by the dielectric continuum model.163–168  Near unity slope of the 

line also suggests that the ICT process, which is responsible for the increase in dipole moment 

of the excited state (Δμ ~ 6.1 D), is nearly barrierless in all kinds of solvents because of strong 

coupling between the local excited (LE) state and the ICT kind of S1 state of curcumin.155,163,164
 

As a consequence of this, separation of emission into the spectra of LE and ICT states has not 

been possible. 
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Figure 3.13. A. Correlation between ln (τ2) with ln(τL) of the solvents. The best-fit line, which 
represents the function: ln(τ2) = 0.81 + 0.76 τL (Adj. R2 = 0.96, N =10), does not include the data point 
for ethylene glycol.  B. Correlation between ln (τ2) with ln(<τ>avg) of the solvents. The best fit line 
represents the function: ln<τ>solv = 0.81 + 0.99 <τ>coum (Adj. R2 = 0.86, N =15), The solvents are: 1,4-
dioxane (1), EA(2), TA(3), BN (4), acetonitrile (5), DMF(6), DMSO(7), PC(8), formamide(9), 
methanol (10), ethanol (11), 1-propanol (12), 1-butanol (13), 1-pentanol (14), and ethylene glycol (15).  
 

  3.3.3. Deactivation of the S1 State: Following the completion of the solvent reorganization 

process, the relaxed and solvated S1 state decay to the ground electronic state by both radiative 

and nonradiative processes. Earlier single photon counting technique, having time resolution of 

about 40 ps, has been successfully used to determine the lifetime of the S1 state in varieties of 

solvents.115,117 Fluorescence decay has been fitted with either monoexponential or 

biexponential functions. The lifetime obtained by monoexponetial fitting or the shorter and 

major component in the case of multiexponential fitting has been assigned to the cis-enol form 

and the longer components with much smaller (a few percent) amplitude has been assigned to 

the other conformers.  

 The lifetime, τ3, given in Table 3.2, is assigned to the decay lifetime of the S1 state of 

the cis-enol form in fifteen solvents. Since we have not been able to measure the lifetime 
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longer than 500 ps and the longer decay components of transient absorption may have the 

contribution from the triplet state too, we will not comment on those, which are assigned to the 

other conformers. However, the lifetime of the trans-diketo conformer has been seen to be less 

than 500 ps in a few solvents, say 1,4-dioxane and methanol and given in Table 3.2. 

 The values of τ3 measured in 1,4-dioxane is very short (44 ps) and this value agrees 

well with that (~55 ps) reported in another nonpolar solvent cyclohexane.115,117 The shortest 

lifetime and the largest nonradiative rate (~15 x 109 s-1) in nonpolar solvent, in which the 

intramolecular hydrogen bond remains undisturbed by the solvent effect, was assigned to the 

ESIHT process.115,117 However, in more polar solvents, say EA, TA, BN, acetonitrile and PC, 

this lifetime becomes longer (230 – 300 ps), because of the fact that the intramolecular 

hydrogen bond is perturbed by the dipole-dipole intraction.37, 169 This hypothesis can be 

complemented by the reduced rate of the nonradiative process (~ 2.5 x 109 s-1).115, 117 Similar 

values of lifetimes in TA, PC and acetonitrile clearly reveal the lack of viscosity dependence 

on the lifetime of the S1 state of the cis-enol form. This excludes the possibility of occurrence 

of any kind of configurational relaxation in the excited state. However, the lifetimes are shorter 

in DMSO (175 ps) and DMF (155 ps) and the shortest (45 ps) in formamide. These three can 

be considered as strong hydrogen bond accepting solvents (having large β-values, Table 

3.2),148 which possibly disrupt the intramolecular hydrogen bond and form intermolecular 

hydrogen bond not only with the enolic hydrogen, but also with the phenolic hydrogens. These 

multiple number of intermolecular hydrogen bonds induce efficient nonradiative deactivation 

pathways via hydrogen stretching vibrations.170, 171 One should note that in spite of the β-value 

of formamide being lower than those of DMSO and DMF, the decay lifetime of curcumin in 

formamide is shorter than those measured in the other two solvents. However, it should also be 

considered that both the ET
N value (which is a measure of both polarity and hydrogen bonding 

ability of the solvent) as well as the α-value (~0.71, which is a measure of hydrogen bond 
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donating ability of the solvent) of formamide are very large and these values ensure stronger 

hydrogen bonding interaction between the S1 state and formamide.148 This explains the shortest 

lifetime of the S1 state of curcumin in this solvent. 

 In the case of normal alcohols, τ3 increases steadily from methanol to 1-pentanol. 

Because of both the hydrogen bond accepting and the donating properties of the alcohols, the 

solvent molecules are expected to be involved in formation of hydrogen bonds not only at the 

phenolic and the enolic hydrogen atoms, but also with the ketonic oxygen atom, which acquire 

large negative charge due to intramolecular charge transfer in the excited state. Strength of the 

hydrogen bond between the ketonic oxygen and the alcohol molecule has been shown to 

become stronger with increase in negative charge on the oxygen atom.172 We have seen in the 

case of aprotic solvents that viscosity has no effect on the lifetime of the S1 state of the cis-enol 

form. Therefore, although we find the monotonous increase of τ3 with increase in viscosity of 

the normal alcohols, this viscosity dependence cannot be explained by occurrence of 

configurational relaxation of the excited state. However, the hydrogen bonding ability of the 

normal alcohols, given by the ET
N value (Table 3.2), too varies monotonically. The ET

N value 

decreases from methanol to 1-pentanol and the value of τ3 increases with the decrease in the 

ET
N value of the alcohol. This trend can only be explained by the fact that weaker hydrogen 

bonding interaction between the solvent and curcumin reduces the efficiency of the noradiative 

deactivation mechanism. This argument is also supported by the fact that τ3 in EG has the value 

similar to that  determined in methanol, in spite of its much higher viscosity than that of 

methanol and even that of 1-pentanol (Table 3.2). The ET
N value of EG is very close to that of 

methanol. 

3.3.4. Why Did Not We Observe the ESIHT Process?: The role of the ESIHT process 

in the deactivation mechanism of the S1 state of curcumin has repeatedly been emphasized.115, 

117 Photoinduced ESIHT has been the subject of detailed investigations in several kinds of 
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molecules, which have an hydrogen bonded chelate ring as the reaction center but an 

asymmetric potential energy surface (PES), using different kinds of ultrafast spectroscopic 

techniques.138-145 For all these kinds of molecules, a time scale of a few hundred femtosecond 

has been assigned to the ESIHT process, and so far, no deuterium effect has been observed in 

dedicated investigations.138,141  

 Harris and co-workers reported the first investigation of the fast ESIPT reaction in 3-

hydroxy flavone (3HF) using sub-picosecond time-resolved stimulated emission and transient 

absorption spectroscopic technique and determined the ESIPT time to be 240 fs in a nonpolar 

solvent, methylcyclohexane (MCH).141 In hydrogen-bonding environments, the ESPT (not 

ESIPT) rate changed drastically and two distinct ESPT channels were observed in methanol 

solution. The fast ESPT for 3HF in MeOH took place in ≤125 fs and another slow component 

had a lifetime of about 10 ps, which agreed well with the longitudinal relaxation time of this 

solvent (Table 3.2) and hence could be related to solvent reorganization process. The faster 

ESPT time in MeOH solution has been explained by consideration of a 3HF-MeOH cyclically 

H-bonded 1:1 complex. The ESPT reaction coordinate in this aggregate comprises new modes 

resulting from hydrogen motion between the 3HF and the solvent molecules. The fast ESPT 

mechanism for the monosolvated 3HF could involve dual proton transfer. Lifetime of the 

double proton transfer reaction in 7-azaindole dimer in solution has been determined to be 

about 1.1 ps.146,147 

 Lochbrunner and coworkers used the ultrafast UV pump – visible probe and Elsaesser 

and coworkers used the ultrafast UV pump – IR probe transient absorption spectroscopic 

techniques to study the ESIPT of 2-(2'-hydroxyphenyl)-benzothiazole (HBT) dissolved in 

nonpolar solvents to demonstrate that the intrinsic ESIHT is complete within 170 fs.138,139 In 2-

(2'-hydroxyphenyl)benzoxazole (HBO) too, the ESIPT reaction occurs in 170 fs and is 

independent of solvent or isotope.141 
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 From the results of fluorescence upconversion experiments on curcumin, the 

component with the lifetime of about 130 ps in chloroform and 100 ps determined in methanol 

and EG were assigned by Adhikary et. al. to the ESIHT reaction.119  This component 

corresponds to that assigned to τ3 in this work. However, we discussed earlier in section 1 of 

this article that the cis-enol conformer is a symmetric molecule with respect to the 

intramolecular hydrogen bonded chelate centre. In this case, the ESIHT process should be 

characterized by a symmetrical double-minimum potential energy surface.37,169  Since the 

product of the ESIHT reaction is not different from the reactant molecule, the ultrafast 

spectroscopic techniques adopted here can obviously not monitor the progress of the ESIPT 

process in real time. In addition, the ESIHT process should be reversible in curcumin because 

of low barrier between two symmetrical double minimum potential wells for hydrogen atom 

transfer reaction, which have been calculated earlier for molecules containing similar kind of 

hydrogen-bonded chelate centres.37,169 Considering these arguments, our interpretation is at 

odds with the conclusions drawn by Adhikary et. al. and the component, τ3, which has values 

varying in the range of about 40 ps to a few hundred picoseconds in different kinds of solvents, 

cannot be assigned to the ESIHT process. However, the presence of the six-membered 

hydrogen bonded chelate ring, which is very similar to the that present in the ESIPT molecules 

described above, the occurence of ESIPT is an obvious process in the S1 state of curcumin in 

nonpolar aprotic solvent and this reaction is expected to be complete within a few hundred 

femtosecond.138-141 Since the reaction is reversible because of low energy barrier between the 

reactant and the product, the excited state may be described as two rapidly interconverting 

structures III and IV. The very efficient nonradiative relaxation of the S1 state of curcumin in 

nonpolar solvents is the obvious manifestation of the process of interconversion by the ESIHT 

reaction. 
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However, in protic solvents, the intramolecular hydrogen bond is perturbed or broken, 

but intermolecular hydrogen bond is formed during the process of hydrogen bond 

reorganization (also called the specific interaction via intermolecular hydrogen bonding). The 

hydrogen stretching vibration in this intermolecular hydrogen bond provides another efficient 

channel for nonradiative relaxation of the S1 state.170,171 However, we have observed an 

ultrafast component with lifetime of about 0.3 ps in methanol and we have assigned this 

component to vibrational relaxation process keeping an analogy to a similar component 

observed in aprotic solvents (Table 3.2). We are not sure whether this component can be 

assigned to the excited state (intermolecular) hydrogen atom transfer or ESHT reaction, similar 

to that observed in the case of 3HF in alcohols. However, we have not been able to resolve this 

component in other alcohols. 

3.4. Conclusion 

Dynamics of the excited singlet (S1) state of curcumin has been investigated in detail in 

various solvents using subpicosecond time-resolved fluorescence and absorption spectroscopic 

techniques. Since curcumin exists mainly as a cis-enol conformer in the ground state, the 

dynamics of the excited singlet (S1) state of curcumin described above can be assigned to this 

form. This conformer is characterized by a strong intramolcular hydrogen-bonding, which 

induces a strong nonradiative deactivation mechanism leading to shorter lifetime of this form 

as compared to those of other conformers. Additionally, because of the planar structure of this 

conformer, the S1 state possesses a strong intramolecular charge transfer character and the 

dynamics of this state is dominated by the solvation process, which is multimodal and follows 

nonexponential dynamics. A good correlation between the long component of solvation with 

the longitudinal relaxation time of the alcoholic solvents justifies its assignment to the 

hydrogen bond reorganization in the solvent hydrogen bond network structure and hence 

specific hydrogen bonding interaction between the S1 state of curcumin and the solvent. 
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However, we also find a good correlation between the average solvation time determined in 

this work in all kinds of solvents and that determined using a coumarin probe, which has 

already been proved to be a good marker for the dielectric continuum model, suggests that 

dielectric relaxation of the pure solvent also have an important contribution in the solvation 

process. Although because of the presence of intramolecular hydrogen bond in the cis-enol 

conformer, the ESIHT is an obvious process in the excited state, two spectroscopic techniques 

applied here do not allow us to monitor it in real time. However, its signature is clearly evident 

in the shorter lifetime of the S1 state in nonpolar aprotic solvents, in which the intramolecular 

hydrogen bond remains nearly unperturbed. In polar solvents the intramolecular hydrogen 

bond is disturbed leading to the reduced efficiency of the noradiative deactivation mechanism. 

However, in protic solvents, intermolecular hydrogen bonding interaction between curcumin 

and solvent provides another efficient channel for nonradiative deactivation mechanism of the 

S1 state. 
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Ultrafast Dynamics of Excited State 

Intramolecular Proton Coupled Charge 

Transfer Reaction 
 
4.1 Introduction 

Electron transfer and Proton transfer are the two most fundamental processes, ubiquitous in 

chemistry and biology. Photoinduced charge transfer and proton transfer processes in model 

molecular systems has been a major focus to understand the basic molecular mechanism of 

electron and proton transfer reactions.173-176 Excited state intramolecular proton transfer 

(ESIPT) studies in various model systems have revealed ultrafast timescale of the 

intramolecular proton transfer reactions.35,37,177-181 Large amplitude structural relaxation has 

been found to follow the proton transfer process of many model systems.182-185 Presence of 

strong charge transfer character in ESIPT molecules, charge transfer and proton transfer has 

appeared to be strongly coupled. Proton coupled electron transfer reactions have emerged as a 

concerted mechanism to govern the many biological and chemical reactions.4,186,187 Thus, the 

issue of coupled charge and proton transfer has been an intense research focus in recent years 

and a significant development has been achieved.39,188-193 In strong intramolecular charge 

transfer molecules, twisted intramolecular charge transfer (TICT) has been established58,71,73,75 

to be general phenomena, in which donor and acceptor moieties relax to perpendicular 

geometry in the charge transfer excited state to facilitate complete charge separation via orbital 

decoupling of the donor and acceptor group. Thus, in strong donor-acceptor substituted ESIPT 

molecules, proton transfer, charge transfer and structural relaxation are expected to be strongly 

coupled and observed photodynamics will be controlled by all these processes. In present 
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chapter, we describe the ESIPT directed structural relaxation dynamics in an unsymmetrically 

substituted charge transfer 1,3-diketone molecule, namely N,N-dimethylanilino-1,3-diketone 

(DMADK, Figure 4.1). Because of unsymmetrical structure, the molecule can exist in two 

possible cis-enol forms (Figure 4.1) which may interconvert via intramolecular proton transfer 

reaction and may allow probing the ESIPT reaction.  Unlike the conventional ESIPT molecules 

(where the proton transferred keto tautomeric form possess very high energy in ground state), 

the two possible cis-keto-enol forms of a 1, 3-diketone may coexist in the ground state.194 

Photophysical behavior of this system is expected to be governed by the relative energies of 

the two tautomers in the excited state. Consequently, the direction of the proton transfer 

process will be dictated by the energetic preference of one of the tautomer in the excited state.  

Moreover, due to strong charge transfer character of the molecule, solvent polarity may 

strongly influence the kinetics and thermodynamics of excited state processes. In this chapter, 

we present the effect of polarity of the solvents on the dynamics of the excited states of 

DMADK using steady state as well as sub-picosecond time-resolved absorption and 

fluorescence spectroscopic techniques. Quantum chemical calculations have been performed to 

determine the structure and energetic of these tautomers in the S1 state. We show that the 

solvent polarity controlled energetic preference of the tautomeric forms dictate the direction of 

proton transfer and subsequent charge transfer dynamics in the charge transfer excited state. 

 

Figure 4.1. Structure of DMADK in diketo- and two cis-enol (Enol-A and Enol-B) tautomeric forms. 
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4.2  Results and Discussion 

4.2.1 Ground state structure: The molecule predominantly exists in the cis-enol form due to 

six membered intramolecular hydrogen bond. This has been evident from the presence of one 

proton NMR Signal at 7.0 ppm, which is the characteristic of an acetyl proton and the absence 

of any signal at 3.5–4.5 ppm corresponding to the diketonic protons in the proton NMR 

spectrum of DMADK in CDCl3. Because of the unsymmetrical substitution, the molecule can 

exist in two possible cis-enol structures (Figure 4.1). Since the chemical environments of the 

two cis-enol tautomers are very similar to each other, it has not been possible to infer about the 

predominance of any of these two tautomers in solution from the proton NMR spectrum. To 

gain structural information, we performed DFT calculation of the two cis-enol forms. DFT 

optimized structure of the tautomers in ground electronic states are shown in Figure 4.2. DFT 

optimized geometry of both the two tautomers are nearly planar and they are energetically very 

close to each other.  In gas phase, Enol-B is only 0.08 Kcal.mol-1 (and 0.01 Kcal.mol-1 in 

acetonitrile) higher in energy than Enol-A and the energy barrier for conversion between the 

two tautomers is only about 1.8 kcal mol-1, implying presence of both the tautomeric forms in 

 
Figure 4.2. DFT optimized structures of Enol-A and Enol-B in the ground state using B3LYP/6-
31G(d,p) basis set.  
 

solution. TDDFT simulated electronic absorption spectra shows similar absorption 

characteristics (absorption energies and oscillator strength) indicating simultaneous Franck 

 
Enol-A 

 
Enol-B  
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Condon excited state population of both the tautomeric forms. Thus, the photophysical 

properties and relaxation dynamics of the molecule will depend on the structure and energy of 

the two tautomers in their first electronic excited state. Steady state and time resolved 

spectroscopic experiments in conjunction with the TDDFT calculated structure and energy has 

been presented and discussed for the concise understanding of photodynamics of the DMADK 

molecule. 

4.2.2. Steady state photophysical studies: Figure 4.3 (A and B) presents the steady state 

absorption and emission spectra of DMADK recorded in aprotic solvents of varying polarities 

at room temperature. The lowest energy absorption band in the 350-450 nm region has a large 

molar extinction coefficient (εmax ~ 4.5 x 104 dm3 mol-1 cm-1 in  acetonitrile) and is assigned to 

the ππ* transition. Fluorescence spectrum of DMADK recorded in each of these solvents at 

room temperature, except in cyclohexane, is broad and structureless.  Both the absorption and 

fluorescence maxima undergo bathochromic shifts in solvents of larger polarities (Table 4.1). 

In order to characterize the photophysical processes occurring in the excited state, we tried to 

correlate the energies corresponding to the absorption and fluorescence maxima as well as the 

Stokes shift with the solvent polarity parameter, ET(N).148 ET(N) parameter is a measure of 

both the polarity as well as the hydrogen bonding ability of the solvent. We could find good 

linear correlations between these three photophysical parameters and ET(N) values of the 

solvents (Insets of Figure 4.3). The strong polarity dependence of the absorption and 

fluorescence maxima of DMADK suggests the ICT character of the excited state and hence the 

large change in the dipole moment of the molecule following photoexcitation. The change in 

dipole moment, ∆μ between the ground and the first excited singlet (S1) states has been 

calculated using the Lippert-Mataga plot (i.e. the plot of Stokes shift (∆�͞) vs ∆F) and has been 

determined to be ca 8.1 D (Figure 4.3C). 
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Figure 4.3. Normalized steady state absorption spectra (A), fluorescence spectra (B) and Lippert-
Mataga Plot (C) in aprotic solvents. Insets shows the correlation of the absorption and fluorescence 
maxima and the Stokes shift (SS) with the solvent polarity parameter, ET(N). 
 

 
 
Figure 4.4.  Solvent Polarity, ET(N), dependence of ΦF and kNR of DMADK. Soild lines (red colored) 
simply provide a guide to the eye and not any functional fit. 
 

Fluorescence quantum yields (ΦF) have been determined in a wide range of aprotic polar 

solvents. We also calculated the other photophysical parameters, namely the radiative and 

nonradiative rate constants (kR and kNR, respectively) (Table 4.1), using the values of the  
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lifetimes of the S1 state (τF) determined by the transient fluorescence and / or absorption 

experiments (vide infra). These parameters show very interesting solvent polarity dependence 

(Figure 4.4). In aprotic solvents of lower polarity region, ΦF increases with increase in solvent 

polarity in the range of ET(N) = 0.0 - 0.2, but the trend is reversed in the solvents of larger 

polarity and ΦF reduces significantly in the polar aprotic solvents with ET(N) values larger than 

0.2 . The kNR values show just a reverse trend as compared to that of ΦF. Dramatic changes in 

the ΦF and kNR values clearly indicate some intricate changes in the structure and dynamics of 

the S1 state with change in polarity. 

4.3.3.  Transient Absorption and Fluorescence Spectroscopic Studies:  

4.3.3.1. Transient absorption studies in cyclohexane: Figure 4.5 presents the time-resolved 

differential transient absorption (TA) spectra of the excited states populated following 

photoexcitation of DMADK in cyclohexane solution at room temperature using 400 nm laser 

pulses of 50 fs duration. The TA spectrum recorded at 0.2 ps delay time consists of three ESA 

bands extending through the entire probe wavelength (470–1000 nm) region. In sub-0.5 ps 

Table 4.1. Solvent Dependence of the Photophysical Parameters of DMADK. 

Solvents ET(N)a, ∆F(ε0, n)b Stokes shift, 

∆�͞, cm-1 

ΦF τF, ps kR,  

108 s-1 

kNR,  

1010s-1 

Cyclohexane 0.006,          0.00 2759 0.014 25 5.6 3.9 

Toluene 0.099,          0.02 2959 0.102 220 4.6 0.4 

1,4-Dioxane 0.164,          0.03 3718 0.20 570 3.5 0.14 

Ethylacetate 0.228,          0.40 4085 0.136 250 5.4 0.3 

Acetone 0.355,          0.65 4920 0.011 90 1.2 1.1 

Acetonitrile 0.46,            0.71 5023 0.002 45 4.4 2.2 

Dimethylformamide 0.41,            0.67 5283 0.005 100 4.8 1.0 

Dimethylsulfoxide 0.444,          0.66 5056 0.007 65 1.1 1.5 

Methanol 0.762           0.71 5096 0.003 30 0.8 3.3 
aRef. 40, bRef. 195. bΔF(ε0, n) = [(ε0-1)/( ε0+2)]-[(n2-1)/(n2-2)]. 
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time domain, ESA bands in the 460-750 nm region decays but that in the 750- 950 nm region 

rises, leading to the appearance of a temporary isosbestic point at ca 750 nm. This suggests a 

precursor– successor relationship between two states. At longer time domain, all three ESA 

bands decay monotonously in the entire wavelength region. 

