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Synopsis 
________________________________________________________________ 

Abstract 

The thesis describes our results on anomalous fluorescence modulation to illustrate 

the much debated role of hydrogen bonding on photoinduced electron transfer (PET). The 

content of the thesis has been spread out into seven chapters. Chapter 1 briefly accounts 

recent experimental and theoretical developments in the field of excited-state H-bonding and 

H-bonded mediated PET, which motivate us to undertake the project. Chapter 2 summarises 

experimental and theoretical methods used in our studies. In chapter 3, we first 

experimentally confirmed the theoretical prediction that PET becomes facilitated through 

donor-acceptor H-bonding between coumarin 102 (C102, acceptor) and phenol (donor). In 

chapter 4, we showed that PET depends unusually on the mole fraction of H-bond donor 

(aniline) in a mixture where an additional inert component is present along with the donor. 

The results may be attributed to possible modulation of polarity or H-bonding environment 

around the acceptor in the mixture. In chapter 5, we demonstrated that the anomalous PET 

behaviour retains even in similar polarity mixture of aniline (AN) and N,N-dimethylaniline 

(DMA). Chapter 6 emphasizes that the competitive H-bonding concept can account for the 

anomalous behaviour of PET for a different H-bonding donor- phenol as well. We revisited 

the system studied in chapter 3 with much fuller mole fraction range of phenol. In Chapter 7, 

we have utilized fluorescence up-conversion measurements to detect much more ultrafast H-

bond assisted PET of a better electron acceptor coumarin 153 (C153) in AN-cyclohexane 

mixture. In the end, a future outlook is provided. 

 

Chapter 1: Introduction 

Photoinduced electron transfer (PET) is an excited state process where an 

electronically excited molecule can take up (Reductive PET) or releases an electron 

(Oxidative PET) from/to another molecule (called donor or acceptor, respectively). The 

factors governing the PET such as free energy, substituent effect, isotope effect have been 

reviewed in this chapter.1-6 A special focus has been attributed to the issue of the fate of H-

bonding in the electronic excited state i.e. whether H-bond breaks or becomes stronger in the 
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excited state.7-13 The studies related to the effect of H-bonding on PET have been reviewed.14-

20 The scope of the current project in the context of the existing literature has been discussed. 

 

Chapter 2: Experimental and theoretical methods 

Theoretical calculation methodology, mainly density functional theory (DFT) and 

time-dependent density functional theory (TD-DFT) on C102-phenol systems were presented. 

Specifications of all the instruments (e.g. UV-Visible spectrophotometer, steady state 

spectrofluorometer, time correlated single photon counting (TCSPC), femtosecond up-

conversion, FT-IR spectrophotometer etc.) are provided. Chemicals used and sample 

preparation procedures have also been included. 

 

Chapter 3: Hydrogen-Bond induced photoinduced electron transfer of 

coumarin 102-phenol complex21 

To understand the H-bonding effect on fluorescence, we have chosen three phenol 

derivatives- phenol, p-Cl-phenol and anisole (Figure 3.1) of varying H-bonding strength. 

First, we have discussed the results of DFT and TD-DFT calculations of C102-phenol H-

bonded complex. Using TD-DFT methods we have demonstrated that H-bond of C102-

phenol (1:1 complex) is strengthened in the electronic excited-state which was in agreement 

with the results of Zhao and co-workers.12-13 The strengthening of the H-bond in the 

electronic excited-state is quite evident from the potential energy curves constructed from 

TD-DFT calculation followed by fitting with Morse type equation. 

This follows experimental results on fluorescence quenching of C102 in cyclohexane 

in the presence of phenol. Steady-state fluorescence measurement showed that fluorescence 

of C102 in cyclohexane drastically quenches in the presence of phenol. This was in 

agreement with the prediction of the theoretical study of Zhao and co-workers.12-13 

Fluorescence quenching was found to be even more pronounced in the presence of p-Cl-

phenol which has stronger H-bonding ability. However, fluorescence quenching was absent 

for anisole, where H-bond formation is not possible. Fluorescence quenching of C102 in the 

presence of different H-bond donor was correlated well with the H-bonding strength using 

Stern-Volmer plot. Fluorescence quenching was explained on the basis of internal conversion 

TH-1431_11612246



Synopsis 
___________________________________________________________________________ 

iii 

 

(IC) from a locally excited (LE) state to a charge transfer (CT) state within the H-bonded 

complex. This study shows that excited-state hydrogen bonding dynamics, which are 

typically proposed to occur on a ultrafast time scale, may alter the fluorescence 

characteristics of a H-bonded complex on much slower time scale as well. The work was 

limited to lower concentration of phenol to avoid contributions from the higher order C102-

(phenol)n≥2 complexes. 

 
Figure 3.1: Schematic representation of H-bond controlled fluorescence quenching of C102-phenol 

complex for different H-bonding strength of the donor. 

 

Chapter 4: Enhancement of H-bond mediated photoinduced electron 

transfer upon addition of inert solvent: Coumarin 102 in cyclohexane-

aniline and toluene-aniline mixtures22 

In the previous chapter, we demonstrated the important role of H-bonding in assisting 

PET within a H-bonded complex. In this chapter, we have shown that under appropriate 

condition, H-bonding can enhance PET rate to such an extent that the rate could eventually 

exceed the PET rate observed in neat electron-donating solvent. This apparently opposes the 

conventional idea that higher amount of donor should increase PET. Surprisingly, we 

observed dramatic acceleration of PET (6-10 fold enhancement compared to neat AN), for 

C102 dissolved in a binary mixture of AN and an inert solvent (cyclohexane or toluene). The 

PET induced fluorescence follows an anomalous trend against the mole fraction of AN 

(XAN); first quenches up to certain XAN (0.075 for cyclohexane; 0.13 for toluene), thereafter, 
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enhances with increase in X

participate in the PET process, it may modulate C102

changing the polarity of the medium or by disruption the AN

donor-acceptor (C102-AN) H

The study clearly illustrates the dominant role H

rate where standard thermodynamics predicts very weak donor

Scheme 4.1: A scheme summarising the concept of c

photoinduced electron transfer is found to be more efficient in diluted donor than in neat aniline.

 

Chapter 5: Anomalous photoinduced electron transfer of coumarin 102 in 

aniline-N,N-dimethylaniline mixture

In the previous chapter the unusual PET modulation of C102 with X

two possibilities: (1) the D-A (AN

in polarity of the medium as the donor and the inert solvent may have very different polarity 

or (2) the additional D-D (AN

optimally for the PET. To decipher these two effects, in this chapter, we have investigated the 

PET of C102 in AN-DMA mixture. Both AN and DMA have similar polarity as evident from 

the Kamlet-Taft parameters of the two solvents 

change in the mixture may be eliminated. Interestingly, we still observed anomalous PET 

modulation for C102 in the mixture. The 

particular mole fraction, followed
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enhances with increase in XAN. Although, the non-interacting component cannot directly 

participate in the PET process, it may modulate C102-AN H-bonding association by 

changing the polarity of the medium or by disruption the AN-AN H-bond so that the key 

AN) H-bond become more effective for efficient PET

The study clearly illustrates the dominant role H-bonding in activating the electron transfer 

rate where standard thermodynamics predicts very weak donor-acceptor interaction.

summarising the concept of chapter 4. Hydrogen bonding activated 

photoinduced electron transfer is found to be more efficient in diluted donor than in neat aniline.

Chapter 5: Anomalous photoinduced electron transfer of coumarin 102 in 

laniline mixture23 

In the previous chapter the unusual PET modulation of C102 with X

A (AN-C102) H-bonding itself may be modulated due to change 

in polarity of the medium as the donor and the inert solvent may have very different polarity 

D (AN-AN) H-bonding may restrain the D-A H

optimally for the PET. To decipher these two effects, in this chapter, we have investigated the 

DMA mixture. Both AN and DMA have similar polarity as evident from 

Taft parameters of the two solvents (Table 5.1), hence, the effect of polarity 

change in the mixture may be eliminated. Interestingly, we still observed anomalous PET 

modulation for C102 in the mixture. The PET rate increases with increase in the X

followed by a decrease of the rate with further increases in X

___________________________________________________________________________ 

interacting component cannot directly 

bonding association by 

bond so that the key 

come more effective for efficient PET (Figure 4.1). 

bonding in activating the electron transfer 

acceptor interaction. 

 
hapter 4. Hydrogen bonding activated 

photoinduced electron transfer is found to be more efficient in diluted donor than in neat aniline. 

Chapter 5: Anomalous photoinduced electron transfer of coumarin 102 in 

In the previous chapter the unusual PET modulation of C102 with XAN was attributed 

bonding itself may be modulated due to change 

in polarity of the medium as the donor and the inert solvent may have very different polarity 

A H-bonding to adjust 

optimally for the PET. To decipher these two effects, in this chapter, we have investigated the 

DMA mixture. Both AN and DMA have similar polarity as evident from 

(Table 5.1), hence, the effect of polarity 

change in the mixture may be eliminated. Interestingly, we still observed anomalous PET 

with increase in the XAN upto a 

with further increases in XAN 
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(Figure 5.1). The observed anomalous PET modulation may be rationalized by considering 

efficient PET in the 1:1 H-bonded C102-AN complex (only D-A H-bond, non-competitive H-

bonding) but less efficient in higher order C102-(AN)n≥2 complexes (both D-A and D-D H-

bonds, competitive H-bonding) where additional D-D (AN-AN) H-bonding may influence 

the key C102-AN H-bonding and thus retard the PET process.  

 

Table 5.1: Kamlet-Taft parameters, π* (polarity); α (hydrogen bond donor) and β (hydrogen bond 

acceptor) of aniline and DMA. 

Solvent π
* α β 

Aniline 0.73 0.50 0.50 

DMA 0.73 0.0 0.43 

 

 

 

 

 

 

 

 

 

Figure 5.1: Schematic presentation of the main concept of the work done in the chapter 5. The PET 

of C102 in the uniform polarity AN-DMA mixture is found to be unusually modulated by the change 

in H-bonding conditions. 

 

Chapter 6: Reduced fluorescence quenching of coumarin 102 at higher 

phenol mole fractions in cyclohexane–phenol and anisole–phenol solvent 

mixtures24 

In chapter 3, we have already discussed that fluorescence of C102 drastically 

quenches upon H-bonding with phenol in a non-polar solvent cyclohexane due to H-bond 

induced PET. However, that work was limited upto low concentration of phenol where only 
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1:1 C102-phenol complex predominantly exists. In this chapter, we have revisited the same 

system upto much higher mole fractions of phenol. We found an unusual fluorescence 

modulation of C102 over mole fractions of the H-bond donor (phenol) in the cyclohexane-

phenol mixture. We observed that both the quantum yield (ϕf) and fluorescence lifetime 

(<τ>) decrease steadily with increase in the mole fraction of phenol upto a particular XPhOH,(= 

0.013), but thereafter, both the quantities increase with further increase in XPhOH
 (Figure 6.1). 

The results can be attributed to the competitive nature of the C102–phenol and the phenol–

phenol H-bonding. Since the PET quenching operates through the H-bond between the C=O 

group of C102 and the HO– group of phenol, the H-bond may fail to attain an optimum 

geometry when the phenol is linked with other phenols via the H-bond. The variation of the 

C102–phenol H-bonding nature with the mole fraction of phenol was supplemented by FT-IR 

measurements. Similar unusual variation of the C102 fluorescence is observed in the phenol–

anisole mixtures to a lesser extent, but is completely absent in the anisole–cyclohexane 

mixtures, where H-bonding is practically impossible (Figure 6.1). 

 

 
Figure 6.1: A comprehensive representation of chapter 6. The H-bond mediated fluorescence 

quenching of C102-phenol H-bonded complex is found to be unusually modulated by the variation of 

H-bonding conditions. 

 

Chapter 7: An inert component mixed with donor solvent can make 

ultrafast H-bond assisted photoinduced electron transfer even faster25 

The case of C102 discussed in the earlier chapters, cannot be a representative for 

ultrafast PET observed usually for other coumarins as C102 is reluctant to undergo PET in 

the absence of H-bonding. This implies that PET could occur favourably even in the absence 

of H-bonding. In this regard, we have chosen another acceptor coumarin 153 (C153) in 
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cyclohexane-AN and cyclohexane-DMA mixtures. C153 is known to undergo ultrafast PET 

in both neat AN and DMA.2 Structurally, C153 has similar skeleton to C102; only the methyl 

group is substituted by trifluoromethyl group (Figure 3.1). The –CF3 substitution has a 

profound effect on the reduction potential and hence, on the free energy of electron transfer 

becomes much more favorable. We observed that ultrafast PET from electron donating 

solvent (AN/DMA) to a dissolved acceptor (C153) shows very contrasting modulation when 

an inert component cyclohexane is added. In the case, where the donor solvent (AN) has the 

potential to form H-bond with the acceptor, the PET rates are found to accelerate by the 

presence of the inert component. On the other hand, for the donor solvent (DMA) incapable 

of forming H-bond with the acceptor, addition of cyclohexane retards the PET (Figure 7.1). 

This differential modulation of PET is justified by the possible rearrangement around the 

acceptor and the H-bonding situation in the mixture. 

 

 
Figure 7.1: Schematic representation of chapter 7. The ultrafast PET of C153 is found to be unusually 

modulated in the presence diluted electron donor having H-bonding ability. 

 

Future Outlook 

This thesis investigates very important role of H-bonding on PET using coumarin 

acceptor and aniline and phenol donors. To obtain more insight into the mechanistic details of 

intermolecular PET process various effects such temperature, isotopic substitution, 

substituent effect should also be considered. Isotopic substitution is an important technique. It 

will give valuable information about the detail mechanism of PET in hydrogen-bonded 

complex. This work can be extended to study of the effect isotopic substitution on PET of 

coumarins as well as other system also. To validate the competitive PET in neat vs non-

TH-1431_11612246



Synopsis 
___________________________________________________________________________ 

viii 

 

competitive PET in mixture, MD simulation should be taken to look at the local structural 

arrangement of donor around the acceptor. So far we have considered only the fundamental 

aspects of H-bonded PET in mixture, it is interesting to see how this could affect 

photophysics under real competitive H-bonding condition. For example, in an enzyme 

pocket, a substrate forming a H-bond with a particular functional group at an active site, may 

also simultaneously make a H-bond with other amino acids. 
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Chapter 1 

 

Introduction 
________________________________________________________________ 

 

1.1. Photoinduced electron transfer 

Photoinduced electron transfer (PET) is a process, where an electronically excited 

molecule (upon absorption of light), can either take up an electron from another molecule 

(Reductive PET) or release an electron to another molecule (Oxidative PET).1  The notation 

donor and acceptor usually imply to the species which gives up or receives an electron, 

respectively, irrespective of its electronic state. Generally, electron accepting or donating 

tendency of a molecule is enhanced upon excitation to higher electronic states. Thus, 

electronic excitation may trigger a redox process (oxidation or reduction) between a pair of 

molecules which may not undergo electron transfer in the ground state.1 Oxidative and 

reductive electron transfer processes between two neutral species can be expressed, 

respectively, in the following equations - 

�∗ +  � →  �.� + �.�                                           (1.1) 

� +  �∗  →  �.� +  �.�                                            (1.2) 

where, D and A represent donor and acceptor molecules, respectively, in the ground state 

while asterisk denotes their electronically excited states.1 �.� and �.� represent radical anion 

and radical cation respectively, formed after the electron transfer reaction. 

Note, PET reactions can also be further classified based on the interaction of the D-A 

pair. If the D and A molecules are covalently linked or D and A sites belong to same 

TH-1431_11612246



Chapter 1 
___________________________________________________________________________ 

2 

 

molecule, PET is often referred as intramolecular (unimolecular). On the other hand, if D and 

A are separate molecules, PET is called intermolecular (bimolecular).2-3 However, an 

intermediate situation can also arise, where D and A involve in some non-covalent 

interactions (e.g. Hydrogen-bonding, π-stacking) interaction. In such cases, a D-A complex 

may pre-exist in the ground state and is commonly referred to as a charge transfer complex 

(CT complex) or donor-acceptor complex (DAC).2-3 On the other hand, if the D-A interaction 

is favoured in the excited state, such complex is termed as exciplex.1-3 In general, PET 

requires close proximity of D and A, so that there is an overlap between their molecular 

orbitals. Thus any pre-existing interaction between D-A acceptor may be expected to assist 

PET. Through-space ET usually occurs by electron tunnelling, which decreases exponentially 

with distance.2-3 

Electron transfer (ET) is undoubtedly one of the most important ubiquitous 

elementary processes in Chemistry and Biology.4-7 Understanding the mechanism and control 

parameters of electron transfer reaction comprises one of the broadest and most ever-green 

research areas in Physical Chemistry.6-21 In nature, PET plays a key role in photosynthesis 

and allows conversion of solar light into chemical energy. In the photosynthetic reaction 

centre, PET reaction creates charge imbalance across a membrane, which drives a proton 

pumping mechanism to produce ATP.2-3 Many artificial photosynthesis systems have been 

developed which can mimic the light harvesting mechanism of green plants for utilizing solar 

energy. Since PET is fundamental to these systems, much effort has been made to understand 

the underlying principles of PET. The ultimate goal is to achieve the best possible efficiency 

and economy of the natural light-harvesting systems. In addition, PET is important in the 

design of a variety of optoelectronic devices, in photo-polymerization and in photography.22 

Organic Chemists have also paid great interest in PET as it involves in facile photochemical 

synthesis of many organic compounds that are often difficult to synthesize otherwise. After 
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being oxidized or reduced by a photosensitizer, an organic substrate can be easily 

transformed into a reactive intermediate allowing the progress of the reaction.23-25 Due to its 

extensive importance, PET has been subject to numerous theoretical and experimental 

studies.6-7, 9, 15-18, 21, 26-27 

 

1.2. Factors affecting photoinduced electron transfer 

Several factors influence the rate of ET (or PET). These include the free energy 

difference between reactant and product, solvent relaxation, intra-molecular vibrations, and 

electronic coupling between donor and acceptor. Any factor that changes the relative energy 

of the reactant or product, solvation dynamics or the electronic coupling should influence the 

rate or efficiency of PET. The D-A distance and their relative orientation play an important 

role in determining the electronic coupling, which is controlled by the overlap of the 

electronic orbitals of D and A.7, 28-29 

1.2.1. Free energy of photoinduced electron transfer 

The thermodynamic efficiency or feasibility of photoinduced electron transfer (PET) 

can be determined by the free energy of reaction Δ���� , according to the Rehm-Weller 

equation-10, 19, 30 

∆���� = �(�/��)  − �(�/��)  −  ��� −  ���� +  ∆���           (1.3) 

where, ��� represents the effective excitation energy i.e. the difference in energy between the 

lowest vibrational level of ground electronic state and the lowest vibrational level of first 

electronic excited state of the photoexcited species. �(�/��) and �(�/��), respectively, 

denote the oxidation and reduction potentials of the electron donor (D) and electron acceptor 
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(A) in the medium. ���� is the ion-pair stabilization energy in the medium and can be 

expressed by the following equation- 

���� =  #$
%&'(                                    (1.4) 

where ) is the static dielectric constant for the solvent, e is the electronic charge and *� is the 

centre to centre distance between the �� and ��. This accounts for the electrostatic 

interaction between the ions. It is important to note that the ions are formed at close distance 