 

Figure 4.5. Time-resolved absorption spectra of the transient species formed following photoexcitation 
of DMADK in cyclohexane using 400 nm laser pulses. Delay times are given in the insets. 
 

In Figure 4.6, we have presented the temporal profiles recorded at a few selective wavelengths 

following photoexcitation of DMADK in cyclohexane. Each of the temporal profiles recorded 

at different wavelengths in the entire wavelength region could be fitted using an exponential 

function consisting of three components, with the average lifetimes of about 0.18 ± 0.02, 2.1 ± 

0.4 and 22 ± 3 ps, along with another long-lived component, which appeared as residual 

absorption extending even beyond 100 ps delay time. The ultrafast component with the average 

lifetime of about 180 fs, is associated with the spectral evolution in the sub 0.5 ps time domain 

and we assign this component tentatively to the ‘excited state intramolecular proton transfer’ 
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(ESIPT) process.  On the other hand, the component with the average lifetime of about 22 ps 

can be assigned to the lowest excited singlet (S1) state. The long lived residual absorption 

associated with each of the temporal profiles may be assigned to the T1 state. The intermediate 

component of 2.1 ps may possibly be associated with the vibrational relaxation or some small 

amplitude intramolecular relaxation occurring in the S1 state.  

 

Figure 4.6. Temporal profiles (circles) recorded at a few selective wavelengths following 
photoexcitation of DMADK in cyclohexane using 400 nm light along with the best-fit multiexponential 
functions. Associated lifetimes are given in the insets. The temporal profiles recorded at 600 and 650 
nm are also associated with a long-lived residual absorption, assigned to the T1 state. 
 

4.3.3.2 Transient fluorescence studies in cyclohexane: We also recorded the fluorescence 

decay profiles for DMADK in cyclohexane in the 430 – 580 nm region using fluorescence 

upconversion technique. In Figure 4.7, we have shown two typical fluorescence decay profiles 

recorded at 430 and 510 nm. Each of the fluorescence decay profiles is associated with an 

instrument response time limited rise (~160 fs) followed by a biexponential decay with the 

average lifetimes of about 3 and 25 ps. These values agree well with those measured using 

transient absorption spectroscopic technique.  
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Figure 4.7. Fluorescence temporal profiles of DMADK in cyclohexane. 

4.3.3.3 Transient absorption studies in toluene: Figure 4.8 shows the time-resolved TA 

spectra recorded in toluene. Important features of the time evolution of the TA spectra in the 

0.6 ps time domain are the development of the SE band in the 480 - 550 nm region (SE band 

below 480 nm could not be recorded using our spectrometer) and the rise of the ESA bands in 

the 570 – 670 nm and 800 – 950 nm regions. We see the appearance of the temporary 

isosbestic point at ca 580 nm in sub-0.6 ps time domain. With further increase in delay time up 

to about 10 ps, only the SE band continues to grow, but all the ESA bands show little 

evolution.  At longer delay time, both the SE and ESA bands decay monotonously.  

In Figure 4.9, we have presented the temporal profiles recorded at three selective wavelengths, 

namely 480, 610 and 870 nm, to reveal the associated dynamics. Each of these temporal 

profiles could be fitted with a triexponential function and the lifetimes of the three rising and / 

or decay components thus obtained were seen nearly to be independent of wavelength. The 

average lifetimes could be determined as 0.4, 3.7 and 220 ps. In this case, the lifetime of the 

ultrafast component (~0.4 ps) is significantly longer than that of the ESIPT process determined 

in cyclohexane. 
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Figure 4.8. Time-resolved TA spectra recorded in toluene following 400 nm photoexcitation. 
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Figure 4.9. Temporal dynamics of transient absorption signal of DMADK in toluene recorded at a few 
selective wavelengths. 
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  It is important to note that the following photoexcitation with 400 nm light, the the S1 state is 

populated with an excess vibrational energy of about 1526 cm-1. Therefore, both the vibrational 

as well as the ESIPT processes might have contributed to the time evolution of the transient 

spectra occurring in the early time domain (Figure 4.8) and the ultrafast component with the 

lifetime of 0.4 ps appears due to occurrence of both these process. In addition, the increase in 

intensity of the SE band up to about 10 ps with the lifetime of about 3.7 ps suggests the 

population of the structurally relaxed ICT state, which decays with the lifetime of about 220 

ps. 

4.3.3.4. Transient absorption studies in acetonitrile: Figure 4.10 presents the time-resolved 

differential TA spectra recorded following photoexcitation of DMADK in acetonitrile solution. 

The TA spectrum constructed for 0.15 ps delay-time shows the presence of a SE band in the 

460 - 550 nm region with the maximum at ca. 510 nm and two excited-state absorption (ESA) 

bands in the 570 - 1000 nm region with the maxima at ca. 750 nm and at ca. 850 nm. With 

increase in delay time, the maximum of the SE band gradually shifts toward the lower energy 

region with a significant increase in intensity of the SE band.  As a result of the time evolution 

of the TA spectra in sub-2 ps time domain, the SE band maxima shifts from 510 nm, observed 

at 0.15 ps, to ca. 590 nm at 2 ps delay time. Concurrent increase in intensity of the SE band as 

well as the dynamic red shift of the SE maximum suggest that the evolution of the initially 

populated local excited (LE) state is associated with not only the solvation process, but also 

some other relaxation processes occurring in the similar time domain. On further increase in 

delay time beyond 2 ps, the SE band as well as the ESA bands in the 750 - 900 nm region 

decays monotonously. Time dependence of the dynamic shift of the SE maximum has been 

shown in the inset of Figure 4.10. 
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Figure 4.10. Time-resolved TA spectra constructed following photo-excitation of DMADK in 
acetonitrile using 400 nm laser pulses. Inset shows the time-dependence of the dynamic red shift of 
stimulated emission maxima (ν ͞p) vs time. 
 
Table 4.2. Time constants for the relaxation dynamics of DMADK measured in different solvents using 
transient absorption spectroscopic technique. 

Solvents Solvent parameter Time constants 
η(cP)a <τ>solv

b, ps τ1, ps τ2, ps τ3, ps τ4, ps, 
cyclohexane 1.02 -- 0.18  2.1 20 

n-hexadecane 3.044 - 0.15  4.0 48 

Toluene 0.59 2.5 0.4  3.7 220 
1,4-dioxane 1.18 1.7 0.25  2.9 570 

Ethyl acetate 0.43 2.0 0.2  2.4 250 

Acetone 0.30 0.58 --- 0.85 6.5 90 

Acetonitrile 0.34 0.5 0.14 0.45 4.3 40 
DMF 0.8 0.9 0.15 1.5 9 100 
DMSO 1.99 1.8 0.19 1.9 13 65 
PC 2.5 2.6 0.16 3.0 15 90 

aRef 40, bRef 46. τ1, τ2, τ3 and τ4 values are assigned to the lifetimes of the ESIPT, solvation, 
structural relaxation and the IC and / or ISC processes occurring in the S1 state, respectively. 
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Figure 4.11. Temporal evolution of transient absorption monitored at different wavelengths following 
photo-excitation of DMADK in acetonitrile. Solid lines represent the best multi-exponential fit-
functions. The lifetimes of the decay (d) and /or rising (r) components, thus determined, are given in the 
insets. 
 

A few typical TA profiles, which have been recorded following photoexcitation of DMADK in 

acetonitrile, are shown in Figure 4.11 along with the best multi-exponential fit functions. 

Pattern of the wavelength dependence of the lifetimes associated with the time evolution of the 

SE band in the 460 – 650 nm region is the typical characteristics of the solvation process.206 

Each of the temporal profiles recorded in the red edge region of the SE band (i.e. 610 – 650 nm 

region) is associated with a biexponential rise of SE with the lifetimes of about 0.15 and 0.42 

ps. In addition, the time dependence of the dynamic shift of the SE maximum (Inset of Figure 

4.10), could also be fitted with a biexponential function with the lifetimes of 0.15 ps (0.9) and 

0.5ps (0.1) and the value of the average lifetime thus calculated is about 0.2 ps. This value is 

shorter than the average solvation time, <τ>solv, determined earlier using other kinds of 

probes.206 These observations confirm the fact that in early timescale, TA spectral evolution 

(Figure 4.11) may be associated with ESIPT and / or vibrational relaxation, in addition to the 
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solvation process. The decay of the stimulated emission is biexponential with the average 

lifetime of about 4.3 and 40 ps. The ESA at 690 nm region also found to grow with 4.5 ps time 

constant followed by 40 ps decay lifetime. Similar ESA growth-decay behavior has also been 

observed at 480 nm. Thus, the 4.3 ps component can be tentatively assigned to an intermediate 

structural conformational relaxation followed by S1 state decay with 40 ps lifetime. Structural 

relaxation to weakly emissive conformer may be responsible for the weak fluorescence yield, 

as observed in the steady state experiments in polar solvents. 

To explore the effect of solvent polarity and viscosity, transient absorption studies have also 

been performed in several other polar aprotic solvents of varying viscosities. The time 

constants obtained from kinetic analysis are listed in the Table 4.2.  

  4.3.3.5 Transient fluorescence studies in acetonitrile:  To gain better understanding about 

the excited state processes in polar solvents, we also performed the fluorescence upconversion 

experiments in acetonitrile. Temporal kinetics of the emission transients at different 

wavelengths are shown in Figure 4.12.  Analysis of fluorescence transient kinetics revealed 

four component dynamics with time constants similar to that observed in transient absorption 

studies. Fluorescence upconversion signal at 460 nm reveals the instrument response time 

limited growth of emission, followed by triexponential decay. The ultrafast component with 

the lifetime of 0.17 ps is the major component and can be assigned to the ESIPT process. 

Tuning the monitoring wavelength towards the red region, the rise time of the fluorescence 

signal increases and the lifetimes of the components associated with the nonexponential decay 

of fluorescence also increases. These are the typical characteristics of solvation process in the 

blue edge (i.e. 460 – 520 nm) of the fluorescence spectra. However, the biexponential decay of 

the fluorescence signal at the red edge (i.e. 580 – 680 nm), following its rise with the lifetime 

of about 0.5 ps, suggest the consecutive population of two different kinds of excited states with 

the lifetimes of about 4.5 and 48 ps. This result agrees well with that obtained from the 
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transient absorption experiment. The component with the lifetime of 4.5 ps can be assigned to 

the structural relaxation to weakly emissive state following the ESIPT and solvation process. 

The nature of structural relaxation has been revealed from the quantum chemical calculation 

(See Section 4.3.4). Subsequently this relaxed state undergoes internal conversion (IC) to the 

S0 state with 45 ps lifetime. 
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Figure 4.12. Fluorescence upconversion signals recorded at a few selective wavelengths along with the 
multi-exponential fit functions and the lifetimes associated with the different components given in the 
insets. 
 

4.3.4 Excited State Calculations:  In section 4.3.1, we have seen from DFT calculation that 

the DMADK molecule exist in both the tautomeric forms (Enol-A and Enol-B) with similar 

absorption characteristics, indicating simultaneous electronic excitation of both the structures. 

Here we describe the excited state geometry and energy calculations to understand the 

experimental results described in previous sections.  To determine the relative energies of the 

two tautomeric species in the excited state, we first optimized their structures in the S1 state 

using TDDFT method, which have been shown in Figure 4.13. S1 state optimized 



Chapter 4: Ultrafast Dynamics of  Excited State Intamlecular Proton Coupled Charge Transfer 
Reaction 

 

99 
 

conformation of Enol-A differs little from the ground state conformation, whereas Enol-B 

takes perpendicular orientation of dimethylanilino group in S1 state, characteristic of TICT 

state. We find that the energy level of the optimized structure or the relaxed S1 state of Enol-A, 

which we designate here as A*(ICT), in the gas phase lies about 6.1 kcal mol-1 lower as 

compared to that of Enol-B*, which is being designated here as B*(TICT) (Table 4.3). This 

implies that in non polar solvents the photophysics of DMADK will be governed by that of 

Enol-A*. Following photoexcitation of both the tautomers of DMADK in a nonpolar solvent, 

say cyclohexane, the B*(LE) state undergoes ESIPT reaction to populate A*(LE). Now we 

find that the calculated dipole moments of the energy optimized structure of Enol-A* or 

A*(ICT) state is larger than that of the A*(LE) state (Table 4.3) suggesting that the A*(LE) 

state undergoes the ICT process to attain the minimum energy configuration in the S1 state.  

Table 4.3 reveals some differences in the geometrical parameters between the A*(LE) and the 

A*(ICT) state. For example, due to occurrence of this ICT process, the dihedral angle between 

the dimethylaniline group and the keto-enol chelate ring increases by about 10° and that 

between the phenyl ring and the keto-enol chelate ring decreases by about 10°. The phenyl 

group and the chelate ring get planarized in the A*(ICT) state and the twisting angle between 

the dimethylaniline group and the rest of the molecule is only about 20°.  Therefore, it can be 

concluded that the A*(LE) state undergoes certain degrees of intramolecular structural 

relaxation to ICT state. 

 The effect of solvent polarity on the excited state energies of the two tautomers was calculated 

in DMSO using PCM solvation model (Table 4.3). It has been observed that the optimized 

structure of Enol-B* or B*(TICT) state is about 3.1 kcal mol-1 more stable than the A*(ICT) 

state. This suggests that in polar solvents, the relative energies of the structurally relaxed two 
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tautomeric forms are reversed as compared to gas phase. Therefore, we predict that following 

photoexcitation of DMADK in a polar solution using 400 nm light, which populates the S1 

state of both the tautomers, A*(LE) state undergoes the ESIPT reaction in the S1 state 

populating the B*(LE) state. Subsequently, the latter undergoes solvation and structural 

relaxation to populate the B*(TICT) state prior to deactivation to ground state. It is interesting 

to note that in B*(TICT) state, the dimethylaniline group is twisted by about 90°, with respect 

to the rest of the molecule. However, in the case of the A*(ICT) state, twisting angle is only 

about 20°. To understand this difference in structural relaxation characteristics, we calculated 

the potential energies of Enol-A and Enol-B at different twist angles of N, N-dimethylaniline 

group, which show that TICT is energetically favorable process in Enol-B but not in the case 

of Enol-A . This difference in the behavior of the excited states of two tautomers towards the 

structural relaxation possibly arises due to the different distances between the dimethylaniline 

group and the carbonyl group, which acts as the acceptor. In the case of Enol-B, the electronic 

coupling between the donor and the acceptor groups is strong enough to favor formation of the 

TICT state.  

 

Table 4.3. Energies of the two enol tautomers in the ground (S0) state and the first singlet excited 
(S1) state in the gas phase and in polar solvent, DMSO. DFT/TDDFT calculations were performed 
using B3LYP functional and 6-31G (d,p) basis set. Calculations in DMSO were performed using 
polarizable continuum model (PCM). 
 
 Gas phase DMSO 
Tautomeric 
Species 

S0 S1(FC) S1(opt) S0 S1(FC) S1(opt) 

Enol-A 
(Hartee) 

-862.75381 -862.63040 -862.66171 -862.76520 -862.65085 -862.65805 

Enol-B 
(Hartee) 

-862.75367 -862.63001 -862.65185 -862.76492 -862.65184 -862.664132 

∆E(Enol-B–
Enol-A) 
(kcal.mol-1) 

0.08 0.01 6.1 0.007 -0.03 -3.8 
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Figure 4.13. TDDFT optimized structures of Enol-A and Enol-B, in the S1 states in the gas phase using 
B3LYP/6-31G(d,p) basis set. 
 
4.3.5 Potential Energy Surface Diagram:  

Solvent polarity dependent photophysical properties and excited state dynamics of the 

DMADK molecule described above can be explained by the simplified schematic potential 

energy surface (PES) diagram, as shown in Figure 4.14. DFT and TDDFT calculated geometry 

and corresponding energies in the ground state as well as S1 excited state has been employed to 

construct the simplified PES diagram representing the excited state relaxation behavior of this 

molecule. As discussed in the earlier section that in the gas phase (or nonpolar solvents), the  

energy of the geometry optimized structure of the A*(ICT) state is the most stable one and its 

energy is lower by about 6 kcal.mole-1 as compared to that of the B*(ICT) state (Table 4.3). 

Thus the A*(ICT) state is responsible for the fluorescence emission in low polarity solvents. 

We predict that following photoexcitation to the S1 state, the B*(LE) state undergoes ESIPT 

reaction to populate the A*(LE) state. Our transient absorption study in cyclohexane indeed 

revealed an ultrafast component of 100-200 fs, which could be attributed to the ESIPT process. 

Earlier studies on chemical systems having asymmetric intramolecular hydrogen bonded 

chelate centre and hence asymmetric potential energy surface (PES) for ESIPT reaction, have 

established the fact that the ESIPT process is ultrafast and occurs in the range of a hundred 

femtosecond.177-181 Gil et. al. reported <100 fs timescale for the ESIPT process in a 1, 3-

diketone compound, namely pyroxicam dye.196  

 
 Enol-A*: A*(ICT) State 

 
Enol-B*: B*(TICT)state 
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Figure 4.14.  Oversimplified schematic potential energy surface (PES) diagram depicting the polarity 
tuning of the excited state dynamics of the S1 state of DMADK. 
 

 Fluorescence quantum yield measurements have revealed that DMADK is weakly 

fluorescent in nonpolar solvent but increases significantly (by about 10 times) with increase in 

solvent polarity in the low polarity region (i.e. solvents with the ET(N) values in the range 0 – 

0.2). Our TDDFT calculations reveal that in the gas phase (or nonpolar solvents) the T2(nπ*) 

state lies only about 0.6 kcal.mol-1 above the A*(ICT) state and hence thermally accessible by 

the molecules populating the latter state. Therefore, the ISC process is expected to be quite 

efficient to drive the molecules to the triplet manifold and hence responsible for significantly 

low fluorescence quantum yield in nonpolar solvents. The large nonradiative rate (kNR ~3.9 x 

1010 s-1) and observation of long lived residual absorption (or larger triplet yield) in transient 

absorption study in cyclohexane (Figure 4.3) support the prediction that ISC is important 

nonradiative deactivation pathway. With increase in solvent polarity in the low polarity region, 

the polar A*(ICT) state is preferentially stabilized over T2 state, therefore ISC process becomes 

less important. This electronic effect causes the significant increase in the fluorescence 
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quantum yield as well as reduction in the kNR values with increase in the solvent polarity in 

low polarity region.  In highly polar solvents, the significant decrease in the florescence 

quantum yield and increase in kNR has been explained by invoking nonradiative relaxation to a 

weakly emissive transient which is substantiated by both TDDFT calculation and transient 

absorption experiments. TDDFT calculations reveal that in highly polar solvents, the 

B*(TICT) state with the twisted dimethylaniline group is energetically more stable than the 

A*(ICT) state. This indicates that, in the solvents of larger polarity, the photophysical 

properties are governed by the properties of the excited state of Enol-B. The results of our 

transient absorption experiments reveal that occurrence of four different kinds of processes in 

large polarity solvents. The ultrafast component with the lifetime of <200 fs can be assigned to 

the ESIPT process corresponding to the conversion of the A*(LE) to the B*(LE) state. This 

means that the direction of the ESIPT reaction is reversed in polar solvents because of the 

reversal of the relative energies of the excited states of two tautomeric forms. However, the 

ultrafast time constant, τ1 (Table 4.2), is likely to have contributions from the vibrational 

relaxation and / or inertial component of the solvation processes, which could not be resolved 

because of similar time scales of these processes. The lifetime of the second component (τ2 in 

Table 4.2) is comparable to the average solvation time, <τ>solv, in each of the solvents and 

hence is correlated with the solvation process. The latter has also been identified from the 

dynamic shift of the SE band maximum. Bimodal solvation behavior has been observed from 

the biexponential fit to the time-dependence curve of the dynamic shift of the SE maximum. It 

is interesting to note that the average solvation time determined from the bimodal solvent 

response is much shorter than the <τ>solv of the solvent.46 This supports the prediction that the 

dynamic shift of the SE band in the ultrafast timescale has a contribution from the ESIPT 

process. The third dominant component (τ3 in Table 4.2) has been assigned to the structural 

relaxation process via twisting of the dimethylaniline group.  A linear correlation197 has been 
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found between this rate constant and the viscosity of the polar solvents, confirming the 

occurrence of large amplitude conformational relaxation process to produce weakly emissive 

TICT state, followed by internal conversion to ground state in longer timescale (τ4). 

4.4 Conclusion 

 In this chapter, we have shown that the photophysical properties and the excited state 

relaxation behavior of DMADK are mainly governed by the relative energies of two cis-enol 

tautomers in the S1 state. In low polarity solvents, the A*(ICT) state is thermodynamically 

more stable than that of B*(ICT) state and thus A*(ICT) state governs the properties of the S1 

state of DMADK. In nonpolar solvents, following photoexcitation of Enol-A and Enol-B to 

their first excited singlet state, Enol-B*(LE) state undergoes ultrafast ESIPT reaction to 

populate Enol-A* state, followed by intramolecular relaxation to populate the A*(ICT) state 

prior to its decay via two parallel channels, namely IC to the S0 state and ISC to the T2 state. In 

solvents of medium polarity, stabilization of A*(ICT) state, compare to the T2 state results in 

the decrease of intersystem crossing rate and thus fluorescence yield increases. On the other 

hand, in high polarity solvents, strongly polar Enol-B*(TICT) state is more stable than the 

A*(ICT) state in the S1 state. Thus in polar solvents, excited state dynamics mainly governed 

by conformational relaxation towards weakly emissive B*(TICT) state which explains the 

strong quenching of fluorescence in polar solvent. The occurrence of twisting dynamics in 

polar solvents was confirmed by the viscosity dependence of the rate of the process assigned to 

the TICT process.  