(not at infinite seperation). This electrostatic interaction is generally weak in polar solvents 

but becomes significant in a non-polar medium. ∆��� is the correction term for the solvation 

energy of the �� and �� ions in solvents of different dielectric constant ). This term is 

useful when electrochemical measurements and PET measurements are carried out in two 

different media. ∆��� is usually calculated by using the empirical solvent parameters �� (30) 

and donor number (��) of the solvents with the help of following equations19- 

∆��� = ∆��(−) +  ∆��(+)                      (1.5) 

where ∆��( ±) represents difference of the solvation energy of the anion (or cation) between 

two media (e.g. in acetonitrile and aniline). Their values can be estimated from the following 

equations19- 

��(−) = − -.(/0$#$
123( 4 -1 − 6

7&4 8 6
9

:;�<=
>          (1.6) 

��(+) = − -.(/0$#$
123( 4 -1 − 6

7&4 8 6
9

?;�<=
>          (1.7) 

The value of �@ and A@ can be calculated by using the following two equations- 

�@ = 1.29��(30) −  33.3         (1.8) 

TH-1431_11612246



Chapter 1 
___________________________________________________________________________ 

5 

 

A@ = 10.14 + 0.108��              (1.9) 

where ��(30) is the polarity scale which is defined by Dimroth et al.31and donor number (��) 

is defined by Gutman.32 

 

1.2.2. Substituent effect on photoinduced electron transfer 

Chemical substitution of either donor or acceptor often leads to a strong impact on the 

rate of PET.16, 18-20 Mainly, substitution has a profound effect on the reduction potential (or 

oxidation potential) of the acceptor (or the donor) and hence, on the overall free energy of 

PET.16, 18-19 Yoshihara and co-workers have studied PET dynamics of a series of 7-amino 

coumarin dyes as photoexcited acceptor (Scheme 1.1) in neat aromatic amines (Scheme 1.2) 

as electron donor solvents using femtosecond up-conversion technique.16, 18-21 A large 

variation of PET rate occurs ranging from a few nanoseconds to a couple of hundred 

femtoseconds depending on the structure of the acceptors as well as donors. As the length of 

the alkyl chain on the 7-NH2 group becomes longer, PET becomes slower and becomes 

slowest when the amino group was fixed by a double-hexagonal ring.16, 18-19 It was evident 

from the fluorescence lifetimes of the coumarins. For coumarin 151 (C151), the average 

fluorescence lifetime in N,N-dimethylaniline (DMA) was reported to be 210 fs whereas for 

coumarin 153 (C153) it was 8.5 ps. Likewise, the substituent in the 4-position also modifies 

the electron-accepting ability of the coumarins. In comparison to C153 which shows ultrafast 

PET, coumarin 102 (C102) does not show any PET in neat DMA.18 
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Scheme 1.1: Structures of some coumarin fluorophores that often used as electron acceptors. 

 

Substituent effects on the PET dynamics were discussed from a number of 

considerations, such as free energy change (∆��), frequencies of the vibrational modes 

involved in the ET process, flexibility of functional groups of the donor and the acceptor, and 

so on. The absorption and emission peak positions (and hence ���) and the reduction 

potentials of the differently substituted acceptors (coumarin dyes) are substantially different. 
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For example, C151 has a NH2 group at 7-position and its reduction potential is -0.21 V (in 

DMA).18 However, For C153 where the 7-amino group is fixed with a double hexagonal 

alkyl ring, the reduction potential changes to -0.24 V.18 Since alkyl group is an electron 

donating substituent, extending the alkyl chain on the amine group decreases electron-

accepting ability in the excited state. For example, the standard free energy of PET from 

DMA to C151 is -0.67 eV, whereas, the free energy for C153 is only 0.0 eV.18 

Similarly, substituent on donor also has a large effect. PET from aniline donors 

having alkyl substitution on either the –NH2 group or in the aromatic ring (Scheme 1.2) to a 

series of coumarins was studied.19 The free energy of PET (Δ�F) for all the acceptors was 

significantly different in aniline (AN), N-methylaniline (MAN) and DMA. 

 

 

Scheme 1.2: Structures of aromatic amines (electron donors). 
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A variation in PET rate with the alkyl chain length was observed for N,N-dialkylanilines. In 

N,N-dialkylanilines, the PET rate becomes markedly slower with increase in the size of the 

alkyl substituent. For example, the average fluorescence lifetime of C151 increases from 220 

fs in DMA to 610 fs in N,N-dipropylaniline (DPA).19 This less efficient PET mainly arises 

from the increased distance of the donor-acceptor separation due to the bulkier alkyl groups. 

Interestingly, the ET dynamics for N-monoalkylanilines was quite insensitive on the alkyl 

group variation. Probably, the un-substituted N-H hydrogen of the amino group keeps enough 

space on the amino nitrogen for favourable approach of an acceptor. Alternatively, it may be 

possible that the N-H may involve in H-bond formation with the C=O group of the 

coumarins. We will discuss later that H-bonding have a crucial effect in inducing PET. Alkyl 

substitution in the aromatic ring also has a profound effect on PET. PET rate for coumarins 

were found faster in orthomethoxyaniline (also called orthoanisidine) compared to the rate in 

AN.20 

 

1.2.3. Solvation dynamics 

Solvation dynamics process is defined as the relaxation of solvent dipoles about a 

instantaneously created solute dipole. To study salvation dynamics time-resolved 

fluorescence spectroscopy is a useful technique. The fluorescence probe (solvation probe) 

used in the study of solvation dynamics usually has small dipole moment in the ground state 

but very large dipole moment in the excited state. As a result of the electronic excitation by 

an ultra short pulse creates an instantaneous large dipole change in the fluorophore.33-41 

Hence, there is an abrupt change in interaction of the excited probe with the neighbouring 

solvent molecules. Subsequently, to establish a new equilibrium, the solvent molecules 

around the probe rearrange themselves i.e. the excited solute dipole gets stabilized with time 
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due to salvation. Thus, emission maximum of the solute exhibits a gradual red shift with 

increase in time which is known as dynamic Stokes shift (DSS). The direct consequence of 

this is a marked wavelength dependence of the fluorescence decays (decay at the blue end 

and rise at the red end). Solvation dynamics is monitored by the decay of the solvent response 

function, C(t) which is defined as42-47- 

G(H) =  I(J)� I(K)
I(�)� I(K)                                          (1.10) 

where, ν(0), ν(t) and ν(α) denote the emission maxima (in cm-1) of the fluorophore at time 

zero, t and infinity, respectively. 

Solvation dynamics is very important for detailed understanding of the ET dynamics. 

In the theory of electron transfer, it is often considered that solvent polarization has a 

dominant role on ET.48-53 The energy of relaxation due to solvent orientational polarization is 

considered as the driving force for ET reaction. A solvent coordinate describing the solvent 

polarization, expresses the free energy surface for ET. To minimize the free energy of the 

system polar solvent molecules rearrange them around the solute molecule. Therefore, ET is 

considered as a process for the reactant to cross the transition state to the product by 

fluctuation of surrounding solvent molecules.54-56 

 

1.3. Hydrogen bonding: Ground state vs excited state 

Hydrogen bonding (H-bonding) is a well-known attractive interaction of the type –X-

H⋯Y-, where X and Y (usually N, O and F) are more electronegative than H. The X-H and Y 

are respectively, called H-bonding donating and accepting sites. The two sites may belong to 

same molecule (intramolecular H-bonding) or different molecules (intermolecular H-

bonding). H-bonding has dominant consequence in controlling physical states (solid, liquid, 
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gas) of substances, self assembly, 3D structures of biological macromolecules (protein 

secondary and tertiary structures, H-bonding within DNA and RNA bases etc), enzyme-

substrate binding etc.28, 57-64 

The intermolecular hydrogen bond (H-bond) of a photo-excited complex may have a 

key role in tuning the photochemistry and dynamics.65-68 The statics and dynamics of H-

bonding have been extensively studied both experimentally and theoretically in the ground 

state.69-74 However, H-bonding in the higher electronic excited states is relatively less 

explored. Photo-excitation of a H-bonded complex leads to charge redistribution, 

consequently, the H-bonding parameters such as distance, energy, relative orientation of the 

complex also changes. The dynamics of this reorganization of H-bonding after instantaneous 

excitation is known as hydrogen bonding dynamics (or excited-state hydrogen bonding 

dynamics).68, 75-79 

Recent advancement in ultrafast laser spectroscopy and calculation methods revealed 

many new information about the excited-state H-bonding. The excited-state H-bonding 

dynamics usually occurs on hundreds of femtoseconds.75, 80-82 To monitor the ultrafast 

dynamical behaviour of H-bonding in the excited states, various ultrafast spectroscopic 

techniques such as femtosecond vibrational spectroscopy, femtosecond absorption and 

fluorescence spectroscopy have been applied. High level quantum computations have also 

been performed to elucidate the nature of H-bonding in the electronic excited-states.75, 83 

Using ultrafast IR spectroscopy, Nibbering and co-workers studied H-bonding 

dynamics on a model acceptor molecule coumarin 102 (C102) in the presence of several H-

bond donating molecules such as phenol, methanol, chloroform etc. (Scheme 1.3a-c).65, 77 

The choice of C102 as a probe for H-bonding dynamics lies to the following facts. In C102, 

C=O is the only H-bond accepting site which can form H-bond with potential H-bond donors 

like phenol, methanol, chloroform etc.79, 84 The C=O group, due to its polarized nature, shows 
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a strong stretching band in Fourier transform infrared (FTIR) spectra and its position is very 

sensitive towards H-bonding environment. Thus, H-bonding dynamics can be studied very 

effectively by probing the C=O stretching vibration of C102. Furthermore, it has very high 

molar extinction coefficient and can also be excited by the visible laser pulse (400 nm). 