 



 

Chapter 5 
Effect of Donor-Acceptor Conjugation on the 

Intramolecular Charge Transfer Relaxation 

Dynamics 

 

5.1 Introduction 

The photoinduced charge transfer or electron transfer process plays the fundamental 

role in light energy conversion e.g. photosynthesis in plants, artificial light harvesting systems 

and in numerous existing or conceived molecular photonic applications.198-200 Donor acceptor 

substituted conjugated organic molecular systems undergo extensive charge transfer upon 

photoexcitation to the electronically excited state. The photoinduced charge transfer state may 

lead to quantitative charge separation by structural reorganization which is highly desirable for 

solar energy conversion. Thus, the fundamental understanding of the structure and dynamics of 

intramolecular charge transfer (ICT) process in the excited states has been of great interest and 

numerous donor acceptor substituted aromatic molecules (D-Ar-A) have been studied 

extensively.58,61-63,68-74 The concept of twisting relaxation in the excited state has mainly 

evolved from two different directions. The dual fluorescence of DMABN and related 

molecules led to the concept of twisted intramolecular charge transfer (TICT) where highly 

polar long wavelength emission is attributed to the dimethylamino (donor) twisted structure.58 

This twisted geometry allows maximum charge separation between the donor and acceptor 
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moiety due to the minimum orbital overlap.58 On the other hand, the strong viscosity 

dependent fluorescence properties of several diphenyl and triphenylmethane dyes led to the 

concept of large amplitude structural relaxation to facilitate nonradiative deactivation of the 

excited state. Ultrafast spectroscopic measurements on these molecules revealed that twisting 

of dimethylanilino group generates nonemissive TICT excited state in picosecond timescale 

depending on the viscosity of the medium.61,68-72 Dimethylamino substituted aromatic ketone 

derivatives, such as 4-dimethylaminobenzophenone, michler’s ketone also exhibit similar 

ultrafast twisting relaxation dynamics of dimethylanilino group.74,75,201It is generally believed 

that large charge transfer upon photoexcitation drives the structural relaxation to TICT state in 

D-Ar-A molecules.58 On the other hand, it has been established in many cases that high charge 

transfer state can be observed without TICT relaxation in D-Ar-A molecules.202-206 For 

example, 4, 4’-Dimethylaminocyanostilbene has been established to have planar ICT structure 

in excited state without any TICT relaxation.205,206 It is intuitive that the ICT dynamics via 

twisting relaxation will depend on relative energy of ICT and TICT states and intervening 

barrier height along the twisting coordinate. It is highly desirable to understand the structural 

effect on charge transfer dynamics facilitated by large amplitude twisting motion. In this 

chapter, we address this issue by comparing the spectroscopic properties and excited state 

dynamics of two isomeric 4-dimethylaminochalcones, DMAC-A and DMAC-B (Figure 5.1), 

where dimethylamino group and the carbonyl group act as donor and acceptor, respectively, 

but the two isomers differ in the relative positions of the carbonyl acceptor. This may have 

tremendous influence on the electronic properties due to alteration of conjugation between the 

donor and acceptor group. Photophysical properties of DMAC-B was reported earlier in 

connection with the lipid sensor activity due to prominent solvent polarity dependence of the 

fluorescence quantum yield.207-211 On the other hand, DMAC-A, which differs by the relative 

positioning of donor and acceptor group has not been studied so far. In this chapter, we show 
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that there is remarkable contrast in photophysical properties and excited state dynamics of 

these two isomeric dimethylaminochalcones. The comparison of the steady state and time 

resolved spectroscopic properties allow us to unravel the intricate role of donor-acceptor 

positioning on intramolecular charge transfer relaxation dynamics. Excited state structural 

optimization using time dependent density functional theory elucidates the geometrical 

consequence of the two isomers in the first excited singlet state to support the experimental 

observations. 

Figure 5.1. Structure of the two isomeric 4-dimethylaminochalcones. 

5.2 Results and Discussion  

5.2.1 Steady-state absorption and fluorescent studies:  Steady state absorption and 

fluorescence spectra were recorded in different solvents of varying polarity. The absorption 

and fluorescence spectra of DMAC-A and DMAC-B in different solvents are shown in Figure 

5.2 and Figure 5.3, respectively. The absorption spectra of DMAC-A show strong band in 350 

-480 nm region and undergo significant bathochromic shift in polar solvents indicating charge 

transfer character of the Franck-Condon excited state. DMAC-B also shows similar solvent 

dependent shift of absorption spectra revealing the chare transfer nature of the excited state. It 

is important to point out that in any given solvent, DMAC-B shows red shifted absorption 

spectrum compare to that of DMAC-A. This suggests the extended donor-acceptor conjugation 

in the former case results to larger mesomeric stabilization to the charge transfer state. 
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Figure 5.2. Steady-state absorption (A) and fluorescence (B) spectra of DMAC-A in different solvents. 
Inset shows Lippert-Mataga plot to calculate the change in dipole moment in the excited state. 

 

Figure 5.3. Steady-state absorption (A) and fluorescence (B) spectra of DMAC-B in different solvents. 
Inset shows Lippert-Mataga plot to determine the change in dipole moment in the excited state. 

 



Chapter 5: Effect of Donor-Acceptor Conjugation on Intramolecular Charge Transfer Relaxation 
Dynamics 

 

109 
 

Steady state fluorescence spectra of both the compounds undergo large bathochromic shift (ca. 

125 nm) on changing the solvent from nonpolar cyclohexane to polar DMSO. Systematic 

increase in fluorescence stokes shift with solvent polarity clearly indicate strong charge 

transfer character of the excited states of both the compounds. Significant charge transfer upon 

photoexcitation is expected due to conjugated donor-acceptor structure of the molecules. 

Indeed, large increase in dipole moments (∆μ=11.9 D and 11 D for DMAC-A and DMAC-B, 

respectively) has been calculated from the Lippert-Mataga plots (insets of Figure 5.2B and 

5.3B).11 Thus, lowest singlet excited state is characterized by large intramolecular charge 

transfer (ICT).  Quantitative measurement of fluorescence yield shows astonishing results. 

DMAC-A is weakly fluorescent in all solvents and the measured quantum yield decreases with 

polarity of the aprotic solvents. In high polarity solvents, fluorescence is extremely weak (Φf 

<10-3, see Table 5.1). In contrast, DMAC-B fluorescence yield increases with polarity of the 

aprotic solvents and fluorescence yield is as high as 0.2 in high polarity solvents. Thus in polar 

aprotic solvents, emission yield of DMAC-A is more than two order of magnitude less than 

that of DMAC-B, even though, their emissive excited state is of similar intramolecular charge 

transfer character. Weak fluorescence of DMAC-A strongly suggests some unique ultrafast 

nonradiative relaxation towards a nonemissive state. Another intriguing observation is the 

difference in emission band widths of the two compounds (Table 5.1). In polar solvents, 

fluorescence spectra of DMAC-A is much broader (FWHM >5000 cm-1) compared to that of 

DMAC-B (FWHM ~2550 cm-1). Such a low fluorescence yield and broad fluorescence spectra 

are characteristics of excited state reaction. On the other hand, narrow fluorescence spectrum 

of DMAC-B is a well characteristic of common structurally rigid solvatochromic fluorescence 

probes.  These observations strongly suggest an excited state structural relaxation in DMAC-A 

which is absent in DMAC-B.  
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5.2.2 Time resolved fluorescence measurements:  Fluorescence lifetime of DMAC-A was 

observed to be much shorter than instrumental resolution of TCSPC set up (<50 ps) and thus 

could not be measured by single photon counting. Fluorescence lifetimes of DMAC-B in polar 

solvents were longer and were measured by TCSPC technique (Figure 5.4B). On the other 

hand, short fluorescence lifetime of DMAC-A was measured by fluorescence upconversion 

technique (Figure 5.4A). The measured lifetimes are given in Table 5.1. It can be easily noted 

that in polar solvents, emissive excited state of DMAC-A is much shorter lived than DMAC-B. 

This is in accordance with the fluorescence quantum yield values of the two compounds. Using 

experimentally measured fluorescence lifetime and quantum yield, the radiative and 

nonradiative rate constants in different solvents were calculated which have been provided in 

Table 5.1. Radiative rate constants of the two compounds in different solvents have been found 

to be similar (~1-5x108 s-1), whereas the nonradiative rate constants differ more than two 

orders of magnitude. Large nonradiative decay rate (> 1011 s-1), low fluorescence yield and 

ultrashort fluorescence lifetime of DMAC-A is indicative of ultrafast nonradiative 

deactivation. To decipher the true character of excited state dynamics, femtosecond transient 

absorption spectroscopic measurements were performed as described in next section.  
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Figure 5.4. Fluorescence decays of DMAC-A measured by fluorescence upconversion (A) and of DMAC-B 
measured by TCSPC technique (B). 
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5.3.3 Transient absorption studies of DMAC-A in polar solvents: Figure 5.5A shows the 

transient spectral evolution of DMAC-A in acetonitrile, following 400 nm photoexcitation. The 

main feature of spectral evolution is as follows: In first 0.5 ps timescale, the excited state  

 

Figure 5.5. Femtosecond transient spectral evolution (A) and temporal decay behavior (B) at different 
probe wavelength of DMAC-A in acetonitrile. Lifetimes (in ps) from mutiexponential fitting are given 
in inset. 

absorption band in 550-700 nm region decays and appears as stimulated emission band. During 

this time delay, strong ESA in 500 nm region grows in intensity whereas weak ESA decays in 

800-900 nm region.  On further increase in delay time, stimulated emission band decays up to 

5 ps and appear as ESA band at 590 nm. ESA band in 800-900 nm region also grows 

marginally whereas 500 region band decays in this timescale. Upon further delay, ESA band in 

the entire spectral region decays up to 20 ps to produce long lived residual transients. Spectral 

evolution of the transient absorption spectra indicates the involvement of four different 

transients during the course of the excited state relaxation. Initial evolution of ESA spectra to 

form SE band indicates vibrational relaxation and solvation of the FC excited state to the ICT 

emissive state. Decay of this stimulated emission band within 5 ps timescale indicate that the 

A 
B 
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ICT state undergoes ultrafast nonradiative relaxation to a nonemissive excited state which 

deactivates to ground state in longer time scale. This ultrafast nonradiative relaxation may be 

ascribed to the twisting of dimethylanilino group leading to the formation of nonemissive 

TICT state. Such an ultrafast TICT relaxation is already established in 

dimethylaminobenzophenone derivatives. Kinetic analysis of the temporal profiles in selective 

wavelengths provides the timescale of the different processes described above (Figure 5.5B). 

Temporal profiles at different wavelengths were fitted with three decay or growth component 

with an additional long component corresponding to long lived residual absorption. The first 

component can be assigned to the solvation and vibrational relaxation to generate the planar 

ICT emissive state, which decays to the non emissive TICT state with a lifetime of 1.35 ps. 

This relaxed TICT state decays back to ground state with a lifetime of 6 ps in acetonitrile.  

5.3.4 Effect of solvent viscosity on TICT dynamics of DMAC-A: One of the important 

characteristics of TICT relaxation is the strong viscosity dependence of the relaxation time due 

to the large amplitude twisting motion. A linear correlation of relaxation rate with solvent 

viscosity is considered as a direct probe for the large amplitude structural relaxation.71-75 In 

addition, formation of TICT state is associated with the large charge transfer due to near 

quantitative charge separation at the twisted geometry. As a result, solvent polarity can also 

significantly influence the relaxation time. To study the effect of solvent polarity and viscosity, 

we measured the temporal dynamics of DMAC-A in different solvents and the time constants 

derived from multiexponential fit functions of temporal decays in various solvents are given in 

Table 5.2. Figure 5.6 shows the temporal dynamics in acetonitrile, DMF and aceonitrile-DMF 

(1:1 mixture) (isopolar solvents with different viscosity) at 590 nm. Comparison of twisting 

time in these solvents clearly shows that τ2 linearly increase with the viscosity which confirms 

occurrence of large amplitude structural relaxation.  



Chapter 5: Effect of Donor-Acceptor Conjugation on Intramolecular Charge Transfer Relaxation 
Dynamics 

 

114 
 

 

Figure 5.6. Effect of solvent viscosity on the twisting dynamics of DMAC-A. Lifetimes in respective 
solvents are given in the inset. 

On the other hand, a clear dependence on solvent polarity is also apparent in isoviscous 

solvents of varying polarities, e.g ethylacetate, acetone and acetonitrile (Table 5.2).  Increase in 

twisting rate with solvent polarity indicates polarity induced barrier reduction along the TICT 

coordinate. Because of larger polarity of the TICT state as compared to planar ICT state, 

barrier along the twisting coordinate is diminished on increase in solvent polarity. In case of 

higher viscosity solvent DMSO (η= 1.99), the twisting time is longer than acetonitrile or 

dimethylformamide, but viscosity effect is not much prominent due to larger polarity of 

DMSO. Thus time resolved transient absorption studies clearly establish TICT relaxation of 

DMAC-A in polar solvents. 

Table 5.2. Average time constants of the relaxation dynamics of DMAC-A in different solvents of 
varying polarities and viscosities. 

Solvent ε0,         η(cp) τ1 (ps) τ2 (ps) τ3 (ps) 
EA  6.0,        0.4 1.4  3.1  22  
Acetone  20.0       0.35 0.7  2.4  9.5  
Acn  35.5       0.44 0.4  1.35  6  
Acn-dmf(1:1)  36.0       0.58 0.65  2.3  8.2  
DMF  36.5       0.82 0.9  3.2  11  
DMSO 46.5       1.99 1.9 4.2 12 
τ1 is solvation time. τ2 represent the twisting time and τ3 is the lifetime of the TICT state. 
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5.3.5 Transient absorption studies of DMAC-B in polar solvents: High fluorescence 

quantum yield and long fluorescence lifetime (measure by TCSPC) already indicated that 

nonradiative relaxation via large amplitude structural relaxation is possibly unimportant for the 

excited state dynamics of DMAC-B. To further investigate the early time dynamics of DMAC-

B photoexcited state, transient absorption studies were performed in different aprotic solvents. 

Figure 5.5A shows the spectral evolution of DMAC-B in acetonitrile following 400 nm 

photoexcitation. TA spectra at 0.15 ps is characterized by weak SE band at 480-580 nm region 

and an ESA band in 600-750 nm region. With increase in delay time, the SE band grows in 

intensity up to 2 ps, along with significant red shift of the emission maxima. During this 

period, ESA band appears below 500 nm. At 2 ps, the TA spectrum is characterized by a strong 

stimulated emission band at 550 nm, corresponding to the steady state emission maxima. Thus, 

the spectral evolution in the first 2 ps component indicates formation of relaxed emissive 

excited state by vibrational relaxation and solvation process. Spectral evolution up to 30 ps 

show small growth of the SE band in 500-550 nm region and decay of SE band in the red. 

  

Figure 5.7. Femtosecond transient spectral evolution of DMAC-B in acetonitrile (A) and the temporal 
decay behavior at different probe wavelength (B). Lifetimes (in ps) are given in inset of Figure B. 



Chapter 5: Effect of Donor-Acceptor Conjugation on Intramolecular Charge Transfer Relaxation 
Dynamics 

 

116 
 

During this delay period, significant growth of ESA band in 690-750 nm was also observed. 

Due to very small amplitude, these spectral evolutions were not very evident, but can easily be 

understood from the temporal profiles shown in Figure 5.5B. In longer timescale, the ESA and 

SE band in the entire spectral region decays towards zero indicating deactivation of S1 state 

back to the ground state. Temporal analysis of the kinetic profiles presented in Figure 5.5B 

reveals mainly three component dynamics. An ultrafast component with a time constant of 0.4-

0.7 ps (wavelength dependent) appears either as decay of SE in blue region or growth in the 

red region. Similar time constant appears in 690-730 nm region as decay of ESA. Spectral 

evolution of stimulated emission band and the time constant of the process essentially indicate 

solvation dynamics. An intermediate component of 13 ps appears in the entire spectral region 

followed by the decay of ESA or SE band with 350 ps lifetime. It can be noted that this long 

component (ca. 350 ps) nicely matches with the fluorescence lifetime of DMAC-B in 

acetonitrile measured by TCSPS technique and thus represent lifetime of the emissive singlet 

state. The intermediate component is possibly associated with some intramolecular relaxation 

to generate thermally relaxed S1(ICT) state. 

 We also studied the temporal kinetics of DMAC-B in other solvents such as ethyl 

acetate, acetone, DMF and DMSO and lifetime of different components are given in Table 5.3. 

The transient decay behavior is similar in all solvents but the time constants vary significantly. 

The first component corresponding to growth of stimulated emission is close to solvation time 

of the respective solvents. The intermediate component is associated to the relaxation of ICT 

state as emissive ICT state is long lived (>300 ps). Unlike in DMAC-A, the intermediate 

component in DMAC-B is almost independent of solvent viscosity. Absence of viscosity 

dependence of this component indicates that large amplitude twisting relaxation is not involved 

in the dynamics of DMAC-B excited state; rather some wagging motion including bond 

reorganization may be associated to produce relaxed ICT state. Absence of large amplitude 
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nonradiative relaxation to nonemissive state is in conformity with the long fluorescence 

lifetime and large emission quantum yield. 

Table 5.3. Average time constants of the relaxation dynamics of DMAC-B in different solvents. 

Solvent ε0,         η(cp) τ1 τ2 τ3 
EA  6.0,        0.4 2.0  12  600  
Acetone  20.0       0.35 1.3  10  1400  
Acetonitrile  35.5       0.44 0.6  13  350  
DMF 36.5       0.82 1.5 13 900 
DMSO 46.5       1.99 1.9 11 800 
τ1 correlates to solvation time. τ2 represents relaxation of ICT state and τ3 is the singlet 
lifetime. 
 

5.3.6 Transient absorption studies in cyclohexane: In earlier section, we have shown excited 

state dynamics of DMAC-A and DMAC-B is largely different, which is responsible for 

remarkable difference in fluorescence lifetime and quantum yield in polar solvents. However, 

in nonpolar cyclohexane both the compounds are weakly fluorescent which indicate strong 

nonradiative deactivation of emissive excited state of both the compounds in cyclohexane. To 

understand the deactivation mechanism, we have recorded the time resolved transient spectra 

of both the molecules in cyclohexane. TA spectra of both the molecules are characterized by 

the growth of long lived ESA. The TA spectral evolution of DMAC-B is shown in Figure 5.8 

along with temporal kinetics in few selected wavelengths.  TA spectral evolution shows that 

growth of long lived ESA in 500- 750 nm range is accompanied by the decay of ESA below 

490 nm with a temporal isosbestic point at 490 nm. This clearly suggests ultrafast conversion 

of initial excited state to a long lived transient leading to the deactivation of singlet state within 

25 ps. Long lived transient indicates the triplet character of the relaxed state. Thus, the 

deactivation mechanism of DMAC-B in cyclohexane can be assigned to the ultrafast 

intersystem crossing, which is responsible for weak fluorescence. Kinetic analyses of the 

temporal profiles yield 5 ps time constant of the ISC process. An additional short component 
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(0.25-0.4 ps) observed in 480-530 nm regions which can be tentatively ascribed to the 

vibrational relaxation in the singlet state prior to deactivation to triplet state.  

Figure 5.8. Femtosecond transient absorption spectra (left) and temporal decay kinetics (right) of 
DMAC-B in cyclohexane. 

Transient spectral evolution of DMAC-A also indicates similar ISC relaxation mechanism 

(Figure 5.9). Spectral evolution from 4 ps to 30 ps clearly indicate growth of a long lived ESA 

in 620-750 nm region along with decay of ESA in 480-600 nm region with an isosbestic point 

at 610 nm. Short time evolution of ESA in 0.2-4 ps can be ascribed to the intramolecular 

relaxation within singlet state. Temporal analysis results 8 ps time constant for ISC process 

along with a shorter component having ca. 1.5 ps lifetime which can be ascribed to vibrational 

relaxation. It should be pointed out that the short component, which we tentatively assign as 

vibrational relaxation is significantly longer for DMAC-A than that in DMAC-B. This may be 

possibly due to some intramolecular structural change accompanied by vibrational relaxation. 

The main finding of the transient absorption studies is that ultrafast ISC is the main 

deactivation channel of the singlet state of both the DMAC-A (τISC ~8 ps) and DMAC-B (τISC 

~5 ps) in nonpolar solvent. 
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Figure 5.9. Femtosecond transient absorption spectra (left) and temporal decay kinetics (right) of 
DMAC-A in cyclohexane. 

5.3.7. Quantum Chemical calculations: The steady state and time resolved experiments 

together suggest that DMAC-A undergoes large conformational relaxation to weakly emissive 

TICT state whereas DMAC-B is significantly emissive indicating large amplitude relaxation to 

a weakly emissive state does not participate in the excited state dynamics. To corroborate the 

experimental observation, we performed DFT/TDDFT calculation to determine the structures 

of the molecules in the ground state as well as in the first singlet excited state. DFT/TDDFT 

optimized geometries of the two isomers in S0 and S1 state have been shown in Figure 5.6. 

DFT optimized structures show that both the molecules are planar in ground state.210 Starting 

with the ground state optimized structure (i.e. Franck Condon geometry) as the initial guess, 

geometry optimization in the first singlet excited state produces dimethylanilino twisted 

geometry of the DMAC-A as the minimum energy structure. This clearly establishes the large 

amplitude structural relaxation as the nonradiative deactivation pathway for DMAC-A 

photodynamics. On the other hand, the conformation of the S1 optimized state of DMAC-B is 

similar to that in the ground state (i.e. only differs in the bond lengths and bond angles without 

large amplitude conformational change). Occurrence of planar optimized geometry indicates 
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significantly large barrier along the dimethylanilino twisting of DMAC-B. Thus, TDDFT 

calculations support the observation of TICT relaxation to form dimethylanilino twisted state 

of DMAC-A whereas the excited state of DMAC-B does not undergo large amplitude 

conformational relaxation. 

  

  

 

Figure 5.10. Gas phase optimized structure of DMAC-A and DMAC-B in the S0 and S1 state . 

5.4 Discussion 

Main findings of the experimental results and theoretical calculations described above can be 

summarized as follows: Both the isomers are strongly charge transfer in excited state owing to 

donor-acceptor substitution. In polar solvents, fluorescence yield of the two compounds are 

remarkably different. Weak emission and short fluorescence lifetime of DMAC-A in polar 

solvents indicate efficient and very fast nonradiative relaxation of emissive ICT state. Sub-

picosecond transient absorption studies further revealed ultrafast structural to nonemissive 

TICT state in few picosecond timescale. Dependence of relaxation rate on solvent polarity and 

viscosity accords TICT dynamics.  Excited state structure optimization clearly shows that 

dimethylanilino twisted structure is the minimum energy geometry. Thus the TICT relaxation 

occurs along the dimethylanilino twisting coordinate in picoseconds timescale as observed 

from femtosecond TA experiments in different polar solvents. On the other hand, strong 

DMAC-A DMAC-B 

S1 
S1 

S0 
S0 
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fluorescence (Φf =0.1-0.2) and long lifetime (300-1400 ps) of DMAC-B in polar solvents 

suggest strongly emissive planar ICT state without nonradiative structural relaxation. Excited 

state optimization indeed revealed planar ICT geometry for DMAC-B. TA experiment shows 

in addition to solvation, some intermediate relaxation(τ~10 ps) is involved in the ICT state 

which does not correlate to the viscosity of the solvents indicating absence of large amplitude 

structural relaxation. This intermediate relaxation may be associated with some low amplitude 

change in bond angles and dihedral angles required to form thermally relaxed ICT state from 

the Franck-Condon excited geometry. 