 

 

Scheme 1.3: Hydrogen bonded complex of some donor-acceptor pairs. Donors and acceptors 

are held by a single hydrogen bond. 

 

Hence, in the ground state, the site-specific H-bonding of C102 with the H-bond 

donating group of the donors (e.g., −OH groups of phenol, methanol and –CH group of 
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CHCl3) can be effectively probed by FTIR spectroscopy. Formation of the C=O⋯H-O H-

bond significantly lowers (downshift) the C=O stretching vibrational frequency in the H-

bonded complex compared to the C=O stretching frequency of free C102. In a non-

interacting (i.e. non-H-bonding) solvent tetrachloroethylene (TCE) the C=O stretching band 

was observed at 1735 cm-1 (Figure 1.1). The C=O stretching band of C102 exhibited 

significant downshift to 1695 cm-1 in the presence of phenol. This marked red-shift by ~40 

cm-1 indicates the formation of strong H-bond between the C=O group of C102 and −O-H 

group of phenol in TCE. However, upon photoexcitation, the C=O stretching frequency of H-

bonded complex shifted back to 1740 cm-1 in the excited state within ~200 fs. The C=O 

stretching frequency of the H-bonded complex in the excited state (1740 cm-1) resembles to 

the C=O stretching frequency of un-complexed C102. Thus, they concluded that the H-bond 

between C102 and phenol cleaved in the excited state just after excitation.65 The fate of the 

C=O⋯H-O H-bond was also simultaneously probed by the O-H stretching vibrational 

frequency. C102-phenol H-bond strongly affects the O-H stretching vibrational frequency of 

phenol. In neat TCE, phenol shows a stretching band at 3610 cm-1 due to free −O-H group 

and a broader band between 3450 cm-1 and 3550 cm-1 which may be due to 1:1 phenol-phenol 

complex formation. The O-H stretching frequency of phenol is strongly red-shifted to 3380 

cm-1 indicating the formation of C102-phenol H-bond. Upon photoexcitation, the excited 

complex exhibited a stretching band of free phenol O-H groups at 3610 cm-1 indicating the 

cleavage of C=O⋯H-O H-bond for both C102-phenol and C102-(phenol)2 complexes.65 

On the contrary, time-dependent density functional theory (TDDFT) calculations of 

Zhao and Han showed for the first time that the intermolecular H-bond between C102 and 

phenol becomes remarkably stronger and shorter in the electronic excited state of the H-

bonded C102-phenol complex rather than being cleaved (Figure 1.2).75  
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Figure 1.1: Ground state (dashed lines) and excited state (dotted lines) C=O stretching bands 

of (a) C102 and (b) C102-phenol complex in 

Copyright © 2000, American Chemical Society

 

Isolated C102 as well as H-bonded 1:1 C102
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Ground state (dashed lines) and excited state (dotted lines) C=O stretching bands 

phenol complex in TCE. Reprinted with permission from ref 

Copyright © 2000, American Chemical Society. 

bonded 1:1 C102-phenol complex were optimized using both 

P86 functional and TZVP basis set) calculations. They computed the potential energy curves 

bonding coordinate in the different electronic states. The minimum of the 

potential energy curve in the excited state was found at 1.691 Å which is considerably 

1.785 Å) in the ground state (Figure 1.3). Thus, they concluded that

state becomes shorter rather than being cleaved. 

the H-bond in the excited state was evident from 

phenol H-bonded complex. The H-bond energy incre

 to 51.5 kJ mol-1 in the excited state (S2). H-

was computed by subtracting the individual energies of C102 and phenol in the 

state from the energy of C102-phenol complex in the ground state.

bonding energy the S2 excited state was considered due to its locally excited (
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Ground state (dashed lines) and excited state (dotted lines) C=O stretching bands 

Reprinted with permission from ref 77. 

phenol complex were optimized using both (B-

They computed the potential energy curves 

bonding coordinate in the different electronic states. The minimum of the 

hich is considerably shorter 

Thus, they concluded that 

 

was evident from the calculated H-

increases from 36.8 kJ 

-bond energy in the 

energies of C102 and phenol in the 

phenol complex in the ground state. For the excited 

locally excited (LE) 
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nature. The H-bonding energy was estimated by subtracting the energy of C102 in the S1 state 

and the energy of phenol in the ground state from this energy. Strengthening of H-bond in the 

excited state has been further demonstrated by computing the infrared (IR) spectra of H-

bonded and isolated C102. In the ground state isolated C102 shows a C=O stretching 

frequency 1741 cm-1. However, in the excited state C=O stretching frequency exhibited blue 

shift to 1761 cm-1. In the ground state, C=O stretching frequency exhibited a strong red-shift 

by 55 cm-1 from 1741 cm-1 (isolated C102) to 1686 cm-1 (C102-phenol) due to the formation 

of H-bond in accordance with the experimental result.65, 77 However, the C=O stretching 

frequency of H-bonded C102-phenol complex in the excited state rather downshifted in 

comparison to the stretching frequency of isolated C102. The C=O stretching frequencies of 

isolated C102 and C102-phenol complex in the excited state were reported to be 1761 cm-1 

and 1686 cm-1, respectively. The larger red-shift of the C=O stretching frequency in the 

excited state (75 cm-1) compared to the ground state (55 cm-1) suggested that H-bond between 

C102 and phenol strengthened in the excited state.75 

The TDDFT method has been proved to be successful tool to probe H-bonding 

dynamics75 as well as to calculate the infrared spectra in the electronic excited state to many 

other H-bonded complexes.63, 85-89 In addition to the strengthening of the H-bond in the 

excited state, significant weakening of the H-bond also observed.66 Using TDDFT calculation 

Han and co-workers demonstrated that C=S⋯H-O H-bond between thiocoumarin (TC) and 

methanol significantly weakened in the excited state.66  
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Figure 1.2: Optimized structure of 1:1 hydrogen bonded complex of C102 and phenol in the 

ground state. The calculated H-bond lengths are displayed and the excited state H-bond 

length is given in the bracket. Reprinted with permission from ref 75. Copyright © 2007, 

American Chemical Society. 

 

It is very important to understand how the ultrafast H-bonding dynamics could 

influence the photophysics or electronic relaxation of a H-bonded complex. Han and co-

workers have demonstrated that excited-state H-bond strengthening have a stronger influence 

on controlling the emission characteristics of the H-bonded complex and subsequently 

applied the excited-state H-bond strengthening and weakening concept on many ultrafast 

nonadiabatic dynamic processes, such as internal conversion (IC),80, 90 intersystem crossing 

(ISC),90 photoinduced electron transfer (PET),82, 91-92 intramolecular charge transfer (ICT), 

and site-specific solvation,93 excited-state proton transfer (ESPT),94-96 twisted intramolecular 

charge transfer (TICT)96 and metal-ligand charge transfer.97-98  

 

1.786 Å 
(1.691 Å) 
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Figure 1.3: Potential energy curves along H-bond co-ordinates for ground state (S0) and the 

excited state (S2, inset) of the H-bonded C102-phenol complex. The minimum of the curve in 

S2 state shifted towards shorter distance compared to S0 state indicating strengthening of the 

H-bond in the excited state. Reprinted with permission from ref 75. Copyright © 2007, 

American Chemical Society. 

 

Fluorenone (FN) is another interesting model fluorophore which have a single C=O 

site for H-bond acceptance. It has been anticipated that intermolecular H-bonding has a 

dominant role in the fluorescence quenching of fluorenone in protic solvents. Zhao and co-

workers studied the H-bonding dynamics of FN in methanol (Scheme 1.3f).99 TDDFT 

calculations showed that the ground state H-bonding between FN and methanol further 

strengthened in the electronic excited state. The H-bond distance of FN-MeOH complex in 

the ground state (S0) and in the excited state (S1) was calculated to be 1.906 Å and 1.802 Å 

respectively, while the corresponding H-bond energies were 27.85 kJmol-1 and 42.62 kJmol-1, 

respectively. They also checked the influence of electronic excitation and H-bonding on the 

IR spectra. The C=O stretching frequency of isolated FN was at 1780 cm-1 and 1592 cm-1, 

respectively in the ground and in the excited state. For the FN-MeOH complex, the C=O 

stretching frequencies were at 1756 cm-1 and 1595 cm-1 in the ground and in the excited state, 

respectively. 
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Scheme 1.4: Hydrogen bonded complexes of some fluorphores with solvents where there is 

possibility of multiple hydrogen bond formation. 

 

Interestingly, a dramatic red shift of 188 cm-1 was noted just for electronic excitation of the 

free FN while a very small shift of 24 cm-1 was due to H-bonding in the ground state. Hence 

they concluded that the C=O frequency may not be a good indicator of H-bond dynamics in 

FN. However, they found that –OH frequency of methanol served a much better indicator of 

the H-bonding. They found an addition red shift of 159 cm-1 due to H-bond strengthening in 

the excited state. The strengthening of the H-bond in the excited state, shifts the equilibrium 

towards the H-bonded complex where radiationless deactivation through internal conversion 

(IC) leads to quenching of fluorescence of FN in polar protic solvent.80  

TH-1431_11612246



Chapter 1 
___________________________________________________________________________ 

18 

 

Another chromophore oxazine750 (OX750) shows quite different fluorescence 

behaviour in protic and aprotic solvents.29 The fluorophore shows intense emission in acetone 

(aprotic solvent) but very weak emission in protic alcoholic solvent. Han and co-workers 

systematically investigated the relaxation time scale and pathways of the chromophore in 

alcohols using combination of TDDFT and femtosecond time-resolved stimulated emission 

pumping fluorescence depletion spectroscopy.29 They detected a very fast PET of ~200 fs 

from the alcoholic solvent to the excited chromophore. OX750 has two H-bonding sites - one 

H-bond accepting (aromatic N) and other one is H-bond donating (–NH) and hence, forms 

two intermolecular H-bonds (O-H⋯N(I) and N-H⋯O (II)) in alcohol (Scheme 1.4b). 

TDDFT calculations showed that H-bond I (O-H⋯N) becomes significantly strengthened 

while the H-bond II (N-H⋯O) remains nearly unchanged in the electronically excited state.29 

The strengthening of the H-bond in the excited state enhances the electronic coupling 

between the solute and solvent and hence, strongly facilitates PET through this site but not 

through the other site. Hence, the PET showed an explicitly site selectivity for the 

intermolecular hydrogen bond.29 

The excited-state H-bonding dynamics have also been investigated by many other 

groups, and intermediate situations rather than these two extremes (H-bond breaking or 

strengthening) were also prescribed. Using sub-picosecond time-resolved infrared absorption 

spectroscopy, Palit et al. studied H-bonding dynamics of C102-AN complex in non-

interacting solvent TCE. Their absorption transient monitored at 1736 cm-1 (characteristic 

stretching frequency of free carbonyl) for C102-AN complex dissolved in TCE arises 

immediately (<250 fs) following the electronic excitation suggesting release of free or 

unbound C102. However, the transient signal decays within a few tens of picosecond. 
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Scheme 1.5: Structures of some fluorenone derivatives. 

 

As the lifetime of C102 in aniline is quite long (1.4 ns), the decay was attributed to the 

reformation of hydrogen-bond. Thus, they concluded that the H-bond in the excited state, the 

H-bond between C102 and AN first breaks within ~250 fs of photoexcitation, then, part of 

the free C102 reforms H-bond with aniline within ~30 ps.84 Palit and co-workers also 

reported similar dynamic equilibrium between H-bond breaking and reformation in the 

excited state of fluorenone and amino-fluorenone in H-bond donating solvents (Scheme 

1.5).100-102 Blank and co-workers studied the H-bond dynamics of C102 in acetonitrile-water 

binary mixtures by using femtosecond time resolution with a technique that employs resonant 

optical excitation of chromophore followed by probing a non-resonant third-order Raman 

signal of the solvent (Scheme1.4d).103-105 To visualize the local composition around C102, 

Monte Carlo simulations were also performed. Simulation studies revealed that the C=O 

group of C102 forms a bifurcated H-bond with two water molecules in the ground state, out 

of which one H-bond weakens while the other one strengthens upon electronic excitation.106 
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Recently, Ding and co-workers studied the hydrogen bonding dynamics of coumarin 500 

(C500) (Scheme 1.1c) in 1,4-dioxane and methanol solvents using both femtosecond 

transient absorption measurements and TDDFT calculations.107 They observed very fast 

intramolecular charge transfer (ICT) component of 500 fs in methanol which was absent in 

aprotic solvent 1,4-dioxane. TDDFT calculations revealed simultaneous strengthening of 

C=O⋯H-O (I) and N-H⋯O-H (III) hydrogen bonds as well as weakening of N⋯H-O H–

bond (II) in the electronic excited state of the C500-(MeOH)3 H-bonded complex (Scheme 

1.4c). They concluded that this simultaneous strengthening and weakening of the H-bond in 

the excited state facilitated the ICT from the 7-NHEt group to the CF3 group and also induced 

the formation of TICT state in the H-bonding with MeOH. 

 

1.4. Effect of H-bonding on photoinduced electron transfer in neat 

electron donating solvent 

Photoinduced electron transfer (PET) reactions in H-bonded D-A complexes, in 

which the donor and acceptor are linked to each other by a hydrogen bond, represents a new 

and unique area of research.108 Electron transfer (ET) within a H-bonded complex is of 

fundamental importance as the H-bond linking the electron donating and accepting sites is 

ubiquitous in biological systems (e.g. proteins and DNA).4, 108-113 H-bonding may tune ET by 

controlling the donor-acceptor distance and relative orientations.28-29 Electronic coupling is 

thus strongly affected by the H-bonding networks making up the three-dimensional structure 

of those biological systems.114-115 Moreover, several studies have demonstrated that H-bond 

can mediate electron transfer efficiently.108, 113, 116 As the timescale and efficiency of ET 

depends on the electronic coupling between a donor and acceptor,6-7, 117 Several studies have 
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attempted to interpret the role of 

process.19, 118-119 

Figure 1.4: Frontier molecular orbitals (MOs) of hydrogen bonded C102

Reprinted with permission from ref

 

Recent TDDFT calculations 

complex. For the C102-phenol complex

bonding in the excited-state may facilitate 

facilitation can be well understood from the nature

states. In the absence of H-bonding, the S

character. However, H-bonding lowers the energy of the LE state of the H

and also create a new charge transfer (CT) 

Molecular orbital (MO) analysis provides insight into the nature of the excited states

1.4).120 The electron density of 

orbital are entirely localized over the C102 fragment of the H
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attempted to interpret the role of H-bonding on photoinduced electron transfer (PET) 

 

: Frontier molecular orbitals (MOs) of hydrogen bonded C102

Reprinted with permission from ref 75. Copyright © 2007, American Chemical Society

Recent TDDFT calculations revealed a new mechanism of PET within H

phenol complex (Figure 1.2), Zhao and Han proposed that the H

state may facilitate PET within the H-bonded complex.

facilitation can be well understood from the nature of electronic distribution in the 

bonding, the S1 state of isolated C102 is locally excited (LE) in 

bonding lowers the energy of the LE state of the H

charge transfer (CT) state which was absent in 

Molecular orbital (MO) analysis provides insight into the nature of the excited states

he electron density of lowest unoccupied molecular orbital (LUMO

orbital are entirely localized over the C102 fragment of the H-bonded complex.

___________________________________________________________________________ 

bonding on photoinduced electron transfer (PET) 

: Frontier molecular orbitals (MOs) of hydrogen bonded C102-phenol complex. 

Copyright © 2007, American Chemical Society. 

mechanism of PET within H-bonded 

proposed that the H-

bonded complex.74 The 

electronic distribution in the electronic 

state of isolated C102 is locally excited (LE) in 

bonding lowers the energy of the LE state of the H-bonded complex 

which was absent in isolated C102. 

Molecular orbital (MO) analysis provides insight into the nature of the excited states (Figure 

LUMO) and HOMO-1 

bonded complex. In contrast, 
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electron densities of highest occupied molecular orbital (HOMO) and HOMO-2 orbital are 

completely localized in phenol moiety. TDDFT calculation revealed that S2 state of the H-

bonded complex have the largest oscillator strength and generated from the orbital transition 

HOMO-1 → LUMO. Thus, the S2 state of the C102-phenol complex is LE in nature.120 

However, the S1 state of the C102-phenol complex is a CT state which corresponds to the 

orbital transition HOMO → LUMO. Hence, charge transfer between C102 and phenol may 

take place in this state. 

 

 

Scheme 1.6: Relaxation of the H-bonded complex. Absorption and emission are indicated by 

upward and downward arrows, respectively; whereas internal conversion (IC) and 

nonradiative transitions are represented as wavy arrows; red curved arrows show the excited-

state hydrogen-bonding dynamics. 

 

Hence, the PET event that take place in the C102-phenol H-bonded complex may be 

represented in the following way (Scheme 1.6). Photoexcitation initially prepares the 

complex in the S2 (LE) state. The excited H-bonded complex may relax through radiative 
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pathway to the ground state (S0) or undergo internal conversion (IC) to the low lying CT state 

depending upon the energy gap between the S1 (CT) and S2 (LE) states. If energy gap 

between the two states is very low, internal conversion (IC) from LE to CT is favoured. H-

bond strengthening in the excited decreases this energy gap and hence, facilitates the IC (or 

PET) from a LE state to a CT state within the H-bonded complex. 

 

 

Figure 1.5: Optimized structure of 1:1 complex of C102 and aniline in the ground state 

showing the hydrogen bond distance in angstrom. Hydrogen bond distance in the excited 

state (in the bracket) becomes shorter. Reprinted with permission from ref 83. Copyright © 

2008, American Chemical Society. 