 The difference in the excited state properties of the two molecules is remarkably 

different though both of them possess strong charge transfer character. This strongly indicate 

large intramolecular charge transfer upon photoexcitation in not the sole criteria for TICT 

relaxation rather structure of the molecule has  important influence to define excited state 

potential energy surface and consequent excited state reaction dynamics. The experimental 

results clearly suggest that, in case of DMAC-A the potential energy surface is quasi-

barrierless (in polar solvents) along the dimethylanilino twisting coordinate which allow the 

excited state population relax to weakly emissive TICT state in ultrafast timescale whereas for 

DMAC-B, the TICT state is possibly separated by significantly large barrier from the planar 

ICT geometry and thus relaxation to twisted state is kinetically unfavorable. The nature of 

charge transfer excited singlet state potential energy surfaces of the two systems have been 

shown schematically in Figure 5.11.  

We propose that the relative positioning of the donor and acceptor group plays important role 

on the energetic and barrier of ICT-TICT reaction. In comparison to DMAC-A, dimethylailino 

group of DMAC-B is in extra conjugation with the carbonyl group by an addition olefinic 

bond. Because of the near planar geometry, this extra conjugation provides significant 

mesomeric stabilization to the planar ICT state of DMAC-B. This has been evident in  
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Figure 5.11. Schematic potential energy surface (PES) diagrams illustrating the difference between the 
photophysical processes occurring in the excited states of DMAC-A and DMAC-B in polar solvents.  
 

absorption spectra, where DMAC-B absorption maxima was observed to be significantly lower 

in energy compare to DMAC-A in all solvents.  In case of DMAC-A, the ICT state is not 

extensively conjugated rather coupling between donor and acceptor is very strong which leads 

to very low barrier along the twisting coordinate facilitating the ultrafast formation of weakly 

emissive TICT state. In case of DMAC-B the coupling between donor and acceptor is expected 

to be weaker as the donor and acceptor group are further apart. We demonstrate that the 

relative positioning of the donor and acceptor group strongly modulate the energetics and 

barrier of ICT to TICT along the reaction coordinate to manifest remarkably different excited 

state properties.  

5.5 Conclusion 

In this chapter, we demonstrate that the donor acceptor conjugation length is crucial in 

determining the excited state structural relaxation behavior in the ICT state. Comparison of 

fluorescence spectral characteristics, fluorescence quantum yield and excited state lifetime of 

two isomeric DMAC in different solvents led us to infer that strong interaction between donor 

and acceptor moieties is essential for TICT relaxation. Strong coupling between donor and 
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acceptor groups facilitating ultrafast twisting of DMAC-A along the twisting coordinate 

resulting to the formation of weakly emissive TICT state whereas for DMAC-B, emissive ICT 

state does not undergo large amplitude structural relaxation due larger barrier of twisting. We 

propose that the relative positioning of the donor and acceptor group strongly influence the 

relative energy of ICT and TICT state, as well as barrier along twisting coordinate.  



 



 
 

Chapter 6 
 

Ultrafast Dynamics  of the Excited States of 1-

(p-Nitrophenyl)-2-hydroxymethylpyrrolidine 

 

6.1. Introduction 

 Understanding the structure and dynamics of the excited states of numerous donor (D) - 

acceptor (A) substituted aromatic molecules, D-Ar-A (Ar is the aromatic spacer moiety 

connecting D and A) or simply D/A, has been the subject of extensive theoretical and 

experimental investigations.57,58 The simplest and the most well studied molecule of this type 

is dimethylaminobenzonitrile (DMABN), which shows dual fluorescence because of the 

emissive properties of both the local excited (LE) and intramolecular charge transfer (ICT) 

states. Since the first report of this phenomenon in 1961,211 dual fluorescence has been 

observed with a large number of D/A molecules in solutions, in crystals as well as in the gas 

phase.58, 212-229 It is now well-established that this process is an intramolecular phenomenon 

and that the LE and ICT states are structural conformers. ICT state is characterized by twisted 

intramolecular charge transfer (TICT) state in which dimethylamino group is considered to be 

twisted to a configuration perpendicular to the plane of the phenyl ring. Variation of donor and 

acceptor strength in D-Ar-A molecules results to extend of charge transfer properties and 

dynamics of the excited states. Among a large number of disubstituted benzenes as the donor - 

acceptor molecules, p-nitroaniline (PNA) has served as the simplest but the most important 

model molecule for both theoretical as well as experimental investigations of the ICT reactions 
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and a variety of photophysical properties associated with it.230–241 Due to very strong electron 

accepting character of the nitro group, the derivatives of PNA show strong solvatochromic 

behavior and non-linear optical properties.242–247 Twisting of the nitro group in the excited state 

of PNA was first considered by Sinha and Yates, who showed that the dipole moment of the 

excited state, in which the nitro group is twisted, is larger than that having the coplanar 

conformation.233, 234 Thomsen  et. al. undertook the sub-picosecond transient absorption study 

of PNA for the first time in water and 1,4-dioxane.235 They found that the excited state 

relaxation is extremely fast (<0.5 ps), and dominated by the intersystem crossing (ISC) in 

dioxane but by the internal conversion (IC) in water. The intersystem crossing quantum yields 

were determined to be 0.4 and 0.03 in dioxane and water, respectively. The order of magnitude 

decrease in the intersystem crossing yield, while going from dioxane to water, was ascribed to 

the lowering of the coupling between the S1 and T1 states with increasing solvent polarity. 

Considering the fact that the estimate of the lifetimes were obtained by Thomsen et. al 

at the limit of the experimental time-resolution (0.3 ps), Ernsting and coworkers reinvestigated 

the relaxation dynamics of the S1 state of PNA with better time resolution in order to expose 

the earliest evolution.236,237 Their results of investigations using ultrafast transient absorption 

spectroscopic technique having time resolution of about 40 fs, as well as semiempirical 

theoretical calculations for the optimized geometries of both the ground and the excited states, 

suggested that nitro twisting is an important coordinate to induce efficient IC process. 

Following photoexcitation, the excited state evolves along this coordinate to encounter with an 

isoenergetic point with the ground state, where vibronic coupling facilitates very rapid IC to 

the ground state. Ultrafast relaxation of the S1 state of PNA taking place in sub-1 ps time 

domain has been described by the occurrence of several consecutive processes, such as 

vibrational relaxation, solvation, nitro twisting and internal conversion. Structure of the excited 
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state of PNA with the twisted nitro group has also been established using time dependent 

density functional theory (TDDFT) with solvation model.240 In addition, the fact that twisting 

of the nitro group, and not that of the donor group, is the only conformational relaxation 

process taking place in the excited states of nitroaromatics has been established in the cases of 

p-nitro-dimethylaniline.240 

 Understanding the dynamics of the electronically excited states of nitrated polycyclic 

aromatic hydrocarbons (NPAHs) has been of great importance since photochemical reactions 

determine the atmospheric stability of these toxic pollutants, which are released to the 

environment directly from a variety of incomplete combustion processes and also formed in 

situ by atmosphereic reactions of PAHs.248-257 Among these NAPHs, 1-nitronaphthalene is the 

simplest one and its photophysical properties have been studied by several groups in different 

kinds of solvents.252-254 These studies have proposed that the lowest excited singlet S1(ππ*) 

state bifurcates into two essentially barrierless nonradiative decay channels with sub-200 fs 

lifetimes. The first main decay channel connects the S1 state with a receiver Tn state that has 

considerable nπ* character. Single exponential fluorescence decay with sub-100 fs lifetime is 

explained by the ultrafast intersystem crossing from the S1 to the T3 state with relatively large 

yield, which is a consequence of the small energy gap and strong vibronic coupling between 

these two states.254,258 The receiver T3 state undergoes internal conversion to populate the 

vibrationally excited T1(ππ*)  state in 2–4 ps. It has also been shown that vibrational cooling 

dynamics in the T1 state takes place with the average lifetimes in the range from 6 to 12 ps 

depending on the solvent used. Furthermore, solvation dynamics competes effectively with 

vibrational cooling in the triplet manifold in primary alcohols. The relaxed T1 state undergoes 

intersystem crossing back to the ground state within a few microseconds in all kinds of 



Chapter 6: Ultrafast Dynamics of the Excited States of 1-(p-Nitrophenyl)-2-hydroxymethylpyrrolidine 

 

127 

 

solvents. The second minor channel involves conformational relaxation of the S1(ππ*) state via 

twisting of the NO2-group to populate a dissociative singlet state.  

 Similar kind of relaxation mechanism is operative in a few other derivatives of 1-

nitronaphthalene.252 In contrast, for the amino-substituted 1-nitronaphthalene, the excited-state 

evolution shows a strong solvent dependence. In nonpolar solvents, the same type of 

intersystem crossing through an upper receiver triplet state dictates the photochemistry. 

However, in polar solvents, where the first singlet excited state shows an important solvent-

induced stabilization, the prevailing relaxation process proceeds through repopulation of the 

electronic ground state in the time scale of less than 1 ps followed by vibrational cooling. Peon 

and his coworkers also studied the photochemistry of 9-nitroanthracene, 1-nitropyrene, 6-

nitrochrysene, and 3-nitrofluoranthene in solution samples.251 In contrast to the fact that the 

fluorescence decay of 1-nitronapthalene is single exponential, the emission of all these 

molecules follow double-exponential decay. Conformational relaxation of the nitro group has 

been proposed as a major nuclear relaxation coordinate in the S1 state, which occurs with a 

lifetime of <100 fs.251 However, in a recent publication, Nath and his coworkers suggested that 

the observed ultrafast decay for 1-nitropyrene is due to an efficient intersystem crossing rather 

than to the torsional motion of the nitro group.257 The longer component of the fluorescence 

decay has been assigned to the conformationally relaxed S1 state. In the case of 1-

nitroperylene, ISC was only observed in nonpolar solvents. Instead, the main deactivation 

pathway of the excited singlet state of nitroperylene is IC, with a mechanism and dynamics that 

depend strongly on the solvent.256 

 Above discussion reveals that addition of a nitro group to an aromatic hydrocarbon 

considerably affects its photophysical and photochemical properties. Two phenomena, namely, 

the intersystem crossing (ISC) and internal conversion (IC), which are sensitive to molecular 
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structure as well as the nature of the solvent, control the dynamics of the excited state of a 

nitroaromatic compound. The presence of an electron donating group in a nitroaromatic 

compound makes the photophysical properties of the excited states solvent sensitive, since 

these two mechanisms become operative in different polarities.  

N
OH

N
O O  

Figure 6.1. Chemical structure of 1-(p-nitrophenyl)-2-hydroxymethyl-pyrrrolidine (p-NPP). 

 Although several reports have been published in recent times to establish the 

occurrence of the nitro twisting process in PNA, not many reports have been published 

exploring the role of the differently substituted donor groups in the conformational relaxation 

process, except the one published recently by Rafiq et. al.,260 who investigated the 

photophysics of 1-(p-nitrophenyl)-2-hydroxymethyl-pyrrrolidine (p-NPP) (Figure 6.1) in 

different kinds of solvents using fluorescence upconversion method. Although p-NPP is very 

weakly fluorescent, this technique could reveal the two-state relaxation process in the singlet 

excited (S1) state, but because of inherent limitations of this technique, the lifetimes of several 

other processes, such as intersystem crossing (ISC), twisting of the nitro group as well as 

vibrational cooling or reverse nitro twisting processes, could not be determined. In this chapter, 

we provide a detailed picture of the dynamics of the excited states of p-NPP by determining the 

rates of these processes.  We describe the results of our investigations on the dynamics of the 

excited state of p-NPP in solvents of varying polarities and viscosities employing transient 
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absorption spectroscopic technique and quantum chemical calculations using time dependent 

density functional theory (TD-DFT) to reveal the strong solvent dependence of the 

photophysical processes occurring in the excited state of p-NPP.  

6.2. Results 

6.2.1 Steady-State Absorption and Fluorescence Studies: Figure 6.2 shows the steady state 

absorption and fluorescence spectra of p-NPP in 1, 4-dioxane, ethanol, dimethyl sulfoxide 

(DMSO) and water at room temperature. Each of the absorption spectra presented in this 

Figure shows an intense absorption band in the 300 – 500 nm wavelength regions. In 

agreement with the observation of Rafiq et. al., we find that the absorption spectra exhibit a 

significant solvent polarity effect.260 The absorption maximum shows a regular shift towards 

longer wavelength with increase in polarity of the aprotic solvents as well as in water. Increase 

in the width of the absorption band and the large bathochromic shift of the absorption 

maximum with increase in solvent polarity indicate the charge transfer character and hence the 

large dipole moment of the ground state. But in ethanol, a protic solvent, the absorption 

maximum lies midway between those found in DMSO and dioxane. This is possibly a 

consequence of hydrogen bonding interaction between p-NPP and alcohol molecules.253, 261 

 In all kinds of solvents at room temperature, the fluorescence is very weak and the 

quantum yield determined in acetonitrile has been reported to be in the order of 10-4.260 

Fluorescence spectrum recorded in each of these solvents used here shows a single 

fluorescence band and the fluorescence maximum too is sensitive to solvent polarity and shifts 

from 447 nm recorded in dioxane to 492 nm in DMSO and 517 nm in water. But again, the 

fluorescence maximum in ethanol appears at 492 nm, which nearly coincides with that 

observed in dioxane, a solvent of lower polarity. The Stokes shifts, however, show a regular 

increase with increase in polarity of the solvents, e.g. the Stokes shift values are 3401 cm-1 in 
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dioxane, 3532 cm-1 in ethanol, 3946 cm-1 in DMSO and 4300 cm-1 in water. Rafiq et. al 

determined the dipole moments of the ground and the excited states of p-NPP using the 

solvatochrmic data to fit the Kawasaki’s equation as 7.4 and 14.9 D, respectively.260   
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Figure 6.2. Steady state absorption and fluorescence spectra of p-NPP in 1,4-dioxane, ethanol, DMSO 
and water. 

6.2.2 Transient Absorption Spectroscopic Study:  

6.2.2.1 In Nonploar Aprotic Solvent: Figure 6.3 presents the time-resolved differential 

transient absorption (TA) spectra of p-NPP in dioxane, following photoexcitaion using 400 nm 

light. The TA spectrum constructed for 0.2 ps delay time shows the presence of a stimulated 

emission (SE) band in the 460 - 550 nm region and three excited state absorption (ESA) bands 
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in the 550 – 1000 nm region. Because of limitation of our spectrometer, spectrum of the SE 

band could not be recorded below 460 nm. In  sub-0.5 ps time-domain, the SE band as well as 
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Figure 6.3. Time-resolved TA spectra constructed for different delay times following photo-excitation 
of p-NPP in 1,4-dioxane using 400 nm laser pulses of 50 fs duration.  
 

the ESA band in the 560 - 650 nm region decay, but the other ESA bands in the 650 - 950 nm 

region show a rise. With further increase in delay time up to about 2 ps, decay of the SE band 

continues leading to the development of an ESA band in the 480 – 550 nm region, and all other 

three ESA bands also continue to rise. The transient spectrum recorded at 2 ps delay time is 

characterized by three ESA bands with the maxima at ca 580, 750 and 860 nm. All these bands 

decay at longer delay times but leading to offsets (residual absorption) having different 

amplitudes at different wavelengths. As a result, the TA spectrum recorded at 20 ps delay time 

has the main absorption band with the maximum at 550 nm and two weaker ESA bands with 

the maxima at ca 750 and 860 nm. We observe a small dynamic blue shift of the absorption 

maximum of the ESA band in the 480 – 650 nm region. The long-lived transient species 
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characterized by the spectrum with the absorption maximum at ca 550 nm can be assigned to 

the lowest energy triplet (T1) state because of its similarity with that reported for p-

nitroaniline.235 

Figure 6.4 presents the temporal profiles recorded at a few selective wavelengths. Each of the 

temporal profiles recorded at different wavelengths in the 480 – 1000 nm region could be fitted 

using two or three exponential function consisting of rise and/or decay components along with 

a longer lived ESA component as the offset.  Instrument response time limited rise of the SE 

band monitored at 480 nm suggests that the TA spectrum recorded at 0.2 ps delay time (Figure 

6.3) can be assigned to the vibrationally relaxed local excited singlet or S1(LE) state, which is 

formed following photoexcitation using 400 nm light. SE intensity decays biexponentially with 

the lifetimes of about 0.13 and 0.9 ps, leading to the development of an ESA. At longer delay 

times, this ESA decays with the lifetime of about 3 ps leading to a longer-lived residual 

absorption. On the other hand, the temporal prifiles recorded at 590 and 670 nm show an 

instrument response time limited rise of ESA, which decay with the lifetime of 0.16 ps, but is 

followed by another rise with the lifetime of about 0.9 ps. Subsequently, ESA decays with the 

lifetime of 2.9 ps, but leading to a residual absorption of larger amplitude as compared to that 

observed at 480 nm. Each of the temporal profiles recorded in the 750 – 950 nm region could 

be fitted with a rising component and a subsequent decay component along with an offest of 

ESA. The average lifetimes of the rising and decay components are 0.8 and 2.5 ps, 

respectively.  

 Comparison of the temporal profiles recorded at 480 and 590 nm clearly suggests that 

the biexponetial decay of  SE monitored at 480 nm does not represent two parallel processes 

but the involvement of two consecutive processes occuring in the S1 state. We assign the 

ultrafast component with the lifetime of about 0.15 ps to the lifetime of the S1(LE) state, which 
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undergoes ICT process accompanied by the conformational relaxation via twisting of the nitro 

group. Previous experiments and calculations have suggested that twisting of the nitro group is 

one of the main nuclear relaxation coordinates in the excited state of NAPHs.235, 236, 250-254  

Thus the nitroaromatic torsion angle has been considered here as the most probable 

conformational relaxation process in the S1(LE) state to form the S1(ICT) state.  
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Figure 6.4. Temporal evolution of TA monitored at a few selective wavelengths following photo-
excitation of p-NPP in dioxane. Solid lines represent the best-fit multi-exponential functions along with 
an offset for a longer lived component of ESA. The lifetimes associated with the fit functions are given 
in the insets.  

 Vertical transition energies of the fully optimized structure of p-NPP in vacuum as well 

as in the presence of various solvent media of different polarities have been calculated by 

Rafiq et. al.260 This has revealed that, like in the case of several other NPAHs, in the case of p-

NPP too, the T3 state is isoenergetic or degenerate with the S1 state, while the energies of both 

the T2 and T1 states are lower than that of the S1 state in vacuum or nonpolar solvents. 

Therefore, the component with the average lifetime of about 0.8 ps, which has been determined 

from the rise time of transient absorption in the 750 – 950 nm region, can be assigned to ISC 
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from the S1 state to the Tn state. The average rise time of transient absorption (~0.8 ps) 

determined in the 500 – 670 nm also agrees well with that determined in the red region of the 

spectrum. Therefore, the TA spectrum recorded at about 2 ps delay time consisting of three 

ESA bands with the maxima at 580, 750 and 860 nm and is assigned to the Tn states.253, 254  The 

average decay time of the Tn state has been determined to be about 2.5 ps from the decay of 

transient absorption in the 750 – 950 nm region. However, we observe a dynamic blue shift of 

the absorption maximum from 580 nm to 550 nm as well as the decay time of the Tn state 

increases marginally upto about 3 ps as the monitoring wavelength is tuned towards the blue 

region up to 480 nm. These characteristics of time evolution of the TA spectrum in this time 

domain suggests the possibility of occurrences of any one or more than one of the three 

processes, namely,  IC process in the triplet manifold from the Tn state to T1 state, vibrational 

cooling in the T1 state and solvation of the T1 state (solvation time of dioxane is  about 1.7 

ps).262  

6.2.2.2 In Polar Aprotic Solvents: In order to obtain information regarding the solvent 

dependence of these proceses, excited state dynamics of p-NPP were studied in solvents of 

larger polarities, both aprotic and protic. Figure 6.5 presents the time-resolved differential TA 

spectra recorded following photoexcitation of p-NPP in DMSO solution, a polar aprotic 

solvent. The TA spectrum recorded at 0.15 ps delay time consists of an intense SE band in the 

460 – 600 nm region with the maximum at ca 490 nm and two weak ESA bands in the 630 - 

950 nm region. In sub-0.5 ps time domain, the SE band in the 460 - 540 nm region decay but 

accompanied by an increase in intensity of SE in the 540 - 700 nm region leading to the 

appearance of a temporary isoemissive point at 550 nm, which is possibly fortuitous. We also 

observe a marginal rise of the ESA band in the 750 – 950 nm region (Inset I of Figure 6.5). 

The dynamic red shift of the SE maximum accompanied by its fast decay with the increase in 
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delay time suggests the evolution of the excited state along a potential energy surface 

representing a conformational relaxation process. Solvation of the excited state may also 

contribute to the time evolution of the TA spectra in this time domain. Increasing the delay 

time up to about 1 ps, the entire SE band in the 460 – 700 nm continues to decay accompanied 

by further rise of the ESA bands in the 700 – 950 nm region (Inset II of Figure 6.5). However, 

further increase in delay time up to about 3 ps, these ESA bands decay accompanied by the 

development of a new ESA band with the maximum at 480 nm.  
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Figure 6.5. Time-resolved TA spectra constructed for different delay times following photo-excitation 
of p-NPP in DMSO. Inset provides the normalized TA spectra recorded at 0.15 and 0.5 ps delay times. 

Comparing the spectral characteristics of the TA spectra in DMSO with those observed in 

dioxane (Figures 6.5 and 6.3, respectively), in the former solvent, we observe two very low 

intensity ESA bands with the maxima at 730 and 850 nm, which are the characteristics of the 

Tn state. However, we do not observe an ESA band with the maximum at 570 nm, possibly 

because of its overlapping with a much stronger SE band. Further, unlike in the case of 
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dioxane, these three ESA bands observed in DMSO are much shorter lived and decay within 

10 ps time domain. All these characteristics of the TA spectra suggest that the yield of the 

triplet or the ISC process is negligibly small in DMSO and internal conversion in the singlet 

manifold is the major relaxation pathway for the excited state of p-NPP in this solvent. 

In Figure 6.6, we have presented the temporal profiles recorded at a few selective 

wavelengths following photoexcitation of p-NPP in DMSO along with the best-fit functions 

and the lifetimes associated with the different components are given in the insets. Wavelength 

dependence of the lifetimes of different components is shown in Table 6.1. Each of the 

temporal profiles recorded in the 460 – 500 nm is associated with the rise of SE intensity with 

the instrument response time. SE intensity decays biexponentially leading to the rise of ESA, 

which decays within 15 ps delay time. In each case, the offset or residual absorption is nearly 

negligible. The average lifetime of the first component of SE decay is about 0.15± 0.03 ps. 

Following the same arguments as presented in the case of dioxane, this component is assigned 

to the lifetime of the S1(LE) state, which  undergoes a conformational relaxation via twisting of 

the nitro group. However, the lifetime of the second decay component of SE (τ2 in Table 6.1) 

increases marginally from 0.7 ps to 1.0 ps as the wavelength is tuned from 550 to 460 nm and 

so also the decay time of ESA (τ3 in Table 6.1), which increases from 1.5 ps to 4.9 ps.  

 Each of the temporal profiles recorded in the 590 – 700 nm region could be fitted with 

a four exponential function with the average lifetimes of 0.18 ps (decay component), 0.4 ps 

(rising component), 0.8 ps (decay component) and a very small offset or residual absorption. 

The latter suggests the very low yield of the T1 state. On the other hand, the temporal profiles 

recorded in the 750 – 950 nm region is free from overlapping with the SE band. Like in the 

case of dioxane, the rise time of ESA can be assigned to the ISC or the decay of the nitro-

twisted S1(ICT) state with the average lifetime of about 0.4 ps. The decay time of SE measured 
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at 590 nm also supports this assignment. The average decay time of ESA monitored in the 700 

– 950 nm regions is about 0.9 ps (Table 6.1).   
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Figure 6.6. Temporal evolution of transient absorption of p-NPP in DMSO along with the best fit 
multi-exponential functions. Lifetimes of different components are given in the inset.  
 
 
Table 6.1: Wavelength dependence of the lifetimes of the three processes in DMSO. 
 

Wavelength (nm) τ1 (ps) τ2 (ps) τ3 (ps) 
460 0.13 (r) 1.0 (r) 4.9 (d) 
480 0.15 (r) 0.9 (r) 2.7 (d) 
500 0.17 (r) 0.8 (r) 2.2 (d) 
520 0.4 (r) 0.9 (r)  1.8 (d) 
550 - 0.7 (r) 1.5 (d) 
590 0.15 (d) 0.4  (r) -a 
630 0.18 (d) 0.5 (r) 0.8(d)a 
670 0.2 (d) 0.35 (r) 0.7 (d)a 
710 0.17 (d) 0.4 (r) 1.0 (d) 
750 - 0.5 (r) 1.0 (d) 
900 - 0.4 (r) 0.8 (d) 

aTemporal profile is associated with a long decay of very low amplitude. 
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Table 6.2. Lifetimes of the processes associated with the relaxation dynamics of the excited states of p-
NPP in different kinds of solvents, determined using the transient absorption spectroscopic technique. 

Solvents 

Solvent parameters Lifetimes 

π∗a η (cP)b <τ> solv 
(ps)c 

μ (D)b TC 
(W/m.ºC)d 

τLE/τNT  
(ps)e 

τisc /τ(S1) 
(ps) f 

τR(T) 
(ps)g 

τvib(S0) 
(ps)h 

Dioxane  0.49 1.4 1.7 0.5 - 0.15 0.7 2.5 - 

Triacetin  - 20 49  - 0.15 0.6 2.2 6.0 

1-Butanol 0.47 2.3 63 1.8 0.167 0.2 0.37 2.0 2.6 

1-Propanol 0.52 1.9 26 1.7 0.161 0.2 0.34 1.7 3.0 

Ethanol  0.54 1.1 16 1.7 0.171 0.15 0.3 1.5 2.4 

Acetonitrile  0.66 0.34 0.26 3.5 0.208 0.12 0.25 0.45 2.3 

EG  0.92 18 15.3 2.3 0.258 0.2 0.45 0.7 2.6 

DMSO  1.0 2.0 1.8 4.1 0.2 0.15 0.4 0.8 4.9 

Water  1.09 0.9 <0.05d 1.84 0.609 <0.1 0.4 - 1.35 
aTaken from ref. (263); bTaken from ref. (264), Viscosity values are for 25 ºC; cTaken from refs. (262) 
and (265); dThermal conductivity, values taken from ref (266); eDetermined from the ultrafast decay 
component of SE at 460 or 470 nm. fThe lifetime of the S1(ICT) state, determined from the rise time of 
ESA measured in the 750 – 950 nm region. fτR is the lifetime of relaxation in the triplet manifold, 
determined from the decay time of ESA measured in the 750 – 950 nm region. hThe vibrational 
cooling time in the S0 state, which is the decay time of ESA monitored in the 460 – 480 nm region.  

 IC process produces the molecules in the Franck-Condon (FC) region of the ground 

electronic state (S0) and these molecules are vibrationally hot and have the structure with the 

twisted nitro group. The wavelength dependence of the rise or decay time of ESA measured in 

the 460 – 550 nm regions suggests that the vibrationally hot molecules undergo relaxation on 

the same potential energy surface (PES) by dissipation of excess vibrational energy to the 

solvent. More precisely, the TA signal recorded with the probe of higher energy reflects 

changes to the ground-state absorption spectrum caused by excess vibrational energy in the FC 

active vibrational modes. Vibrational cooling generally requires no more than a few tens of 

picoseconds in solution and it has been observable in this case because the internal conversion 

process takes place more rapidly than the vibrational cooling process.267-272 In this case, the 
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vibrational cooling process is accompanied by the reverse twisting of the nitro group. The 

decay time of ESA (4.9 ps) measured at 460 nm, which falls at the red edge of the absorption 

spectrum of p-NPP in DMSO can be assigned to the lifetime of vibrational cooling process.267 

These observations revealed the fact that twisting, solvation and internal conversion are the 

three major processes associated with the relaxation of the excited state of p-NPP in a polar 

solvent.235-237 Temporal dynamics of the excited state in two other polar aprotic solvents, 

namely acetonitrile and triacetin, as well as in ethylene glycol, for which the solvation times 

and viscosities are widely different (Table 6.2). The trend of wavelength dependence of the 

lifetimes of the three components in these three solvents is very similar to that observed in 

DMSO, suggesting that similar relaxation mechanisms are operative in all these solvents. 

Following the same arguments as put in the case of DMSO, we have assigned the lifetimes of 

different components associated with the best fit functions to the S1(LE) state, which decays to 

the S1(ICT) state via nitro twisting, internal conversion and the vibrational cooling processes 

and these values have been given in Table 6.2. 

6.2.2.3  In Water: Figure 6.7 presents the time-resolved differential TA spectra of p-NPP in 

water. The TA spectrum recorded at 0.15 ps delay time shows a broad SE band with the 

maximum at ca 520 nm and a shoulder at ca 600 nm region. In sub-0.3 ps time domain, the 

intensity of the SE band in the 460 – 550 nm region decays, whereas that in the 550 – 950 nm 

region rises leading to a new SE band with the maximum at 600 nm. Appearance of the 

temporary isoemissive point at 540 nm suggests the conversion of the S1(LE) state with the 

emission maximum at 515 nm to the nitro twisted S1(ICT) state with the emission maximum at 

600 nm. However, as explained earlier in the case of DMSO, observation of the temporary 

isoemissive point is fortuitous. Although in sub-0.3 ps time-domain the time-evolution of the 

transient spectra in polar solvents is associated with the nitro-twisting process, and an 
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isoemissive point is expected because of precursor - successor relationship between the S1(LE) 

and S1(ICT) states (Figures 6.5 and 6.7).  The SE band recorded at 0.3 ps dely time is 

exceptionally broad and extends from 480 to 950 nm. With further increase in delay time up to 

1 ps, the entire SE band in the 500 – 900 nm region decays with the similar time constant. This 

possibly suggests the population of the excited molecules having wide distribution of nitro-

twisting angles. The decay of this SE band leads to a new ESA band with the maximum at 500 

nm, which subsequently decays within 5 ps time domain.  
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Figure 6.7. Time-resolved TA spectra constructed at different delay times following photo-excitation 
of p-NPP in water.  

Temporal evolution of transient absorption monitored at a few selective wavelengths following 

photo-excitation of p-NPP in water is shown in Figure 6.8. If we follow the same arguments, 

which have been used to determine the lifetimes of the processes occurring in the excited state 

in DMSO, the lifetime of the S1(LE) state or  the nitro twisting process is ultrafast (ca ≤ 0.1 ps) 

and it has not been possible to determine its value here with reasonable accuracy because of 

limitation of the time resolution of the spectrometer. However, the decay time of the S1 (ICT) 

state, having the structure with the twisted nitro group, and the lifetime of the vibrational 
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cooling process have been determined as 0.45 and 1.35 ps, respectively. In this solvent, the 

triplet yield is negligibly small and the yield of the IC process is near unity. 
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Figure 6.8. Temporal evolution of transient absorption monitored at different wavelengths following 
photo-excitation of p-NPP in water. The lifetimes (in ps) associated with the multiexponential fit 
functions are given in the insets. 

6.2.2.4 Dynamics in alcoholic solvents: Excited state dynamics of p-NPP has also been 

investigated in a few alcoholic solvents in order to explore the effect of hydrogen bonding on 

the dynamics of the relaxation processes of the excited state. We have indicated earlier that the 

alcohols form intermolecular hydrogen bonds with the nitro group of p-NPP in the ground 

state. Figure 6.9 presents the time evolution of the differential TA spectra recorded following 

photoexcitation of p-NPP in ethanol. Let us compare the characateristics of the time resolved 

TA spectra in this solvent with those observed in DMSO and dioxane. In sub-1 ps time 

domain, the time-evolution of the SE spectra in the 500 – 700 region is very similar to those 

observed in DMSO, but we observe the development of an ESA band in the 500 – 650 nm 

region. In addition, in the 700 – 1000 nm region, we also observe the development of  two 

broad ESA bands with the maxima at ca 750 and 860 nm, which are more intense as compared 
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to those observed in the TA spectra recorded in DMSO. Let us compare the features of the TA 

spectra recorded in ethanol at 1.5 ps delay time with those recorded in dioxane and DMSO at 

the same delay time. The ESA bands with the maxima at 550, 750 and 860 nm are the 

characteristics of the Tn state (Figure 6.2). This suggests that the triplet yield is larger in 

alcohols as compared to that in polar aprotic solvents. The time evolution of the Tn spectra in 

the 1.5 – 20 ps time domain represents the relaxtion in the triplet manifold.  
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Figure 6.9. Time-resolved TA spectra constructed at different delay times following photo-excitation 
of p-NPP in ethanol. Inset shows the blown up of the spectral region 460 – 600 nm. 
 
 We also observe the occurrence of the ESA band with the maximum at ca 470 nm, 

which is the feature of the vibrationally hot S0 state, and is formed via the IC proces from the 

S1(ICT) to the S0 state. The band narrowing during its decay suggests the vibrational cooling 

process accompanied by the reverse nitro-twisting.267 These observations establish the fact that 

the excited state relaxation process in ethanol proceeds through two parrallel channels, namely 

the IC and ISC processes. 

 In Figure 6.10, we have presented the temporal profiles recorded at a few selective 

wavelengths. Following the similar explanation, which has been put forth in the case of other 

solvents, ultrafast rise time of SE with the lifetime of about  0.15 ps determined in the 470– 
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500 nm region can be assigned to the lifetime of the S1(LE) state or the nitro twisting process. 

On the other hand, the rise of ESA in the 750 – 950 nm region with the average lifetime of 

about 0.3 ps can be assigned to the lifetime of the S1(ICT) state, which decays through IC and 

ISC channels. The average decay time of 1.5 ps of ESA measured in this region is assigned to 

the relaxation in the triplet manifold leading to the vibrationaly relaxed and solvated T1 state. 

Wavelength dependence of the lifetime of the second component of SE decay or ESA rise as 

well as the ESA decay observed in the 470 – 530 nm suggests the evolution of the transient 

state along the potential energy surface (PES) of the S0 state via vibrational cooling and reverse 

nitro twisting. The cooling time of the vibrationally hot S0 state has been determined by 

analysing the temporal profile recorded at 470 nm to be about 2.4 ps. Long-lived residual 

absorption associated with the temporal profiles recorded in the 520 – 600 nm region is 

assigned to the long-lived T1 state. 

 We have also investigated the temporal dynamics of the excited state of p-NPP in 1-

propanol and 1-butanol, which are more viscous than ethanol. The lifetimes of the different 

processes involved in the relaxation of the excited states of p-NPP in these solvents are given 

in Table 6.1. It has been interesting to note that, in spite of an increase of viscosity of the 

solvents from ethanol to 1-butanol by about 2.5 times, the lifetimes associated with the S1(LE) 

state or the nitro-twisting process are very similar (about 0.2 ps) and the lifetime of the S1(ICT) 

state increases only marginally from 0.3 to 0.37 ps, so also the the relaxation time occuring in 

the triplet manifold, which increases from 1.6 ps to 2.0 ps. The lifetime of the vibrational 

cooling process taking place in the ground electronic state does not show any regular trend and 

these values also do not show large variation. 
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Figure 6.10. Temporal profiles recorded a few selective wavelengths following photo-excitation of p-
NPP in ethanol. Each of the temporal profiles is associated with a long-lived residual absorption. 
 
6.3 Discussion 

 Our detailed investigation on the excited state dynamics of p-NPP in different kinds of 

solvents have revealed that the excited states of p-NPP undergo several ultrafast relaxation 

processes depending on the polarity of the solvent. The lifetimes of these processes are given 

in Table 6.2. The vibrationally relaxed S1(LE) state, which is formed within less than 100 fs 

following photoexcitetion of p-NPP using 400 nm light, undergoes an ultrafast relaxation 

process, the lifetime of which is ≤200 fs, and is nearly independent of the polarity and viscosity 

of the solvents. In correlation with the earlier studies on the photophysics of similar kind of 

nitroaromatic compounds, we have assigned this lifetime to the conformational relaxation via 

twisting of the nitro group. However, consideration of the chemical structure of p-NPP 

molecule clearly suggests the only conformational relaxation process observed in this study 

may involve the twisting of either the 2-hydroxymethyl-pyrrrolidine group or the nitro group. 

Our experimental results do not distinguish between these two kinds of processes. Similar 

arguments can also be put forth in the case of the earlier work published by Rafiq et. al.260 To 

resolve this issue, we have carried out quantum chemical calculations using time-dependent 
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density functional theory (TDDFT) to examine the possibility of either of these two 

intramolecular motions. Geometry optimized structures of the molecule, both in the ground and 

the S1 states, are shown in Figure 6.11. In the ground state, all the three chromophoric groups, 

namely, 2-hydroxymethyl-pyrrrolidine, the phenyl and the nitro groups, in the molecule reside 

on the same plane. In the optimized structure of the S1 state, the nitro group is twisted at a 

plane perpendicular to that on which the other two groups reside. The TDDFT calculations 

show that the excitation to the S1 state is strongly allowed (oscillator strengh ~0.44) with the 

main contribution from the transition from the HOMO to the LUMO in the gas phase as well 

as in the polar solvents. HOMO is largely localized on the pyrrolidine and the phenyl rings 

whereas the LUMO is largely localized at the nitro group. This suggests that the S1 state has a 

strong ICT character and explains the strong solvent polarity dependence of the absorption and 

fluorescence spectra.  

 
A 

 
B 

Figure 6.11. Gas phase optimized structure of  p-NPP in the ground electronic state (A) and the first 
excited singlet state (B). 
 

However, considering the possibility that structural relaxation in the S1 state may occur 

via twisting of either the 2-hydroxymethyl-pyrrolidine group or the nitro group, we have 

calculated the potential energy surfaces for both the ground (S0) and the S1 states as a function 

of both the twisting coordinates. Figures 6.12A and 6.12B show the variations of the potential 

energies of both the S0 and S1 states as a function of the twisting angle of the nitro group and 

the 2-hydroxymethyl-pyrrolidine group, respectively. Excited state potential energy surface 

indicates that twisting of the 2-hydroxymethyl-pyrrolidine group leads to the minimmum 
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energy at 900 but only after passing through a large barrier (~0.14 eV) existing at the twisting 

angle of 40º. On the other hand, the potential energy of the excited state decreases gradually as 

the nitro group is twisted and reaches to a minimum at its perpendicular configuration wirh 

respect to the rest of the molecule. These results suggest that twisting of the nitro group in the 

S1 state is a barrierless process. In addition, we have seen earlier that geometry optimization of 

the S1 state leads to a structure in which the nitro group resides on a plane perpendicular to that 

of the rest of the molecule. The structure of the S1 state of PNA with the twisted nitro group 

was reported earlier from the TDDFT calculation.241,260 Therefore, the bulky and stronger 

donor group has not much effect on the conformational relaxation of the excited state of p-

NPP. The excited state optimized geometrical parameters reveal one interesting feature that, in 

the S1 state, the nitro group becomes pyramidal and the N-O bond lengths increase from 1.23 

Å to 1.305 Å. This originates from the strong accepting nature of the nitro group, which 

induces large charge localization at the nitro moiety and thus increases the sp3 character of the 

nitrogen atom of the NO2 group. Pyramidalization of the nitrogen atom of the electron acceptor 

group following ICT process was earlier predicted by Sobolewski and Domcke.232 This is also 

apparent from the HOMO – LUMO electron distribution in the ground and the excited state 

geometries. In the excited state geometry, the LUMO electron density is largely localized at the 

nitro group as compared to that in the FC state. Solvent independence of the lifetime of the 

ultrafast component (τLE /τNT in Table 6.2), which is associated with the nitro-twisting process, 

suggests that pyramidalization of the nitrogen atom is also associated along with twisting 

process due to rehybridization of the nitrogen. Therfore, this observation leads us to support 

the RICT concept of Sobolewski and Domcke, i.e. twisting of the nitro group via 

rehybridization of the nitrogen atom.232 
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Figure 6.12. Potential energy surfaces in the S0 and S1 states of p-NPP with respect to the twisting 
angle of the Nitro group (A) and the 2-hydroxymethyl-pyrrolidine group (B). 
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Figure 6.13. HOMO - LUMO  pictures of the optimized ground and the first excited singlet states of p-
NPP. 
 Our experimental results also have established the fact that ultrafast ISC and / or IC 

processes are responsible for the short lifetime of the S1 state. Therefore, the other important 

aspect associated with the photophysics of p-NPP (as well as other nitroaniline derivatives) 

needs to be addressed is the predominance of either the IC or the ISC channels of the S1 decay. 

Ultrafast ISC and IC processes are feasible only in the cases of isoenergicity and conical 

intersection (CI) or crossing between the potential energy surfaces (PES) of the S1 state and the 

S0 or Tn states, respectively. These issues as well as the solvent dependence of other relaxation 

processes can be explained by the schematic potential energy surface (PES) diagrams 

presented in Figure 6.14. Figure 6.14A represents the case for a solvent of lower polarity, e.g. 
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dioxane.  Although the gas phase equilibrium geometry of nitroaromatics is predicted to be 

planar, DFT calculations indicate that the nitro group makes a twist angle of ±27° relative to 

the aromatic plane.236,256,273 As a consequence, a distribution of ground-state geometries with 

different twist angles can be expected at room temperature. Moreover, the S0-S1 transition 

energy depends on the nitro twist angle and the light at a short wavelength predominantly 

interacts with the molecules having a large twist angle, while longer wavelength excitation 

photo-selects planar molecules.266Although, the situation in solution might differ substantially 

from that calculated in the vacuum or gas phase, these calculations offer a good basis for a 

qualitative discussion of the excited-state dynamics of the nitroaniline derivatives. In solution, 

the range of oscillation of the nitro twisting angle in the S0 state expected to be reduced 

significantly. However, it can be predicted that photoexcitation of p-NPP using 400 nm light, 

which falls in the red edge of the absorption spectrum of p-NPP in dioxane, leads to the S1(FC) 

state having a near planar geometry.  

 Rafiq et. al. calculated the PESs of the S0 and S1 states as well as the T1, T2 and T3 

states as a function of the twisting angle of the nitro group in the gas phase. However, the 

relative energies of these excited states, which play important roles in the photophysics of p-

NPP, are sensitive to the solvent polarity.260 The reason is that while the S1 and T1 have nearly 

100% ππ* character, T3 has mainly nπ* character and the T2 state has mixed (nπ* with some 

percentage of ππ*) character. In addition, the percentage of ππ* and nπ* character of the 

vertical excited states also varies with a change in the nitro twisting angles.251, 252 In vacuum or 

in the gas phase, the S1(ππ*) and T3(nπ*) states are nearly isoenergetic and the potential 

energy curves for the S1 and T3 states cross with each other.238 We can assume that ordering of 

these states in solvents of lower polarity does not change significantly from that in the gas 

phase. Therefore, in the case of low polarity solvents, deactivation of the S1(ICT) state takes 
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place exclusively by ISC to the T3(nπ*) state, which is an allowed process (El-Sayed rule).274 

The ISC process is followed by IC and solvation processes occurring in the triplet manifold. 

This explains why the triplet yield is large in the case of p-NPP and other nitro aromatics in 

nonpolar solvents. 

 With increase in solvent polarity, the energy levels of the S1(ππ*) and T1(ππ*) states 

decrease and those of T3(nπ*) and T2(nπ*/ππ*) remains unchanged or increase marginally.  