 

Similar mechanism of PET within H-bonded system was also proposed by Lui et al. 

for C102 and aniline.82 Using TDDFT calculation for the 1:1 complex of C102 and aniline 

(Figure 1.5), they predicted that C=O⋯H-N H-bond of C102-AN complex become 

strengthened in the electronically excited state.82 They demonstrated that the strengthening of 

the H-bond in the excited state (LE) enhances the electronic coupling between the C102 and 

AN and hence, electron transfer from the LE to CT state is facilitated by this strengthening.82 

Yang et al. also observed similar strengthening of H-bonding between coumarin 337 (C337) 

2.052 Å 
(1.968 Å) 
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and AN (or MAN) in the excited state

the H-bonding in the electronic excited state 

bonded complex.118 

In summary, a series of 

should assist PET within the H

hardly support this proposal. Photoinduced electron transfer (PET), where either of the donor 

or the acceptor is fluorescence active, 

transfer process is just to probe the fluorescence lifetime

 

Figure 1.6: Optimized structure

in the ground (S0) and excited 

hydrogen bonds between C337 and AN (or MAN). Corresponding H

angstrom are also shown. Reprinted with permission from ref

Elsevier B.V. All rights reserved
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the excited state (Figure 1.6). It was proposed that the strengthening of 

bonding in the electronic excited state should significantly assist PET within the H

In summary, a series of theoretical studies emphasized that H-bond 

within the H-bond complex.75, 83, 118 However, experimental observations 

Photoinduced electron transfer (PET), where either of the donor 

fluorescence active, a convenient way to monitor the dynamics of electron 

is just to probe the fluorescence lifetime. 

 

d structures of 1:1 complex of C337-AN (top) and C337

) and excited state (S2). The dashed lines represent the intermolecular 

hydrogen bonds between C337 and AN (or MAN). Corresponding H-

Reprinted with permission from ref 119. Copyright © 2012 

Elsevier B.V. All rights reserved. 

___________________________________________________________________________ 

proposed that the strengthening of 

assist PET within the H-

bond strengthening 

experimental observations 

Photoinduced electron transfer (PET), where either of the donor 

a convenient way to monitor the dynamics of electron 

(top) and C337-MAN (bottom) 

The dashed lines represent the intermolecular 

-bond distances in 

Copyright © 2012 
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Using fluorescence up-conversion measurements, Yoshihara and co-workers have 

extensively investigated PET for many fluorophores (Coumarins, Oxazines, Nile Blue etc.) in 

neat electron donating solvents such as DMA and AN.16, 18-19, 21 The excited fluorophore 

serves as an acceptor and can receive a electron from the donor solvent. When the solvent 

acts as electron donor, naturally every acceptor is surrounded by many donors and hence, 

donor-acceptor interaction is not limited by diffusion.121 Many coumarins show energetically 

favourable PET in their excited state with the AN/DMA donor and undergo PET even at a 

faster timescale than salvation dynamics.19, 21 Thus in neat electron donating solvent, PET is 

usually very fast and fluorescence becomes severely quenched.16, 18-19, 21 It was evident from 

the average fluorescence lifetime of the acceptors in different electron donating solvent. For 

example, C151 shows very fast PET in electron donating solvent such as AN or DMA. The 

average fluorescence lifetime of C151 in AN is 1.58 ps.18-19 An important question is that is 

there any change in the PET rate, when the electron donating solvent also simultaneously can 

form a H-bond with the acceptor? 

Since H-bond dynamics occurs in sub-picosecond time scales,65, 68, 77, 79, 84, 122-124 its 

effect would likely to be dominant in ultrafast electron transfer. Several studies have 

attempted to understand the role of H-bonding in the PET process using series of coumarins 

as acceptor and aromatic as well as aliphatic amine as donor solvent.19, 84, 118 A coumarin is an 

ideal system to study the effect of H-bonding on PET since the photoexcited coumarin serves 

simultaneously as an electron acceptor and also a H-bond donor through its C=O site. For 

example, C102 forms H-bond with electron donating solvent such as AN which can also acts 

as H-bond donor through its NH2 group. H-bonding between C102 and AN in the ground 

state has been confirmed by the red-shift of the C=O stretching frequency of C102 in neat 

AN compared to the stretching frequency in a non-interacting solvent TCE.84 C=O stretching 
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frequency of C102 in TCE appears at 1730 cm-1, whereas in neat AN it is red shifted to 1703 

cm-1.84 

 

 

Scheme 1.7: Deuterated coumarin dyes (acceptor, a-b) and aromatic amines (donor, c-e). 

 

To investigate the role of H-bonding, several groups studied deuterium isotopic 

substitution effect on PET.19, 21 Isotopic substitution is a useful technique which can be used 

to elucidate the mechanistic pathways of intermolecular PET process in detail. Effect of 

isotopic substitution on the PET are usually discussed in the light of the changes in the 

electron transfer parameters such as the solvation time, vibrational frequencies, free energy 

change and so on.19-21, 125-129 The isotope effect on the free energy of PET process can arise 

from two possible sources- one is zero-point energy effect and the other one is solvent 
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structural effect.19, 21 As a result of isotopic substitution there is a reduction in the frequencies 

of some of the vibrational modes. This reduction in the vibrational frequency leads to 

decrease in the zero-point energy of the deutareted solute and hence, the Δ�� changes. 

Yoshihara and co-workers investigated the effect of deuterium isotopic substitution of 

both the donor solvents and the acceptor dyes on PET in the coumarin-aniline system 

(Scheme 1.7).19, 21 Significant deuterium isotope effects on the PET dynamics has been 

observed in the cases of per-deuterated aniline (AN-d7) and amino deuterated aniline (AN-

d2) as the electron donors, but were not observed with deuterated DMA (DMA-d6) and 

deuterated coumarins as the electron donor and acceptors, respectively. The extent of the 

isotope effect on the PET is almost the same for both AN-d2 and AN-d7, which indicates that 

isotope effect is only linked with the NH2 group of AN. For example, C153 shows faster PET 

in normal AN compared to the deuterated one. Effect of isotopic substitution on the PET rate 

is quite obvious from the average fluorescence lifetimes of the coumarins in normal and 

deuterated aniline. The average fluorescence lifetime of C153 in AN is 79 ps whereas, in 

deuterated AN-d7 the lifetime is 94 ps indicating slower PET in deuterated AN. However, in 

the case of DMA, they have not observed any isotope effect upon substituting all of the N-

methyl group hydrogen by deuterium (DMA-d6). On the other hand, using deuterated 

coumarins, where the 7-amino group hydrogen atoms are substituted by deuterium, they have 

not observed any change in the ET dynamics.19, 21 It was concluded that the isotope effect on 

the ET dynamics of coumarin-AN system arises due to the differences in the ∆�� values with 

normal and deuterated solvents. The change in the intermolecular hydrogen bonding with the 

solvent molecules due to deuteration was mainly responsible for the differences in ∆�� with 

normal and deuterated solvents. Similar isoptope effect on PET was also observed for 

coumarin in deuterated orthomethoxyaniline.20 However, deuterium isotope effect on PET 

becomes insignificant for faster PET.19  
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In contrast, Ghosh et al. did not find any evidence for the role of H-bonding on PET 

of C337 in AN (or MAN).118 Using ultrafast IR spectroscopy, they studied PET of C337 in 

aromatic amine-AN, MAN and DMA. Formation of H-bond between C337 and AN (or 

MAN) was confirmed by probing the C=O and C≡N stretching modes of C337. C337 shows 

C=O and C≡N stretching frequencies at 1722 and 2223 cm-1, respectively and are red shifted 

upon H-bond formation with AN (or MAN). C337 shows fast PET of ~ 500 fs in all three 

solvents. Thus PET kinetics was same in AN, MAN and DMA, even though AN and MAN 

are involved in H-bond formation with C337. The results indicated that H-bonding does not 

play any significant role on PET of C337. Moreover, they have not observed any H/D isotope 

effect. 

Nibbering and co-workers studied the PET dynamics between FN and amine solvents 

such as diethylamine (DEA) and triethylamine (TEA).130 DEA can form H-bond with the 

C=O group of FN whereas no H-bond formation occurs with TEA and can be manifested 

from the C=O stretching frequency of FN in DEA and TEA. Fluorescence intensity of FN 

shows a drastic reduction in the emission intensity when TEA or DEA is used as the solvent. 

This indicates a substantial shortening of the S1-state lifetime, probably caused by the ET 

reaction with the amine solvents. Ultrafast transient absorption showed that upon photo-

excitation of FN to the S1 state in addition to a bleach signal at 1621 cm-1, a prominent 

transient absorption band at 1548 cm-1 appeared within a timescale of several tens of 

picoseconds in TEA and DEA. Fluorescence up-conversion measurements showed that the S1 

state of FN decays on picosecond timescales in TEA and DEA. It was proposed that ultrafast 

fluorescence quenching was caused by forward PET from the amine solvent to the optically 

excited FN. Comparing the experimental rate constants with the driving force (i.e free energy 

change) dependencies for forward and backward ET in amine solvents with and without H-
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bonding capabilities has provided key insights into the important role of H-bonding in 

assisting ET processes. 

 

1.5. Photoinduced electron transfer in solvent mixture: Regular and 

anomalous fluorescence modulation 

Although, PET in neat electron donating solvent has been studied extensively, PET in 

binary solvent mixture is much less addressed till date. Castner and co-workers first 

addressed the issue that what happens to the PET rate if a non-interacting solvent is mixed 

with an electron donating solvent. To this end, they used two different coumarin acceptors 

(C151 and C152; Scheme 1.1a-b) in a mixture of DMA and a non-interacting solvent toluene 

using femtosecond up-conversion measurements and simulation.121 They found that the PET 

rate gradually decreases on the addition of the non-interacting component. For instance, the 

rate of the electron transfer of C151 in neat DMA was 3.30 ps-1, whereas at an intermediate 

mole fraction of XDMA (= 0.638) the ET rate decreases to 0.415 ps-1. Note that toluene and 

DMA have different sizes, dielectric constants and dipole moments, making the interpretation 

complex. To minimize these effects, they used chlorobenzene as a better co-solvent. They 

found similar trend of PET reduction on chlorobenzene addition also. The retardation of PET 

was explained as the exchange of the inert solvent molecules with some of the DMA 

molecules from the first solvation layer of the acceptor (C151 or C152) (Scheme 1.8). As a 

result of this replacement, there is significant reduction in the electronic coupling between the 

acceptor (coumarin) and the donor (DMA). As this trend seems obvious from the microscopic 

view of the solvent arrangement about the acceptor, we may term this trend as “regular PET” 

(Scheme 1.9). 
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Scheme 1.8: Introduction of non

the donor and acceptor. 

 

On the contrary, Pshenichnikov and co

electron transfer for rhodamine 800

acetonitrile to DMA.131 Using fr

measured the backward ET rate

increase in the content of acetonitrile the backward ET rate constant gradually decreased.

0.25 mole fraction of acetonitrile the backward ET time constant decreased to ~2.5 ps 

~4.5 ps in neat DMA. Thus, 

than in neat DMA. Apparently, it appears that reduction of number of donor

facile PET. They interpreted this 

of the medium.131 
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non-interacting solvent reduces the electronic coupling 

Pshenichnikov and co-workers observed an unusual acceleration of 

electron transfer for rhodamine 800 (R800) (Scheme 1.10) upon addition of polar solvent 

Using frequency-resolved pump-probe transient spectroscopy they 

rate for R800 at different mole fractions of acetonitrile.

increase in the content of acetonitrile the backward ET rate constant gradually decreased.

0.25 mole fraction of acetonitrile the backward ET time constant decreased to ~2.5 ps 

 the forward PET rate of the mixture was significantly higher 

Apparently, it appears that reduction of number of donor

interpreted this enhancement of PET to the change in dynamical properties 

___________________________________________________________________________ 

 

solvent reduces the electronic coupling between 

workers observed an unusual acceleration of 

upon addition of polar solvent 

probe transient spectroscopy they 

of acetonitrile. With 

increase in the content of acetonitrile the backward ET rate constant gradually decreased. At 

0.25 mole fraction of acetonitrile the backward ET time constant decreased to ~2.5 ps from 

PET rate of the mixture was significantly higher 

Apparently, it appears that reduction of number of donors result in more 

the change in dynamical properties 
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Scheme 1.9: Regular variation of PET in a mixture of electron donating and non

solvents. PET rate increases with increase in the mole fraction of the donor.

 

Scheme 1.10

 

Continuous variation of the H

new light on understanding the effect of 

competitive in nature. Competitive H

governing chemical, photophysical and photochemical response in complex H

environments. However, this aspect rem
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: Regular variation of PET in a mixture of electron donating and non

PET rate increases with increase in the mole fraction of the donor.

 

10: Chemical structure of rhodamine 800 (R800)

s variation of the H-bonding environment in a solvent mixture may shed 

new light on understanding the effect of H-bonding on photophysical processes which is 

Competitive H-bonding may be considered as an important factor for 

governing chemical, photophysical and photochemical response in complex H

However, this aspect remains relatively unexplored in literature.

___________________________________________________________________________ 

: Regular variation of PET in a mixture of electron donating and non-interacting 

PET rate increases with increase in the mole fraction of the donor. 

: Chemical structure of rhodamine 800 (R800). 

bonding environment in a solvent mixture may shed 

bonding on photophysical processes which is 

bonding may be considered as an important factor for 

governing chemical, photophysical and photochemical response in complex H-bonding 

ains relatively unexplored in literature.  
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Recently, Saini et al. reported an anomalous fluorescence modulation of curcumin 

(Scheme 1.11) in toluene-methanol mixture. The emission intensity and lifetime first 

gradually increased with increase in methanol mole fraction, XMeOH then reached to a 

maximum at XMeOH = 0.14 and thereafter decreased with further increase in the methanol 

content.132-133 The excited-state intermolecular H-bonding between the pigment and the H-

bond donor solvent was proposed to reduce the non-radiative decay by the cleavage of the 

intramolecular H-bonding between the keto and the enolic –OH group curcumin. 

Interestingly, the intermolecular H-bonding interaction was found most effective at some 

intermediate mole fraction rather than in neat methanol. Similar anomalous modulation of 

fluorescence was also observed for a doubly H-bonded proton transfer probe 2,2-bipyridine-

3,3-diol (BP(OH)2) (Scheme 1.12), in a binary mixture of dimethylsulfoxide (DMSO) and 

water.134 Using steady-state and time-resolved fluorescence measurements, Mandal et al. 

observed that the quantum yield of BP(OH)2 varies anomalously with the mole fraction 

(XDMSO) of DMSO, in a water-DMSO mixture displaying a maximum at XDMSO = 0.12. After 

that, quantum yield of BP(OH)2 decreased with further enrichment of DMSO in the mixture. 

They attributed this anomalously high fluorescence at this intermediate mole fraction of 

DMSO is due the enhanced pair hydrophobicity of the medium.134 

TH-1431_11612246



Chapter 1 
___________________________________________________________________________ 

33 

 

 

Scheme 1.11: Structure of curcumin in non-hydrogen-bonding (top) and hydrogen-bonding 

(bottom) solvents showing the intramolecular and intermolecular H-bonds. Reprinted with 

permission from ref 132. Copyright © 2012, American Chemical Society. 

 

 

Scheme 1.12: Phototautomers of 2,2-bipyridine-3,3-diol in DMSO-water solvent mixture. 

Reprinted with permission from ref 134. Copyright © 2013, American Chemical Society. 
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1.6. Aim and scope of the present work

The primary aim of the present work is to understand the nature of D

the electronic excited state of coumarin acceptors 

to correlate its effect on photoinduced electron transfer.

experimental results earlier showed that H

excitation (see section 1.3). However, theoretical 

in the excited state rather than being cleaved

bond in the excited state should 

assisted PET of C102 in the presence of 

We think such evidence may be

state H-bond in other photophysical processes

 

Scheme 1.13: Schematic representation of competitive and non

In a neat solvent, competitive H

may suppress the effect of H

interacting component may disrupt

donor–acceptor H-bond for a faster PET process (black arrow).
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cope of the present work 

of the present work is to understand the nature of D

of coumarin acceptors complexed with phenol, aniline donors

effect on photoinduced electron transfer. For the C102

earlier showed that H-bond breaks quickly in the excited state upon 

However, theoretical studies predicted that H

in the excited state rather than being cleaved and proposed that the strengthening of the H

should facilitated PET. In our work, we confirmed the

of C102 in the presence of the H-bond donor observing fluorescence quenching.

We think such evidence may be important towards the understanding of the effect 

photophysical processes also. 

Schematic representation of competitive and non-competitive hydrogen bond

In a neat solvent, competitive H-bonding between acceptor–donor and donor

suppress the effect of H-bonding of PET (gray arrow). In a liquid mixture, the non

disrupt the donor–donor H-bond, and hence, strengthens/orients 

bond for a faster PET process (black arrow). 
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of the present work is to understand the nature of D-A H-bonding in 

phenol, aniline donors and 

For the C102-phenol complex, 

in the excited state upon 

-bond strengthened 

he strengthening of the H-

confirmed the H-bond 

fluorescence quenching. 

the effect of excited-

 

competitive hydrogen bonds. 

donor and donor–donor H-bonds 

bonding of PET (gray arrow). In a liquid mixture, the non-

bond, and hence, strengthens/orients 
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Another important discrepancy between theory and experiment existed while 

considering the effect of H-bonding on the PET of between C102 and aniline. Theory 

predicts facile PET within the H-bonded C102-aniline complex but actually no PET has been 

observed for C102 dissolved in neat aniline in the experimental studies. To resolve this, we 

conjectured that the effect of H-bonding required to activate PET may be suppressed in neat 

AN because of competitive nature of the donor-acceptor (D-A) and donor-donor (D-D) H-

bonding (Scheme 1.13). The solvent aniline having H-bond donating and accepting ability 

together may form a hydrogen bond with itself, and may exist as H-bonded clusters. Hence, 

in pure aniline, the key H-bonding between the donor and the acceptor may not be fully 

effective in guiding electron transfer. Moreover, there are several donor molecules at close 

contact without forming H-bond with the acceptor; their contributions to overall PET may be 

overwhelmingly large. Hence, the effect of H-bonding on PET may be suppressed in neat 

aniline solvent. The situation may drastically change when an inert non-polar component is 

simply mixed with aniline. Although the inert component cannot participate in either H-

bonding or electron transfer, it may replace some donors from the first salvation shell of the 

acceptor and disrupt the donor-donor H-bonding. The situation may shift from a competitive 

H-bonding (both C102-aniline and aniline-aniline H-bond co-exists) in neat aniline to non-

competitive H-bonding (only C102-aniline H-bonding present) in the solvent mixture. As a 

proof of the concept, we have studied the PET of C102 in solvent mixture of aniline (donor) 

and inert solvent (cyclohexane or toluene). We observed faster PET for C102 at intermediate 

mole fraction of the donor compared to neat aniline. Thus, it can be inferred that under proper 

condition the H-bond assisted PET can be enhanced to that extent which exceeds the PET 

rate in neat electron donor which we may term as anomalous PET (Scheme 1.14).  
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Scheme 1.14: Anomalous variation of PET in a 

donating) and non-interacting solvent

of the donor upto a particular mole 

of the donor. 