Therefore, in highly polar solvents, e.g. acetonitrile, DMSO and water, the energy gap between 

the PESs of the S1 and S0 states reduces significantly and this ensures an ultrafast IC process 

from the S1 to the S0 state. In these solvents, the PESs of both the T3 and T2 states lie at higher 

energies than that of the S1 state, eliminating the possibility of the ISC process. Figure 6.14C 

represents the PES diagram for the relaxation processes of the excited state of p-NPP in polar 

solvents. Although the PES of the T1(ππ*) remains below the S1(ππ*) state, the ISC from the 

latter state to the former is not an allowed process by El-Sayed rule.274 In this case, the IC 

process leads the molecule onto a FC region of the S0 state of the molecule with the twisted 

nitro group and a large vibrational energy content. Therefore, the molecules need to relax in 

the S0 state by reverse nitro twisting, which also should be associated with the dissipation of 

excess vibrational energy to the solvent molecules. The case of the solvents of medium polarity 

e.g. triacetin and alcohols, can be explained by the PES diagram given in Figure 6.14.B. In this 

case, possibly the S1 state becomes isoenergetic with the T2 state, which is not a pure nπ* state 

but possess significant ππ* character. Therefore, during the motion on the PES along the nitro 

twisting coordinate, the IC and ISC processes compete with each other leading to parallel 

transitions taking place from the S1 state to the S0 state as well as to the T2 state. This diagram 

also explains the possibility of nitro twisting as well as vibrational relaxation processes both in 

the triplet and singlet manifolds. 
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6.4. Conclusion 

 In this chapter, detail dynamics of the excited states of 1-(p-Nitrophenyl)-2-

hydroxymethylpyrrolidine (p-NPP) has been investigated using sub-picosecond transient 

absorption spectroscopic technique in different kinds of solvents. Following photoexcitation 

using 400 nm light, the molecule undergoes ultrafast vibrational relaxation in a time scale 

faster than the instrument response time. Subsequently, three major relaxation processes, 

namely, conformational relaxation via twisting of the nitro group, inetrnal conversion (IC) 

and the intersystem crossing (ISC) have been established to be responsible for the ultrafast 

decativation of the singlet excited (S1) state. While the nitro twisting process has been 

observed in all kinds of solvents, relative probability of occurrence of the other two processes 

have been shown to be extremely sensitivity to solvent polarity, because of alteration of the 

relative energies of the excited states in the singlet and triplet manifolds. In the solvents of 

lower polarity, the ISC is predominant over the IC, because of near isoenergeticity of the 

S1(ππ*) and T3(nπ*) levels and the crossing of the potential energy surfaces (PESs) of these 

two states. In the solvents of larger polarity, the S1(ππ*) state becomes lower than both the 

T3(nπ*) and T2(nπ*/ππ*) states, but the T1(ππ*) state and the nitro twisting and the IC are 

predominant over the ISC, and hence the triplet yield is nearly negligible. In solvents of 

medium polarity, the PESs of the S1 and T2  states intersect and the excited state deactivation 

process is directed to both  the IC and ISC channels.  



Chapter 7 
Charge Localization Dynamics in  

Heteroleptic Ruthenium Complex 
7.1 Introduction 

 The charge transfer process is a pivotal step in the conversion of photochemical and 

photoelectrical energy in dye-sensitized solar cells, photoinduced water oxidation catalysis and 

artificial photosynthesis. Photoinduced charge-transfer processes in ruthenium(II) polypyridyl 

compounds have long been exploited for solar-energy harvesting due to strong metal to ligand 

charge transfer (MLCT) absorption in the visible region and relatively large stability in 

oxidized and reduced forms.275-280 Moreover, the spectral and photophysical properties can 

easily be tuned by introducing appropriate ligands. A great deal of efforts is spent to synthesize 

various ruthenium complexes containing different ligands in order to improve light absorption 

characteristics in the solar spectral region as well as to improve the charge transfer 

characteristics. Mixed ligand (heteroleptic) complexes found special importance for application 

in photovoltaic systems due to broadened MLCT absorption envelope with increased 

absorption cross section and thus a more efficient use of the solar spectrum for photoenergy 

conversion. In any of such molecular system, effective use of the photoexcitaion energy is 

possible only if efficient charge separation is achieved in the excited state. Thus, detail 

understanding of metal to ligand charge transfer (MLCT) processes and excited-state 

relaxation dynamics of ruthenium polypyridyl complexes are of great importance, for both 

fundamental reason and potential applications in solar energy conversion. A great deal of 

research endeavor has been devoted towards molecular level understanding of the real time 

excited state dynamics of the ruthenium polypyridyl complexes.281-289 Extensive studies on 

prototype [Ru(bpy)3]2+ complex using time resolved spectroscopic techniques revealed 

ultrafast ISC (< 50 fs) process followed by vibrational relaxation to produce relaxed 3MLCT 
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within a picosecond timescale.281-285 Another fundamental property is the localized nature of 

the electronic charge in the relaxed MLCT excited state. In the homoleptic D3 symmetric 

complexes like [Ru(bpy)3]2+, the excited state is expected to be symmetric and the charge 

transfer induced excited electron should be evenly shared between the three ligands. However, 

contrary to this expectation, it has been well established that the relaxed excited state is best 

described as one formally reduced bpy and two neutral ones (i.e. [Ru(III)(bpy)-(bpy)2]2+) and 

thus charge is localized in one ligand and the charge localization occurs in femtosecond 

timescale.286-295Symmetry breaking via vibrational trapping or the solvent fluctuation has been 

proposed as the possible mechanism for charge localization.296 Though ultrafast dynamics of 

prototype [Ru(bpy)3]2+ has been extensively studied to discern ISC, vibrational relaxation and 

charge localization process, real time dynamics of mixed ligand (heteroleptic) complexes have 

not been extensively undertaken and studies on such complexes has gained impetus in recent 

years.297-302 As mentioned earlier, heteroleptic ruthenium complexes have gained a lot of 

interest in photovoltaic systems due to broadened MLCT absorption envelope covering solar 

spectrum due to multiple MLCT bands corresponding to different ligands. Effective use of the 

photoexcitaion energy depends on the temporal kinetics of charge distribution around different 

ligands. The ultrafast spectroscopy of low-symmetry complexes is therefore of special interest 

not only for addressing fundamental questions regarding excited-state relaxation mechanisms 

but also for ultimate manipulation of excited state processes in molecular assemblies 

employing these types of complexes as photosensitizers. Time resolved vibrational studies in 

nanosecond timescale on many mixed ligand complexes strongly suggest that the photoexcited 

electron in the relaxed MLCT state is localized on the lowest energy ligand, at least on long 

timescale. Thus excitation to higher energy MLCT excited state will undergo interligand 

electron transfer (ILET) to generate the charge localized lowest energy MLCT state. However, 

the real time dynamics of the charge localization processes with subpicosecond time resolution 
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is still scarce and only a few studies are reported in literature.292, 300-302 

 
Figure 7.1. Structure of [Ru(bpy)2(pap)]2+ 

  

 To explore the real time dynamics of charge transfer and vibrational relaxation of 

heteroleptic complex, the subpicosecond transient absorption spectroscopy of 

[Ru(bpy)2(pap)]2+, (where bpy= 2, 2’-bipyridine and pap= 2-(pheny1azo)pyridine) (Figure 7.1) 

has been studied and detailed in this chapter. This complex allowed us to monitor the 

localization of charge from the bpy to pap ligand because of the stronger π−acidity of pap 

ligand in comparison to the bpy ligand and thus lowest MLCT state (either in the singlet or in 

triplet manifold) will be centered on the pap ligand whereas, bpy localized MLCT states will 

lie in next higher energy state. Optical excitation to the bpy centered 1MLCT state will 

ultimately leads to the formation of lowest energy 3MLCT state during the course of the 

excited state relaxation process which has been monitored by femtosecond transient absorption 

spectroscopy. Nanosecond laser flash photolysis and pulse radiolysis experiments confirmed 

the formation of charge localized state. This chapter describes the ultrafast charge localization 

and vibrational relaxation dynamics in this heteroleptic complex in few organic solvents as 

well as in aqueous solution.  

7.2 Result and discussion 

7.2.1 Steady-state absorption spectra: The steady state absorption spectra of [Ru(bpy)2(pap)]2+ 

in acetonitrile and water are shown in Figure 7.2. The similarity of the absorption spectra in the 

two solvents suggests that the electronic character and energies of the Franck-Condon singlet 
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excited MLCT states are not significantly solvent dependent. The absorption spectra in both 

the solvents mainly consist of two absorption bands above 300 nm, one is in 440-580 nm 

region having maxima at 490 nm and another one in   330-440 nm region having maxima at 

370 nm. The important point to be noted is that the lowest energy absorption band is strongly 

red shifted in comparison to that of [Ru(bpy)3]2+, in which lowest energy absorption maxima 

appears at 450 nm. The largely red shifted absorption band in [Ru(bpy)2(pap)]2+ can be 

ascribed to the metal to ligand charge transfer transition(MLCT) from Ru (dπ) to pap (π*) due 

to lower energy π* state of strongly π-acidic pap ligand.303 
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Figure 7.2. Steady state absorption spectra of [Ru(bpy)2(pap)]2+ in acetonitrile and water. 
 

The higher energy absorption band in the visible region arises due to the MLCT transition from 

Ru (dπ) to bpy (π*) ligand. This transition appears at higher energy as compared to that of 

[Ru(bpy)3]2+ complex due to the stronger π accepting character of the pap ligand which 

stabilizes the ruthenium dπ orbital leading to increase in the π*(bpy)←Ru(dπ) transition 

energy. This has been schematically illustrated in Figure 7.3. Systematic studies on the series 

of homoleptic and heteroleptic complexes have already established the general trend of 

absorption spectral shift by the variation of π accepting character of the ligands.300 The 
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absoption feature in UV region originates from the ligand centered transition as well as the 

higher energy MLCT transitions. However, the assignment of these higher energy transitions is 

not important for the present study. 

 

Figure 7.3. Simplified energy level diagram to compare the MLCT transition of [Ru(bpy)2(pap)]2+ and 
[Ru(bpy)3]2+. 
 

7.2.2. TDDFT calculation: The assignment of the absorption characteristics in the visible 

region has been supported from the TDDFT calculations. The TDDFT calculated transition 

energies, oscillator strengths and orbital contributions corresponding to different electronic 

excited state have been presented in Table 7.1 and the different molecular orbitals involved in 

the transition have been shown in Figure 7.4. It can be easily noted from the Figure 7.4 that the 

different occupied molecular orbitals (i.e. HOMO, HOMO-1 or HOMO-2) are mainly consist 

of ruthenium dπ orbital, whereas the lowest unoccupied orbital (LUMO) located mainly at pap 

ligand and the next two higher unoccupied orbitals (LUMO+1 and LUMO+2) located either of 

the two bpy ligands. It can be seen that the three lowest electronic excitations are associated 

with the charge transfer from the metal to pap ligand, among which S1→S3 transition (ca. 

460nm) has appreciable oscillator strength. Considering the error involved in the TDDFT 

calculated energies, we can attribute the lowest energy absorption band observed at 440-550 

nm to the MLCT transition to pap ligand. On the other hand, the higher energy electronic 

transitions are mainly associated with the metal to bpy ligand which appears below 430 nm. 
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Significant differences in the energy levels between pap and bpy ligands creates distinct 

MLCT energy manifold corresponding to the excitation of different ligand localized MLCT 

states. Thus, it can be concluded that 400 nm excitation preferentially (though not exclusively) 

produce bpy centered 1MLCT excited state with significant vibrational energy.  

Table 7.1. TDDFT (B3LYP/6-31++G, ECP (Ru)) calculated electronic excitation energies of 
[Ru(bpy)2(pap)]2+ complex. 
 

Electronic 
transition 

Transition energy 
eV (nm) 

Oscillator 
strength 

Dominant orbital 
contribution 

S0→S1 1.93 (640) 0.001 HOMO→LUMO 
S0→S2 2.17 (570) 0.000 HOMO-1→LUMO 
S0→S3 2.7 (460) 0.080 HOMO-2→LUMO 
S0→S4 2.82 (438) 0.040 HOMO→LUMO+1 
S0→S5 2.84 (435) 0.01 HOMO→LUMO+2 
S0→S6 3.02 (412)   0.015 HOMO-4→LUMO 
S0→S7 3.07 0.025 HOMO-1→LUMO+1 
S0→S8 3.15 0.06 HOMO-1→LUMO+2 

 

 
HOMO-2 

 
HOMO-1 

 
HOMO 

 
LUMO 

 
LUMO+1 

 
LUMO+2 

 
Figure 7.4. DFT calculated molecular orbitals associated with the different electronic transitions.  
 

7.2.3. Nanosecond flash photolysis study: To determine the excited state properties of the 

complex, nanosecond flash photolysis experiments were performed. Figure 7.5 shows the TA 
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spectra of the complex in acetonitrile following 532 nm laser excitation. The TA spectral 

feature mainly shows bleach at 500 nm corresponding to the ground state absorption maxima. 

The excited state absorption has prominent features at 560 nm and 430 nm region. The 

apparently observed two ESA band may be due to the strong bleach band at 500 nm region 

which distorts the broad ESA band extended from 400 to 650 nm region. True ESA spectrum 

of the complex was extracted by subtracting the ground state absorption contribution in the 

excited state. A well defined ESA peak at 550 nm has been clear in the bleach corrected TA 

spectra.  In the earlier section, we have shown that the lowest excited state is characterized by 

the Ru(dπ) to pap (π*) MLCT transition, thus the TA spectra is expected to have characteristic 

of the pap anion radical spectra. To understand the characteristics of the excited electronic 

state, ESA feature in visible region was compared with the pap radical anion spectra recorded 

using pulse radiolysis of pap in acetonitrile in deaerated condition (Figure 7.6). It can easily be 

noted that the pap anion radical spectra in the 400-650 nm region with maxima at 540 nm 

which resembles with the bleach corrected TA spectra measured in flash photolysis 

experiments. This clearly indicates that the lowest energy excited state of the complex is 

characterized by pap centered charge localized 3MLCT state.  

 Analysis of the temporal kinetics of nanosecond flash photolysis at 500 and 570 nm 

shows that excited state decays single exponentially with 4.7 ns lifetime of the excited state. It 

can be noted that the lifetime of the complex is measured to be much shorter than prototype 

Ru(bpy)3
2+ complex (~1 μs in acetonitrile).277 This can partly be attributed to the lower energy 

of 3MLCT state of the complex compare to the homoleptic Ru(bpy)3
2+ complex and shorter 

lifetime is expected from the energy gap law. It is necessary to emphasize that the lower 

energy gap alone cannot account for the remarkable shortening of excited state lifetime of the 

complex.  Strong nuclear displacement in the lowest energy triplet excited state impart stronger 

vibronic coupling with the ground state leading to faster excited state deactivation. This has 
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indeed been observed in several ruthenium or other metal complexes.304 The effect of lower 

energy gap and large nuclear displacement in the lowest energy triplet state has also been 

justified from the nonemissive nature of the complex. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.5. (a) Steady state absorption spectrum in acetonitrile (inverted); (b) Differential TA spectrum 
recorded immediately after photoexcitation of [Ru(bpy)2(pap)]2+ complex using nanosecond laser 
pulses; (c) TA spectrum of the anion radical of pap ligand using pulse radiolysis technique; (d) True TA 
spectrum of the 3MLCT state of the [Ru(bpy)2(pap)]2+ complex. Insets: Temporal profiles recorded at 
570 nm and 500 nm with the single exponential fit function (solid line) deconvoluted with the laser 
pulse width (6 ns).  
 
7.2.4. Femtosecond transient absorption studies: To probe the relaxation dynamics in the 

excited state of the complex, femtosecond transient absorption studies in the visible region 

have been performed following photoexcitation to the bipyridine localized singlet MLCT states 

of  [Ru(bpy)2(pap)]2+ complex. Figure 7.6 represents the time-resolved differential absorption 

spectra due to photoexcitation of [Ru(bpy)2(pap)]2+  in acetonitrile solution at room 

temperature using 400 nm laser pulses of 50 fs duration. 400 nm laser excitation dominantly 

excite bpy localized MLCT state. Transient absorption spectra at 0.2 ps timescale show a 

negative band below 530 nm corresponding to ground state bleaching and an excited state 

absorption band in 530-720 nm region. 
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Figure 7.6. Transient absorption spectral evolution of [Ru(bpy)2(pap)]2+ in acetonitrile following 400 
nm excitation. 
 

In first 8 ps timescale, ESA band grows in 530-570 nm region and decay in 600-700 nm region 

showing an apparent isobestic point at 590 nm region. In this timescale, bleach band also 

apparently recovers partially due to the overlap with the excited state absorption in this region. 

With further time delay up to 100 ps, ESA band maxima slightly blue shifted and bleach band 

gains appreciable intensity. The temporal evolution of bleach band actually reflects the ESA 

band which is strongly overlapped with the bleach band in this spectral region. After 100 ps, 

the transient absorption spectrum does not evolve up to nanosecond timescale indicating long 

lifetime of the relaxed excited state. The TA spectra at >100 ps timescale nicely matches with 

the nanosecond TA spectra recorded in laser flash photolysis experiments. This clearly 

suggests that the completely thermalized lowest 3MLCT excited state is produced in 100 ps 
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timescale which decays with 4.5 ns lifetime. As described in the earlier section, the 

thermalized lowest energy 3MLCT state is characterized by pap localized state. Temporal 

isobestic point at early timescale of femtosecond TA experiment clearly indicates conversion 

between two distinct electronic states. Since the initial photoecxitation at 400 nm produces bpy 

localized MLCT states, the spectral growth observed in the 540-570 nm region is due to the 

charge localization to the pap ligand in the MLCT excited manifolds. The characteristic 

spectrum of the pap anion radical appears in 430-600 nm region with a maximum at 530 nm 

which has good resemblance with the ESA band of the TA spectra in longer time scale. Thus 

the growth of ESA band in the 550 nm region of TA spectra can be ascribed to the formation 

of pap localized 3MLCT state which occurs in 8 ps timescale. Further evolution of the transient 

absorption spectra upto 100 ps possibly reflects the vibrational relaxation in the pap localized 

3MLCT potential energy surface. Temporal kinetics in a few selective wavelengths have been 

shown in Figure 7.7 along with the best multiexponetial fit functions. Temporal analysis of the 

decay traces shows three component dynamics having time constants of 0.2-0.5 ps, 2.5±0.1 ps 

and 16-35 ps along with a long lived (>1 ns) component corresponding to lifetime of the 

relaxed excited state. It is well established that in ruthenium polypyridyl complexes, 

intersystem crossing occurs in < 100 fs timescale and thus expected to be completed within the 

time resolution of the instrument. Thus, the three component dynamics observed in the present 

transient absorption study mainly reveal the kinetic feature of the relaxation dynamics occur in 

the 3MLCT manifold following the ultrafast ISC process from the initially produced singlet 

MLCT state centered on bipyridine ligand. The first time constant (0.2-0.4 ps) can be 

tentatively assigned as the intramolecular vibrational redistribution after the ultrafast ISC 

process as observed for many other ruthenium complexes.281-283 The second component with 

time constant of 2.5±0.1 ps is attributed to the charge localization at the pap ligand which has 

been evident from the comparison of spectral characteristics of TA spectra with pap anion 
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radical spectra (vide supra). Thus, present result shows the ultrafast nature of the charge 

localization dynamics to the lowest energy 3MLCT state in heteroleptic ruthenium complex. 

Earlier work of Papanikolas and coworkers on osmium polypyridyl complexes revealed 

ultrafast interligand electron transfer.292 A recent study on ruthenium terpyridyl complex 

revealed 2.5 ps timescale for the interligand electron transfer dynamics.302Ultrafast localization 

of electronic charge in the excited state has also been observed for a DNA light switch 

complex, but occurs in relatively longer timescale.299  
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Figure 7.7. Temporal dynamics of [Ru(bpy)2(pap)]2+ in acetonitrile at different wavelengths along with 
triexponential fit function. 
 Third component possibly represents the thermalization of the pap localized 3MLCT 

state via vibrational cooling process. The assignment of this component to vibrational 
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relaxation is justified from the significant wavelength dependence. The time constant of this 

component increases from 15 ps in 650 nm to 35 ps 540 nm.  

 We have also studied the temporal dynamics in few selective wavelengths in methanol, 

and in aqueous solution (Figure 7.8). Three component relaxation dynamics observed in these 

solvents are similar to that in acetonitrile. Time constants obtained from the multi-exponential 

fitting (given in inset of Figure 7.8) is also in similar range to that observed in acetonitrile. 

Thus, the observed dynamics are more or less independent of the solvent characteristics, 

although the studied solvents are of different polarity and solvation time. For example, the 

charge localization time in acetonitrile and methanol was found to be similar (2.5 ps and 2.7 

ps, respectively) whereas solvation time differs significantly (<τ>sol is 0.5 ps and 5 ps). 

Absence of solvent polarity and solvation time effect on charge localization process can be 

explained by considering the fact that both the initial (bpy localized 3MLCT)   and final (pap 

localized 3MLCT) state are almost equally polar and solvent polarity stabilizes both the state 

equally. In acetonitrile and water, time constant for the charge localization process is 

significantly longer than solvation time. This indicates intramolecular reorganization energy 

govern the kinetics of the process. It is known that charge accumulation at pap ligand results to 

significant bond length alteration at azo bond which contributes to large intramolecular 

reorganization.305 The ultrafast nature of charge localization process or interligand electron 

transfer process is possibly facilitated by the sufficiently strong coupling between the two 

diabatic electronic states, namely 3MLCT (bpy localized) and 3MLCT (pap localized). We 

could not monitor the dynamics in low polarity solvents due to insufficient solubility to acquire 

data with good signal to noise ratio. The detail mechanistic aspects of the charge localization 

dynamics can be enumerated by tuning the energy levels of the two MLCT states by 

introducing different donor and/or acceptor substituent either at bpy and pap ligand and this 

can be an important aspect of further studies.  
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Figure 7.8. Temporal dynamics of [Ru(bpy)2(pap)]2+ in methanol and water at few selective 
wavelengths. 
 

Another important aspect of the present study is the long timescale for vibrational relaxation 

process (~30-40 ps). This deserves attention, as most of the earlier transient absorption studies 

of Ru(bpy)3
2+ proposed that the relaxed 3MLCT state forms within a picoseconds timescale 

following the photoexcitation.281, 282 Similar time scale was also proposed from the results of 

fluorescence upconversion experiments.283 Despite such consensus in earlier studies, the issue 

of vibrational relaxation in ruthenium polypyridyl complex remains a subject of debate because 

recent time resolved infrared and Raman studies demonstrated that the formation of thermally 

relaxed 3MLCT does not complete within 1 ps timescale rather takes 20 ps timescale for 

complete relaxation.297 Hammarstrom et al. also observed a 10 ps process, in their ultrafast 

transient absorption measurements at 360 nm probe wavelength which reveals an apparent 

discrepancy with the earlier reports of McCusker and coworkers.298 The difference in the 

results obtained was attributed to the difference in the probe wavelengths employed. In the 

earlier study of McCusker et al., the TA kinetics of Ru(bpy)3
2+ were probed in the 400-500 nm 



Chapter 7: Ultrafast Charge Localization Dynamics in  Heteroleptic Ruthenium Complex. 

 

165 
 

region, where ground-state depletion is the dominant process.282 In contrast, the 360 nm probe 

falls within the absorption band of the bpy anion radical (bpy•-) species and, thus, the 

absorption of the thermally relaxed 3MLCT state, where most of the solvation and vibrational 

relaxation processes are expected to be observed. Based on similar argument, we can expect 

prominent dynamical feature for vibrational relaxation in the absorption region of pap anion 

radical (in 460-600 nm region). Our present transient absorption study monitors the dynamics 

in 480-600 nm region where 25-40 ps component has dominantly been observed. Thus, present 

TA study supports the conclusion drawn from the earlier time resolved vibrational studies as 

well as recent transient absorption results probed in the UV region.  

 

Figure 7.9. Simplified Schematic potential energy diagram showing excited state processes of 
[Ru(bpy)2(pap)]2+ in acetonitrile. 
 

The overall dynamics of the studied complex can be described by the intramolecular 

vibrational redistribution, followed by charge localization to the phenylazopyridyl ligand and 

vibrational relaxation in the triplet manifold of the excited states of [Ru(bpy)2(pap)]2+ complex 
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which have been shown in Figure 7.9 using a simplified schematic potential energy diagram of 

the complex. Because of insufficient time resolution(~140 fs), the intersystem crossing process 

from 1MLCT to 3MLCT state could not be monitored which accomplished in <50 fs timescale. 

7.3. Conclusion 

In conclusion, we have probed the nanosecond and sub-picosecond dynamics of 

[Ru(bpy)2(pap)]2+ complex using transient absorption spectroscopic technique. Nanosecond 

TA spectra shows that lowest energy 3MLCT state is localized on phenylazopyridine ligand 

which decays with 4.7 ns lifetime. Time-resolved absorption spectroscopy on the femtosecond 

time scale reveal that charge localization to the pap ligand take place in picosecond timescale. 

Though the current data cannot give detail mechanistic understanding of the electron transfer 

processes but it clearly reveals that the two diabatic 3MLCT states are strongly coupled to 

induce ultrafast charge localization processes. The present experimental outcome also support 

the recent literature report which claims that vibrational cooling in the 3MLCT manifold does 

not complete within a picosecond rather takes at least tens of picoseconds. The observations 

reported here may have important consequences for the design of supramolecular systems 

based on heteroleptic complexes for light harvesting system, as the charge localized state will 

determine the charge separation kinetics in covalently linked donor-acceptor system or 

interfacial electron injection efficiency in dye sensitized solar cell.  
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 Chapter 8  
 

 

Ultrafast Dynamics of the Excited States of 

the Uranyl Ion in Solutions 
 

8.1 Introduction 

Detailed investigation of the photochemistry of uranium(VI) received significant importance in 

the beginning of the nineteenth century from the discovery that uranyl oxalate provides a 

suitable actinometer and much later from the Manhattan project in relation to isotopic 

enrichment.306,307 Photochemistry of uranium compounds attracted wide interest from chemists 

and spectroscopists and the mechanism of photochemical reactions have been studied in 

detail.307-321 Uranyl nitrates play an important role in the nuclear fuel cycle. Information on the 

electronic structure of various kinds of uranyl nitrate complexes in solution is very important 

to understand their stability and to design useful ligands. A typical form of uranyl nitrate in 

nitric acid solution is UO2(NO3)2·2H2O, where the UO2 species is surrounded by four oxygen 

atoms of the two bidentate nitrate groups and two oxygen atoms of the two equivalent water 

molecules.307,309,319 In the dihydrated crystals of uranyl nitrate, the uranyl group has the same 

ligands as in solution and the structure is considered to be similar to that in nitric acid solution. 

The electronic absorption and luminescence spectra of the uranyl ion (UO2
2+) are probably the 

most extensively studied topics in the field of molecular spectroscopy of inorganic complexes. 

However, understanding yet remains far from complete. A comparison of a large set of 

different uranyl complexes has revealed that their electronic spectra exhibit remarkable 

similarities, even though they show extreme sensitivity to the environment and temperature.311-

313 The steady-state absorption and emission spectra of the uranyl ion are spread in the 350-500 
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and 470-650 nm regions, respectively, with the well-defined vibrational structures in each 

spectrum (Figure 8.1). The absorption spectrum in the 350-500 nm region consists, almost 

invariably, of two or three low intensity band systems, but assignment of the electronic states 

involved in this spectrum is, however, rather controversial. McGlynn and Smith suggested that 

these absorption bands result from the transitions 3Πu ← 1Σg+ or 3Δu ←1Σg+, with a preference 

to the former.314 Because of the presence of significant spin-orbit coupling, this transition 

becomes reasonably intense (εmax ∼101 mol-1 cm-1), even though spin forbidden. They argued 

that these bands could be divided into three groups with origins at 22050 cm-1 (453 nm), 24215 

cm-1 (415 nm), and 27000 cm-1 (370 nm), representing the three components of the triplet state, 

which is split by the local field. Further, vibronic fine structures are superimposed on these 

absorptions. Although Burrows and co-workers supported these arguments, Sidall and 

Prohaska questioned the assignment of these low energy bands to a triplet ← singlet 

transition.309,322 On the other hand, Görller-Walrand and Vanquickenborne, on the basis of 

their analyses by means of group theory and qualitative molecular orbital theory, showed that 

the band system situated at 20000 (500 nm) -22000 cm-1 (450 nm) is due to a 1Φg ← 1Σg+ 

transition, while the band system at 22500 (440 nm) -27000 cm-1 (370 nm) is due to 1Δg ← 

1Σg+ transition.323,324 Volod’ko and co-workers also assigned the four series of lines in the 330-

500 nm region to four separate singlet levels.325 Detailed spectroscopic studies have been 

reported by Denning on crystalline Cs2UO2Cl4 and CsUO2(NO3)3.326 Excitation energies for all 

states corresponding to the first seven excited states of [UO2]2+ are reported and are quite 

similar for the two different crystals. Spectroscopic measurements on uranyl nitrate complexes 

in aqueous solution also point to a limited effect of the [[UO2]2+]/[(NO3
-)] ratio on the 

excitation energies.327 The feature article by Denning presents the most current state of 

knowledge, both experimental and theoretical, about the electronic structure and bonding in 

uranyl ions and other related actinyl species.328 Many of the theoretical works reported recently 

also agree with the assignments made by him that the lower excited states located within the 
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20000-27000 cm-1 energy range correspond to excitations from the HOMO σu to the 

nonbonding fδ and fφ orbitals.329-334 These yield states that are labeled 3,1Δ and 3,1Φ states in the 

spin-orbit free picture. However, this assignment differs from that proposed by McGlynn and 

Smith who referred to πu states arising from excitations out of πg orbitals, which really appear 

at much higher in energy. Additionally, since the spin-orbit coupling mixes the singlet and 

triplet states, justification of using the triplet and singlet labels are questionable. The first 

detailed ab initio calculations were performed by Pitzer and his co-workers using a combined 

configuration interaction (CI) and spin-orbit coupling method, denoted as SOC-CI.329,330 A 

comparison of the calculated spectra of free, uncomplexed uranyl ion, [UO2]2+, with that of the 

complex [UO2Cl4]2- showed only a small shift of the excitation energy (at most 2000 cm-1), 

and no change in the character of the low lying excited states.329,330 These observations all 

seem to indicate that the position of the low-lying excited states in uranyl ion complex is 

relatively independent of the nature or even of the mere presence of any weakly bound 

equatorial ligands. However, calculations performed by Pierloot and Beisen on the basis of 

multi-configurational perturbation theory, which is a second order perturbation theory based on 

a complete-active-space reference wave function  (CASSCF/CASPT2), combined with a 

method to treat spin-orbit coupling on [UO2]2+ and [UO2Cl4]2-, have indicated a considerable 

blue- shift (by 1500-4300 cm-1) of the energies by the presence of the chloride ligands.331 

Rather a change in the character of the luminescent state from Δg in the case of [UO2]2+ to Πg 

in the case of [UO2Cl4]2- has been found. More recently, Pierloot and van Besien have 

analyzed the lower part of the electronic spectra of [UO2]2+ and [UO2Cl4]2- by means of the 

relativistic time dependent density functional theory (TDDFT) formalism including the effects 

of spin-orbit coupling.332 Results of these calculations were very much in conformity with the 

experimental data for [UO2Cl4]2-. Comparison of the results for [UO2]2+ and [UO2Cl4]2- 

indicated that the energy levels of the excited states are not significantly dependent on the type 

of equatorial ligand supporting the conclusions of Pitzer and co-workers.329,330All the lower 
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energy excited states arising from the excitation out of the σu highest occupied orbital to the 

nonbonding fδ and fφ orbitals are symmetric. Rěal et al. optimized the geometries with D2h 

symmetry constraints (which the uranyl nitrate belongs to), both at the all-electron and at the 

relativistic effective core potential (RECP) levels, adopting several different kinds of 

computational methods.334 Both these levels of calculations provided very similar geometries. 

However, the vertical and excitation energies determined using different methods at the spin-

orbit free level were seen to vary widely. The potential energy curves along the symmetric 

vibrational mode relative to the ground state geometry were also calculated by different 

methods and compared to those determined by Pirerloot and van Besien at the 

CASSCF/CASPT2 level.331 Potential energy curves of the uranyl(VI) ion along the symmetric 

stretching mode computed with TD-DFT (B3LYP) and DFT/MRCI (BHLYP) methods 

indicated that the energy minima for the lower excited electronic energy levels arising from δu 

→ fδ (Δg) states and δu →fφ (Φg) states are in the order 3Φg < 3Δg < 1Φg (i.e., 3Φg state is the 

lowest excited triplet state), whereas the same obtained using LR-CCSD method is 3Δg < 3Φg < 

1Φg (i.e., 3Δg state is the lowest excited triplet state in this case). Calculation of Pierloot and 

van Beisen for [UO2]2+ also agreed with the later sequence of energy levels.331 As we 

mentioned earlier, the striking features of all these methods of calculations are the wide 

variation of the positions of minimum energy as well as intersection of the individual potential 

energy curves. However, in spite of the fact that it is really difficult to determine the exact 

vertical excitation energies of these three lower energy excited states for the uranyl complex 

formed with various ligands, all these theoretical calculations indicate that the lowest and the 

next higher energy excited states of the uranyl compound are triplets, either 3Δg or 3Φg and the 

next higher energy level is the singlet state, 1Φg. However, observing a good agreement 

between the energy of the lowest excited triplet level, as predicted by the TD-DFT and DFT/ 

MRCI methods and that determined from the steady-state phosphorescence spectrum, we 

intend to accept that the lowest excited energy level of [UO2]2+ species is T1(3Φg) and the next 
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two higher excited states are T2(3Δg) and S1(1Φg), respectively. Results of calculations by 

Görller-Walrand and Vanquickenborne also supports this assignment of two lower excited 

triplet states.323,324Photoexcitation using 400 nm light possibly leads the molecule to the 

S1(1Φg) state. Uranyl salts in aqueous solution exhibit a highly structured luminescence 

spectrum in the 470-650 nm wavelength region both in the solid state and in 

solution.309,315,313,335-342 The lifetime of the luminescence decay of the excited state of uranyl 

perchlorate ion has been determined using single photon counting technique in D2O and H2O, 

and these values are 2.6 and 3.0 �s, respectively.315,335 Considering the very long lifetime of 

the excited state of a molecular species consisting of a heavy metal atom like uranium, which 

can induce a strong spin-orbit coupling mechanism in the excited states leading to very 

efficient intersystem crossing process, it becomes obvious that the luminescence takes place 

from the lowest excited triplet state.343-346 Therefore, the luminescence of uranyl compounds is 

strictly an example of phosphorescence,309,315,317,335-340 although a few groups of workers 

adhere to its description as fluorescence.341,342 Recently, Bernhard determined the lifetimes of 

the luminescence of the calcium salts of uranyl carbonates, both in aqueous solutions and in 

solid samples, using gated intensified array detector following excitation using 266 nm laser 

pulses.342 The luminescence lifetimes measured in solutions have been shown to be much 

shorter (about 40 ns) as compared to those measured in solid samples (about 300 μs). Because 

of the short luminescence lifetime of the excited state in solution, the authors assigned it to 

fluorescence emission. However, similarities of the features of luminescence spectra of the 

uranyl carbonate salts to those reported for other uranyl salts clearly suggest that luminescence 

of the uranyl carbonate salts should also be assigned to phosphorescence.337-340,342 Nanosecond 

laser flash photolysis of uranyl compounds in aqueous solution yields a transient, which has 

been characterized as the triplet state. The absorption spectrum of the triplet state has λmax at 

ca. 570 nm and the decay lifetime of this transient has been determined to be about 1.25 
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μs.309,315,347-349 This value is nearly in agreement with that of the luminescence lifetime of 

uranyl perchlorate or nitrate salts in aqueous solution. These facts confirm the assignment of 

the luminescence of uranyl salts to phosphorescence. While a number of reports have been 

published characterizing the photophysical and photochemical properties of the triplet states of 

the uranyl salts, initial events following photoexcitation is not yet known, which can provide 

information regarding the different lower energy electronic excited state pertinent to 

photophysical and photochemical properties of uranyl ion. In this chapter, we describe the 

relaxation dynamics of the higher excited singlet and triplet states of uranyl nitrate in aqueous 

and methanolic solutions using transient absorption spectroscopic technique having about 100 

fs time resolution. Spectral and temporal evolution revealed that the relaxation of the higher 

excited states leads to the formation of the lowest excited triplet state, T1(3Φg), within a few 

picosecond following photoexcitation. 

8.2. Results and discussion  

8.2.1  Steady State Absorption and Fluorescence Studies: Figure 8.1 shows the normalized 

absorption and luminescence spectra of uranyl nitrate salt dissolved in aqueous solution of 1N 

nitric acid and in methanol. In aqueous solution, the vibronic bands of the absorption spectrum 

are not as well resolved as those in the luminescence spectrum. In methanol, the vibronic bands 

in both the absorption and luminescence spectra are poorly resolved and broad. It is also 

important to note that although the positions of the maxima of the luminescence bands nearly 

coincide with those observed in aqueous solution, the absorption maximum in methanol shows 

a significant shift (by about 18 nm) to lower energy with respect to that observed in aqueous 

solution. In aqueous nitric acid solutions, formation of three different complexes of uranyl 

nitrate, namely [UO2(NO3)]+, [UO2(NO3)2], and [UO2(NO3)3]- have been proposed by Houwer 

and Görller- Walrand, and they also illustrated the distribution of these three species, which 

exist in equilibrium in solution as a function of the concentration of nitrate ion.8.22,8.45 This 

work reveals that in a solution of 1N nitric acid, all these forms, including free [UO2]2+, are 
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likely to coexist. They have also determined the absorption spectroscopic properties of the free 

form as well as the mono-, di-, and trinitrato complexes (single component spectra) by 

deconvolution of the mixed species spectra.327 The most important results revealed by these 

analyses are that, by successive addition of the bidentate nitrate ion ligand to the uranyl ion, the 

vibronic structures become more well resolved with an overall shift of the band position 

toward the lower energy region.327 The different electronic transitions and the typical vibronic 

progressions in [UO2]2+ and [UO2(NO3)]+ are not distinctly distinguishable because of lower 

symmetry, while those for [UO2(NO3)3]- are well structured. 

 
Figure 8.1. Normalized absorption and luminescence spectra of uranyl nitrate in aqueous solution of 
1N nitric acid (A) and methanol (B). 

 

Recently Ikeda-Ohno et al. used multiple spectroscopic techniques, such as UV-visible-NIR 

absorption and EXAFS, as well as DFT calculations to reveal the speciation and structures of 

the aquo-nitrate species of U(VI) in aqueous HNO3 solutions.351 Their results suggest that the 

U(VI)NO3 complexation system in HNO3 undergoes formation of a 5-fold bidentate coordinate 

mononitrato complex, [UO2(NO3)(H2O)3]+, and a 6-fold bidentate coordinate dinitrato 

complex, [UO2(NO3)2(H2O)2], with increasing concentration of HNO3, terminating with the 
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formation of a bidentate coordinate trinitrato complex, [UO2(NO3)3]-. They have also 

concluded that the presence of unidentate coordinate complexes or a tetranitrato U(VI) 

complex is less probable in the aquo-HNO3 system. Ikeda et al. have also investigated the 

speciation of U(VI) nitrate species in acetonitrile and identified the complex structures of the 

individual species in the system. With increasing nitrate concentrations up to 0.15 M, the 

spectra were gradually changed with better resolved and more intense vibronic absorption 

bands but no significant change in the spectral position.352 The well resolved vibronic 

structures are the characteristic features of the trinitrato uranyl complex, [UO2(NO3)3]-, having 

higher symmetry.327,351 There was no further change of the spectrum by increasing nitrate 

concentration over 0.15 M. Hence, it was concluded that the trinitrato complex becomes the 

dominant species in higher nitrate concentration. Lahr and Knoch found evidence for the 

formation of UO2(NO3)2(aq) in solutions of HNO3 with concentration varying in the range 0-8 

M HNO3.353 The same has been supported by the spectrophotometric study of Klygin et al., 

who found no evidence for HUO2NO3 but found evidence instead for HUO2(NO3)3(aq) too.354 

Lahr and Knoch also found evidence for the formation of HUO2(NO3)3.48 However, there is no 

reliable quantitative information on the enthalpy of formation of these different kinds of 

dioxouranium(VI) nitrato complexes.355 Figure 8.1 reveals that, in aqueous solution, the 

vibronic structures of the absorption spectra are not as well resolved as those predicted from 

the calculated single component spectrum of [UO2(NO3)3]- and also not as blurred as predicted 

for [UO2(NO3)]+.327 Hence, the reported results on spectral analyses and speciation of uranyl 

nitrate species led us to assume that our solution of uranyl nitrate in 1 N solution may contain 

all three complexes, namely, [UO2(NO3)(H2O)3]+, [UO2(NO3)2(H2O)2], and [UO2(NO3)3]- and 

we do not have precise knowledge about their relative compositions. However, both the 

theoretical and experimental results, as discussed above, lead us to predict no significant 

dependence of the nature of the lowest excited state energy levels on the kind of ligands but 

only a little variation in the vertical excitation energies. Hence, we may assume, as well, that 
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there will be no significant dependence of the spectroscopic and dynamic properties of the 

lower excited states of the uranyl ion on the composition of the solution containing different 

kinds of dioxouranium(VI) nitrato complexes. The species existing in methanol solution has 

earlier been identified as UO2(NO3)2·2CH3OH.356 However, recent DFT calculations 

performed by Tsushima suggest that in the ground state geometry, in all cases, there is only a 

weak hydrogen bond between the solvent molecules and the axial oxygen and the structure of 

the complex should be represented by UO2(NO3)2(H2O)2·CH3OH.316 The shift of absorption 

maximum primarily reflects the change in U-Oax bond, because this absorption band originates 

from the electronic transition from HOMOs to LUMOs both of which are located on [UO2]2+ 

moiety.316 However, the DFT calculation revealed that the Oax · · ·H distances between axial 

oxygen and alcohol is overall long, indicating only a weak interaction between the uranyl 

oxygen and alcohol. It has also been found that the Oax · · ·H distance is much longer when the 

axial linkage is formed via the methyl group than via the OH group. However, the Gibbs 

energy for the formation of the axial linkage via the methyl hydrogen is slightly lower than that 

via the hydroxyl oxygen. Hence, it has not been possible to conclude which linkage is 

energetically more preferred at the ground state. However, a large red shift (by about 18 nm) of 

the absorption maximum in methanol as compared to that in aqueous solution also possibly 

indicates the existence of much stronger interaction between the uranyl nitrate complex and 

methanol molecule via formation of an apical Oax · · ·H linkages between the excited state of 

UO2
2+ ion, (UO2

2+)*, and alcohol molecules. Assuming that the lowest energy transition related 

to the absorption spectra of uranyl complex in solutions is assigned to T1(3Φg) ←S0(1Σg), the 

energy corresponding to the wavelength of crossing of the normalized absorption and 

phosphorescence spectra can be correlated with that of the phosphorescent state or the lowest 

excited triplet state, T1(3Φg). These values have been determined to be about 21008 and 20833 

cm-1 (corresponding to the wavelengths of 476 and 480 nm) in aqueous and methanol 

solutions, respectively. This value agrees reasonably well with that of the lowest excited triplet 
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state (3Φg) obtained from the theoretical calculations using different methods varying in the 

range 20000-22000 cm-1.328-334 

8.2.2 Femtosecond Transient Absorption Spectroscopic Studies: 

8.2.2.1 In Aqueous Solution. Figure 8.2 shows the time-resolved absorption spectra of the 

transient species created following photoexcitation of uranyl nitrate in aqueous solution of 1N 

nitric acid using 400 nm light. The transient spectrum constructed at 0.2 ps delay time shows a 

broad excited state absorption (ESA) band in the 500-800 nm region with a maximum at 630 

nm and shoulders at ca. 570 and 720 nm. With increase in delay time up to about 1 ps, we 

observe a significant decrease of absorbance in the 700-800 nm region but a marginal growth 

of absorption at 630 nm. However, with a further increase in delay time up to about 10 ps, we 

observe a decrease in absorbance at 630 nm and the development of a new absorption 

maximum at ca. 570 nm. We observe the appearance of a temporary isosbestic point at ca. 610 

nm during the evolution of the transient spectra in the 1-10 ps time domain. The spectrum 

recorded at 10 ps delay time can be assigned to the triplet state because of its similarity to that 

reported earlier.309,315,317,344 A numerous number of earlier studies showed that flash excitation 

of different kinds of uranyl salts in different kinds of media, including aqueous acid solutions, 

viscous media, doped glasses and others, yielded a broad intense absorption spectrum, which 

was seen to shift only slightly with change of medium with an absorption maximum at ca. 570 

nm.315 Figure 8.3 shows the temporal profiles, along with their bestfit functions, recorded at a 

few selective wavelengths. Because of overlapping of the absorption spectra of more than one 

excited states involved in the evolution of the time-resolved spectra shown in Figure 8.2, the 

dynamics of transient absorption is wavelength dependent. In the 690-800 nm region, where 

the absorption coefficient of the lowest excited triplet (T1) state is negligibly small,315,347 

transient absorption initially grows with the instrument response time, followed by a two 

exponential decay. Between these two decay components, the first one is ultrafast and its 
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lifetime is dependent on the monitoring wavelength and varies from 0.4 ps measured at 790 nm 

to 1 ps at 690 nm. This kind of wavelength dependent dynamics leads to band narrowing in the 
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Figure 8.2. Time-resolved absorption spectra of the transient species created following photoexcitation 
of uranyl nitrate in aqueous solution of 1 N nitric acid using 400 nm light. 
 
lower energy region of the spectrum and suggests the intramolecular vibrational relaxation of 

the excited state created with an excess vibrational energy. Following this decay, transient 

absorption reaches a residual value, which is also dependent on the wavelength, and the 

lifetime of this residual component is much longer than a few hundred picoseconds On the 

other hand, each of the temporal profiles monitored in the 610-670 nm region shows another 

component with growing absorption, in addition to that growing with the instrument response 

time, and the former is followed by an exponential decay to reach the long-lived residual value. 

The lifetime of the slower growing component increases from 0.16 ps measured at 670 nm to 

0.85 ps at 610 nm. The lifetime of the decay component (∼0.95±0.1 ps), however, does not 

show wavelength dependence in this wavelength region. The residual value of the longer-lived 

absorption increases gradually by changing the wavelength from 670 to 610 nm, at which the 

decay component is absent and transient absorption shows only the growth component of 

absorption followed by the component growing with the instrument response time. Further, the 
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temporal profiles monitored in the 530-590 nm region show twocomponent growth of transient 

absorption. The growth lifetimes of these components are 0.85 ±0.1 and 1.6 ±0.1 ps and the 

lifetimes are nearly independent of the monitoring wavelength in this region. The time-

resolved spectra and the temporal dynamics as presented in Figures 8.2 and 8.3, in combination 

with the fact of appearance of a temporary isosbestic point at 610 nm in the time-resolved 

spectra, clearly suggest the involvement of at least three excited states or photophysical 

processes taking place in sub-10 ps time domain. Considering the fact that we have used laser 

light of 400 nm wavelength (energy 25 000 cm-1) for excitation of the uranyl compound, we 

will consider only the lower excited states located within the 20000-25000 cm-1 energy range 

correspond to excitations from the HOMO σu to the nonbonding fδ and fφ orbitals.328-334 
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Figure 8.3. Temporal profiles recorded at a few selective wavelengths following photoexcitation of 
uranyl nitrate in 1M nitric acid solution. The solid lines represent the best fit multiexponential function 
associated with the temporal profile. The lifetimes of the ultrafast components are given in inset.  
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 Following the detailed discussion presented in the Introduction of this chapter 

regarding identification of three lower energy excited states, we propose that three states, 

namely 3Φg, 3Δg, and 1Φg (in the order of increasing energy), are responsible for the 

photophysical processes observed following photoexcitation of uranyl nitrate in aqueous 

solution using 400 nm light. Following the potential energy schemes described by several 

authors earlier, the excited state relaxation processes taking place following photoexcitation of 

the uranyl nitrate ion in aqueous solution using 400 nm light can be described by the schematic 

potential energy surface diagram shown in Figure 8.4.328-334  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 8.4. Schematic potential energy surface diagram depicting the excited state relaxation processes 
taking place following photoexcitation of the uranyl nitrate ion in aqueous solution using 400 nm light. 
 

Uuranyl nitrate ion is excited to the S1(1Φg) state with some amount of excess vibrational 

energy, the amount of which is not predictable, since the energy levels of these three states are 

not precisely known from spectroscopic measurements and those obtained from theoretical 

calculations vary significantly depending on the method of calculation as well as the structure 

of the complex. Because of the presence of the heavy atom in uranyl ion as well as the open 
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shells in the triplet states, the spin orbit coupling between the singlet and the triplet excited 

states is very strong.343-346 Therefore, the intersystem crossing process is expected to be 

extraordinarily fast and taking place in the sub- 100 fs time scale to cross over from the higher 

energy vibrational manifold of the S1(1Φg) state to the higher vibrational level of the T2(3Δg) 

state.344-346 Therefore, the lifetime of about 0.85 ps measured for this state in aqueous solution, 

can be assigned to the ultrafast intramolecular vibrational relaxation (IVR) process taking place 

in the T2(3Δg) state following the ultrafast ISC process.343-346 The latter is faster than the time-

resolution of our spectrometer (∼100 fs) and could not be resolved using our spectrometer. The 

spectral evolution observed within 1 and 5 ps time domain is associated with the decay of 

absorbance in the red region and growth in the blue region, resulting the occurrence of an 

isosbestic point at ca. 610 nm. This suggests the 1:1 conversion between two states, namely the 

conversion of the T2(3Δg) state to the lowest excited triplet, T1(3Φg) state via the internal 

conversion (IC) process. This process has the lifetime of about 1.6 ps in aqueous solution. The 

subsequent process is the radiative (phosphorescence) decay from the T1(3Φg) state to the 

S0(1Σg) state. 

8.2.2.2 In Methanol Solution. Figure 8.5 shows the time resolved absorption spectra of the 

transient species created following photoexcitation of uranyl nitrate dissolved in methanol 

using 400 nm laser pulses. We observed degradation of the sample following photoexcitation 

because of reaction between the triplet excited state of UO2
2+ ion via abstraction of a hydrogen 

atom from the solvent molecule.315,354-360 Hence special care has been taken for replacement of 

the sample during acquisition of the spectra. However, it is important to remember that we are 

concerned here with the dynamics of the shorter lived excited states prior to the formation of 

the longer lived lowest excited triplet state, which undergoes the photochemical reduction 

reaction.315 
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Figure 8.5. Time-resolved absorption spectra of the transients created following photoexcitation of 
uranyl nitrate in methanol using 400 nm light. 
 

This reaction is not expected to alter the dynamics of the higher excited states being 

investigated here significantly. The transient spectrum recorded at 0.4 ps delay time consists of 

two distinct absorption bands with maxima at ca. 570 and 690 nm as well as a shoulder at ca. 

800 nm. With an increase in delay time up to about 2.5 ps, all three absorption bands in the 

470-950 nm region decay with very little change in the shape of the spectrum. However, with a 

further increase in delay time up to about 25 ps, absorption in the 650-800 nm region continues 

to decay, but that in the 530-600 nm region increases marginally. This indicates the 

involvement of two photophysical processes in the evolution of the time-resolved spectra 

presented in Figure 8.5. As a result of this evolution, the transient spectrum recorded at 25 ps 

delay time has the main absorption band with a maximum at 570 nm and another band 

appearing as a shoulder at ca. 690 nm. The characteristics of evolution of the time-resolved 

spectra in methanol are apparently not very similar to those observed in the case of aqueous 

solution. However, the temporal evolution of transient absorption in methanol reveals the 

similar kinds of processes as in the case of aqueous solution. The temporal profiles, which 
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reveal the nature of evolution of the transient absorption, recorded at a few selective 

wavelengths following photoexcitation of uranyl nitrate in methanol solution, along with the 

best fit functions and the associated lifetimes have been presented in Figure 8.6. The temporal 

profile recorded at 900 nm could be fitted with a biexponential decay function consisting of an 

ultrafast component with lifetime of about 0.4 ps and another long-lived component with 

lifetime longer than 500 ps, which can be assigned to the long-lived lowest excited triplet 

state.315 However, each of the transient absorption decay profiles in the 650-850 nm region 

could be well-fitted with a triexponential decay function. While the lifetime of the third 

component is longer than 500 ps measured at all the wavelengths in this region, the decay of 

the other two components are ultrafast. The lifetime of the shortest component is wavelength 

dependent and the lifetime increases from 0.6 ps measured at 870 nm to 0.9 ps at 690 nm. This 

suggests the occurrence of IVR process, which is similar to that observed in aqueous solution. 

Assuming that the uranyl nitrate ion is excited to the S1(1Φg) state using 400 nm light, the 

ultrafast intersystem crossing process leads the excited uranyl ion to the higher vibrational 

levels of the T2(3Δg) state, which relaxes to the zero vibrational level with the lifetime of about 

0.9 ps. The lifetime of the other component, shows a marginal increase as the wavelength is 

tuned from 850 to 690 nm. However, the average lifetime of this component is about 4.2±0.3 

ps and this can be assigned to the conversion of the T2(3Δg) state to the lowest excited triplet, 

T1(3Φg) state via the internal conversion (IC) process. Further, the nature of the temporal 

profiles recorded within the absorption band in the 520-600 nm region is wavelength 

dependent. Two such typical profiles recorded at 540 and 570 nm have been shown in Figure 

8.6. Multiexponential fittings of these temporal profiles also revealed the occurrence of three 

photophysical processes with the lifetimes of about 0.9 ±0.2, 4.5 ±0.3, and >500 ps. These 

lifetimes agree well with those determined from the analyses of the temporal profiles recorded 

in the 690-900 nm wavelength region and can be assigned to the same processes. These results 
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Figure 8.6. Temporal profiles recorded at a few selective wavelengths along with the best-fit functions, 
depicting the temporal evolution of the transient species created following photoexcitation of uranyl 
nitrate in methanol. The lifetimes of the ultrafast components associated with the best-fit functions are 
also given in the insets.  
 
lead us to conclude that, like in the case of aqueous solution, vibrational relaxation followed by 

a process of interconversion between two transient states is responsible for the evolution of the 

time-resolved spectra presented in Figure 8.5. We observe that while the lifetimes of the 

vibrational relaxation process are comparable in aqueous and methanol solutions, the lifetimes 

of the IC process determined in methanol solution (τic ∼ 4.5 ps) is much longer than that in 

aqueous solution (τic ∼ 1.6 ps). This may indicate a larger energy gap between the T2(3Δg) and 

the T1(3Φg) states. We observe that although the analyses of the temporal profiles recorded 

over the entire 500-900 nm wavelength region in methanol solution, establish the prevalence of 

two photophysical processes (namely, vibrational relaxation, and internal conversion), which 

are similar to those occurring in aqueous solution, large dissimilarities in the characteristics of 
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the transient spectra in these two solvents (Figures 8.2 and 8.5) raise the question regarding the 

identities of the excited states in methanol solution, as shown in Figure 8.4. It is well-known 

that the UO2
2+ ion in aqueous alcoholic solutions or in neat alcohols can be photochemically 

reduced to UO2
+ ion (and eventually to U4+ ion through disproportionation).307,309,357-360 Hill et 

al. investigated the spectra, kinetics, and reactivity of (UO2
2+)* by means of laser flash 

absorption spectroscopy (which enabled to identify the excited state absorption spectrum of 

(UO2
2+)*), single photon counting (to enable to measure very short lifetime of UO2

2+* in 

emission), and conventional or steady-state fluorescence measurements (enabling to determine 

the quenching mechanism, whether dynamic or static, by comparing the rate of quenching 

determined by other two methods).315 They observed that both the 570 nm absorption (which is 

the characteristic of the triplet state) and the emission as determined by both single photon 

counting and steady-state fluorometry, were quenched on addition of various alcohols and the 

Stern-Volmer quenching constants were closely correlated with the absolute quenching 

constants for the transient determined by laser flash photolysis. Hence they concluded that the 

same electronic state of UO2
2+ is responsible for (i) emission to the ground state, (ii) the 

absorption at 570 nm to a higher excited state, and (iii) the photooxidation of aliphatic 

alcohols. Further, a close agreement between the quenching constants determined by the 

steady-state and time-resolved emission experiments throughout the range of alcohol 

concentration used (up to about 2 mol dm-3) suggests that the dynamic nature of the quenching 

mechanism and not via formation of UO2
2+-alcohol complex. In addition, detection of the 

R2C˙OH kind of radical in photolysis of glassy alcoholic solutions of UO2
2+ by ESR 

spectroscopic technique led them to suggest a mechanism of attack on alcohols via the type of 

reaction given in eq. 1.340,361 However, Ledwith et al. have succeeded in spin trapping the 

CH3O• radical in photolysis of UO2
2+ in neat methanol solution, but not in other neat 

alcohols.362 This suggests the possibility of extraction of hydroxylic hydrogen too in neat 

methanol. 



Chapter 8: Ultrafast Dynamics of the Excited States of Uranyl Ion in Solutions 

 

185 
 

Tsushima studied the photochemical process of reduction of UO2
2+ to UO2

+ in alcohols using 

DFT calculations.316 As mentioned earlier (section 8.2.1), his calculation has revealed very 

weak interaction between UO2
2+ and methanol in the ground state via formation of a weak 

apical Oax · · ·H linkage. Again, at the ground state geometry of the UO2
2+-H2O complex too, 

the hydrogen bond between the water molecules and the axial oxygen is weak, but the apical 

Oax · · ·H distance is shorter than that in the UO2
2+methanol complex. However, in the excited 

triplet state, the situation becomes different. In the case of the UO2
2+methanol complex the 

(UO2
2+)*-to-alcohol apical Oax · · ·H linkage is significantly shortened and there is a partial 

electron outflow from the apical solvent to the uranyl ion. Consequently, UVIO2
2+ reduces to 

UVO(OH)2+ via a hydrogen abstraction reaction from alcohol. On the other hand, in the case of 

the UO2
2+-H2O complex, the lowest excited triplet state is mostly metal-centered charge 

transfer (MCCT) or metal to ligand charge transfer (MLCT) states, although some contribution 

from uranyl to solvent charge transfer has also been found. Hence, the charge remains 

localized mainly within the UO2
2+ unit and hence the interaction between the (UO2

2+)* and 

apical H2O molecule remains weak in the excited state. This is also revealed by the similar 

apical Oax · · ·H distances in the ground and excited states of the UO2
2+-H2O complex. In the 

light of the above discussion, it becomes obvious that the mechanism of photooxidation of 

alcohols by the excited state of the uranyl ion, (UO2
2+)* may follow different mechanisms in 

aqueous-alcoholic solutions (in which the alcohol concentration used is about 2 mol dm-3) and 

in neat methanol. In the former case, (UO2
2+)* may retain its structure as that has been 

predicted in aqueous solution, and hence the energy level diagram and the relaxation dynamics 

should be very similar to that observed in aqueous solution (Figure 8.4). However, in neat 

methanol, because of stronger interaction via solvent to uranyl charge transfer in the excited 

state, possibly the lowest excited triplet state, T1(3Φg), gains solvent-uranyl charge transfer 

character, leading to partial reduction of U(VI) to U(V) in neat methanol solution to form a 

R2CHOH + (UO2
2+)*→R2COH + UO2

+ + H+ (Solv)   ….(1)



Chapter 8: Ultrafast Dynamics of the Excited States of Uranyl Ion in Solutions 

 

186 
 

transient species having the structure [UO(OH)2+]*.316 Hence the structure of the lowest 

excited triplet state in methanol is different than that in aqueous solution. The energy level of 

the latter species is possibly lower than that of (UO2
2+)* and hence increasing the energy gap 

between the T2 and T1 states. These arguments possibly explain the different spectral 

characteristics of the transient species produced in neat methanol and aqueous solutions as well 

as the longer lifetime of the IC process in methanol solution, which have been observed in the 

present work. To the best of our knowledge, this is the first report on the relaxation dynamics 

of the excited state of uranyl ion to establish different kinds of interactions between (UO2
2+)* 

and the solvent in aqueous and methanolic solutions, as theoretically predicted by Tsushima.316  

8.3 Conclusion 

In conclusion, ultrafast events on visible excitation of uranyl ion in aqueous and methanolic 

solution have been deciphered using femtosecond time resolved transient absorption 

spectroscopy. Following 400 nm laser excitation, The S1(1Φg) state undergoes ultrafast 

intersystem crossing (τISC <100 fs) to the higher vibrational levels of the T2(3Δg) state, followed 

by the intramolecular vibrational relaxation (IVR) process in the later electronic state (τIVR 

∼0.85 and 1 ps in aqueous and methanolic solutions, respectively). Subsequently, the T2(3Δg) 

state undergoes an internal conversion (IC) process (τIC ∼l.6 and 4.5 ps in aqueous and 

methanol solutions, respectively) to the long-lived T1(3Φg) state, which is responsible for the 

luminescent properties of the uranyl ion. In neat methanol, because of stronger interaction 

between the excited triplet, T1(3Φg), state and the solvent via solvent to uranyl charge transfer, 

the U(VI) ion undergoes partial reduction to U(V) and the energy level of this state possibly 

lies lower than that of (UO2
2+)*, which is the transient species existing in aqueous solution, and 

hence increasing the energy gap between the T2 and T1 states in methanol solution. These facts 

possibly explain different spectral characteristics of the transient species produced in methanol 

and aqueous solutions as well as the longer lifetime of the IC process in methanol solution. 
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In this thesis, we have made an effort to understand structure-dynamics relation in 

photoinduced electronic excited states of various model molecular systems. The main emphasis 

has been elucidation of intramolecular charge transfer and proton transfer reactions and 

associated large amplitude structural relaxation dynamics to discern the role of electronic and 

geometric factors responsible for the dynamical evolution of the excited electronic states. 

Effects of solvent polarity, proticity and viscosity have been extensively studied to understand 

charge transfer excited state and their relaxation dynamics in real time. In inorganic systems, 

intersystem crossing is known to be a general phenomenon which occurs in ultrafast timescale. 

The rate of ISC and subsequent charge transfer dynamics in triplet manifolds plays crucial role 

in many applications such as solar energy harvesting. As these processes occur in ultrafast 

timescale, femtosecond time resolved transient absorption and fluorescence spectroscopy are 

proved to be efficient techniques to disentangle the complex relaxation dynamics of several 

competing pathways. Here we summarize the observations made from femtosecond studies of 

different chemical systems. 

In chapter 3, we have described the excited state relaxation and deactivation processes 

of curcumin in various solvents. In polar solvents, solvation was revealed to be the main 

relaxation process. Because of  six membered intramolecular hydrogen bonded structure with 

flexible geometry, excited state intramolecular proton transfer and isomerization reaction can 

be important excited state events in curcumin.  In nonpolar solvents, ESIPT was proposed to 

reduce excited state lifetime, though ESIPT process could not be monitored due to the 

symmetrical structure around the keto-enol moiety.  To monitor ESIPT dynamics, an 

unsymmetrically substituted 1, 3-diketone (DMADK) with high degree of charge transfer was 

synthesized and ultrafast relaxation studies were performed as described in chapter 4. An 
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ultrafast ESIPT reaction was observed in all solvents but direction of proton transfer was found 

to be strongly solvent dependent. In high polarity solvents, large amplitude twisting motion of 

dimethylanilino group was observed to follow ESIPT process. ESIPT, charge transfer, 

solvation and large amplitude structural relaxation in femtosecond to picoseconds time domain 

was revealed to participate in excited state relaxation of charge transfer keto-enol molecule.  

The dynamics of twisted intramolecular charge transfer (TICT) reaction has long been 

of interest in the field of photochemistry. The necessity of twisting for attainment of high 

degree of charge transfer has been intensely debated for over a few decades. On one side, 

compelling evidences for TICT in dimethylaminobenzonitrile family have been put forward, 

highly intramolecular charge transfer state without twisting has also been observed in many 

molecular systems. From the comparative studies on two isomeric dimethylaminochalcones 

(DMAC-A and DMAC-B), we have shown in chapter 5 that degree of conjugation between the 

donor and acceptor group plays important roles to govern twisting relaxation in the excited 

state. When conjugation length is large (DMAC-B), large charge transfer is attained in polar 

solvents without TICT relaxation. Whereas, in short conjugated system ultrafast relaxation to 

TICT state is the dominant reaction. On the other hand in nonpolar solvents, ICT-TICT 

relaxation is inhibited for both the molecules and ISC becomes the common relaxation 

mechanism. We have further shown in chapter 6 that in case of extremely high charge transfer 

systems due to large donor/acceptor strength of the D-A molecules, twisting relaxation may be 

operative even in nonpolar media followed by other relaxation events depending upon solvent 

polarity. This has been extensively illustrated in the excited state dynamics of p-NPP molecule, 

where nitro group imparts very large charge transfer due to strong electron accepting ability of 

nitro group. A generalized picture of proton and charge transfer reactions may be obtained 

from the studies of various molecular systems with fine tuned electronic structure. Future 

exploration in this direction is warranted for better understanding of elusive factors behind 

molecular level control of excited state reaction dynamics. 
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Emission property of uranium is known from over a century. Emission lifetime of 

different uranyl complexes have been used for speciation studies. Long lifetime of uranyl ion 

emission has been understood to be the phosphorescence phenomenon which originates from 

the lowest energy excited triplet state. But, the initial events following photo excitation were 

not well studied. As described in chapter 7, our study revealed that ultrafast ISC process 

followed by vibrational relaxation and internal conversion take place in a few picoseconds 

timescale to form the long lived excited triplet state responsible for phosphorescence emission. 

We believe this study on uranyl ion would be an important step towards revelation of excited 

state dynamical aspects of various lanthanide and actinide complexes. The detailed dynamical 

information of excited state relaxation may open up potential utilization of heavy metal 

complexes in optoelectronic devices. 

 In chapter 8, dynamics of a heteroleptic ruthenium complex has revealed an ultrafast 

charge localization process to the lower energy π accepting ligand. The localized nature of  

electronic charge in the lowest energy 3MLCT state and its formation in ultrafast timescale 

may have huge impact on subsequent electron transfer dynamics in multi-chromophoric 

assembly which can significantly affect the solar energy harvesting efficiency. A generalized 

picture of charge localized state and corresponding timescale can be achieved by employing 

varieties of ligand substituted complexes which can be an important research direction in 

future. 

The investigations presented in the thesis provide some interesting and important 

insights into the electronic and structural dynamics of intramolecular charge transfer excited 

states. The events described in different chapters are specific to the structure of the molecules, 

though systematic variations observed in the excited state dynamics is possible to correlate 

with the structures and functional groups present in the molecular system. A deeper 

understanding and attaining a generalized picture of excited state reaction dynamics need 

elaborate investigation with larger number of molecular systems. Moreover, different newer 
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techniques which appeared in near past such as femtosecond X-ray or electron diffraction can 

directly monitor the atomic motion in real time scale.363, 364 These techniques are capable to 

directly mapping the atomic coordinates during the structural evolution in ultrafast timescale. 

Though these techniques presently offer studies on transient structure of simpler molecules 

with a few numbers of atoms, the scope of research with these techniques will certainly 

improve in near future to resolve time evolution of complex molecular systems. Improvement 

in time resolution such as attosecond laser pulses is emerging to directly observe electronic 

motion around the nucleus.365 Myriad research avenues are present, which need to be explored 

to understand matter and dynamics with improved atomic and temporal resolution.  
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