 

However, this anomalous trend of PET may possibly be attributed to either 

modulation of polarity or H-bonding environment around the acceptor (C102) in the mixture. 

To eliminate the role of polarity change we further studied PET of C102 in similar polarity 

AN-DMA mixture. The anomalous trend of PET remains preserved in the AN

This supports the our postulate that competitive H

H-bonding influence in neat donor solvent and is the main cause of the anomalous trend i

bonding modulation not a polarity variation. Anomalous modulation of PET of C102 is also 

observed in cyclohexane-phenol and anisole

feature of H-bonded system. However, we have not observed any PET modulat

cyclohexane-anisole mixture where only polarity change occurs.

reluctant to undergo PET in absence of H

for ultrafast PET. Unlike C102, 

We reproduced similar anomalous 
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: Anomalous variation of PET in a mixture of electron donating (also H

interacting solvents. PET rate increases with increase in the mole fraction 

of the donor upto a particular mole fraction and thereafter decreases with further enrichment 

is anomalous trend of PET may possibly be attributed to either 

bonding environment around the acceptor (C102) in the mixture. 

To eliminate the role of polarity change we further studied PET of C102 in similar polarity 

ture. The anomalous trend of PET remains preserved in the AN

This supports the our postulate that competitive H-bonding may be responsible for less active 

in neat donor solvent and is the main cause of the anomalous trend i

bonding modulation not a polarity variation. Anomalous modulation of PET of C102 is also 

phenol and anisole-phenol mixtures indicating that it is a common 

bonded system. However, we have not observed any PET modulat

anisole mixture where only polarity change occurs. However, s

reluctant to undergo PET in absence of H-bonding it cannot be considered as a representative 

Unlike C102, C153 undergoes ultrafast PET with aromatic amine donors

nomalous modulation for the ultrafast PET of C153 in
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mixture of electron donating (also H-bond 

. PET rate increases with increase in the mole fraction 

and thereafter decreases with further enrichment 

is anomalous trend of PET may possibly be attributed to either 

bonding environment around the acceptor (C102) in the mixture. 

To eliminate the role of polarity change we further studied PET of C102 in similar polarity 

ture. The anomalous trend of PET remains preserved in the AN-DMA mixture. 

bonding may be responsible for less active 

in neat donor solvent and is the main cause of the anomalous trend in H-

bonding modulation not a polarity variation. Anomalous modulation of PET of C102 is also 

phenol mixtures indicating that it is a common 

bonded system. However, we have not observed any PET modulation of C102 in 

However, since C102 is 

considered as a representative 

with aromatic amine donors. 

ultrafast PET of C153 in cyclohexane-
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aniline mixture. However, in cyclohexane-DMA mixture where no H-bond is formed 

ultrafast PET shows regular behaviour. To validate the competitive PET in neat vs non-

competitive PET in mixture, MD simulation has been considered in our group to know about 

the local structural arrangement of donor around the acceptor. 

Thus, this thesis investigates very important role of H-bonding on PET using 

coumarin acceptor and aniline and phenol donors. To obtain more insight into the 

mechanistic details of intermolecular PET process various effects such as temperature, 

isotopic substitution, and substituent effect should also be considered. Isotopic substitution is 

an important technique. This work can be extended to study of the effect isotopic substitution 

on PET of coumarins as well as other system also. So far we have considered only the 

fundamental aspects of H-bonded PET in mixture; it is interesting to see how this could affect 

photophysics under real competitive H-bonding condition. For example, in an enzyme 

pocket, a substrate forming a H-bond with a particular functional group at an active site, may 

also simultaneously make a H-bond with other amino acids. 
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Chapter 2 
 
Experimental and theoretical methods 
___________________________________________________________________________ 

 

In this chapter, we have discussed theoretical methodologies especially density 

functional theory (DFT) and time-dependent density functional theory (TDDFT) that have 

been used in our studies. Specifications of all the instruments used (e.g. UV-Visible 

spectrophotometer, steady-state spectrofluorometer, time correlated single photon counting 

(TCSPC), femtosecond up-conversion, FTIR spectrophotometer etc.) are also provided. 

Chemicals used and details of sample preparation have been included along with the data 

analysis. 

 

2.1. Theoretical methods 

2.1.1. Density functional theory (DFT) 

Density functional theory (DFT) is presently the most useful approach to compute the 

electronic structure of molecule and has been used for solving molecular parameters in the 

electronic ground state.135-136 Due to its reasonable accuracy and less computational cost, 

considerable interest in modern computational chemistry has been gained in recent years. It is 

primarily based on the probability density function of electron. Using DFT calculations we 

can study various molecular properties such as molecular structures, vibrational frequencies, 

electronic properties etc. 

In the last few years, there has been significant development of time-dependent 

density functional theory (TDDFT) methods for the calculation of the structure and electronic 
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properties of molecules in the excited state.137-139 Recently, TDDFT has been applied to the 

H-bonding complexes to probe the H-bond dynamics in the excited state.75, 81, 83, 137-141 

To understand the nature of the excited states as well as to estimate the H-bond 

strength, we have performed DFT and TDDFT calculations for isolated C102 and 1:1 

complex of C102 and phenol derivatives. The results will be presented in the chapter 3. For 

this purpose, we have first optimized the individual structures of C102, phenol and p-Cl-

phenol separately with DFT method using B3LYP functional and 6-31G** basis set. Using 

these optimized structures, 1:1 complexes- C102-phenol and C102-p-Cl-phenol are optimized 

at the same level of computation. To construct the potential energy surface of the hydrogen 

bonded complex, we performed single point energy calculation on each configuration by 

varying the H-bond distance by a step of 0.05 Å using DFT and TDDFT methods at the same 

level of computation. All of the calculations were performed with the Gaussian 03 package in 

the gas phase.142 

 

2.2. Steady-state measurements 

Absorption spectroscopy is the most useful spectroscopic tool which provides 

important information about the wavelength of a transition and the corresponding molar 

extinction coefficient (ε) of a chromophore under investigation. Throughout the studies, we 

have recorded the UV-Vis spectra of all the samples in Perkin-Elmer Lamda-35 and Perkin-

Elmer Lamda-750 spectrophotometers. Lamda-750 spectrophotometer consists of deuterium, 

tungsten and halogen light source, double holographic grating monochromator, high 

sensitivity R928 PMT. 

Steady-state fluorescence spectra of all the samples were recorded on Jobin Yvon 

Fluoromax4 spectrofluorometer. For all the steady-state measurements, we have used a 
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quartz cuvette of path length 1 cm. The most commonly used light source for 

spectrofluorometer is a high-pressure 150 W xenon (ozone free) arc lamp. Fluorescence is 

collected at right angles with respect to the incident beam while the emitted light is detected 

through a monochromator by a R928P photomultiplier tube (PMT). 

 

2.3. Time-resolved fluorescence measurements 

The details of any excited state process can be best probed by measuring the 

fluorescence intensity decay over time i.e. time-resolved fluorescence measurement. Often 

the decay of the excited population occurs on a wide range of timescales. Hence, usually 

different techniques or a combination of techniques are required for different studies. Here 

we have used two main techniques- time correlated single photon counting (TCSPC) and 

fluorescence up-conversion. 

 

2.3.1. Time correlated single photon counting (TCSPC) 

TCSPC is a very standard method to measure fluorescence lifetime from few tens of 

picosenconds to millisecond/microsecond time scale. The actual time resolution and time 

window depends on the nature of the light source and electronic components of the 

spectrometer. In the entire work, TCSPC measurements were performed on LifeSpec II from 

Edinburgh Instruments, UK. In this technique, the sample to be analyzed is excited with a 

short light pulse from a light source with sufficient delay between pulses. In our case, light 

sources were picosecond laser diodes (EPL-375 nm from Edinburgh and LDH-P-C-405 from 

PicoQuant) and maximum repetition rate was 10 MHz. In TCSPC method, the light source 

beam is split into start and stop signal pulses. The start signal pulse travels to a micro-channel 
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plate (MCP) photomultiplier which activates the time to amplitude converter (TAC). The stop 

signal pulse travels through the sample. The growth of ramp signal in TAC is stopped by this 

pulse. The TAC output can be amplified by an amplifier, and this analogue pulse of height 

corresponding to a measured time of the signal goes through further processing to convert to 

digital pulse through the analogue to digital converter (ADC). 

Since the fluorophores emit photons at different times following their excitation by 

radiation, the decay time molecules must have a certain rate rather than occurring at a specific 

time with excitation. The principle of TCSPC is the detection of single photons and the 

measurement of their arrival times in respect to a reference signal from the light source. The 

TCSPC method needs a high repetitive light source to accumulate a sufficient number of 

photons since this is a statistical method and requires many numbers of statistical data 

precision. The time measurement of the start and stop sequence is represented by an increase 

of a memory value in a histogram. Thus, this experiment must be repeated many times to 

gather sufficient photons in the full range of delays between excitation and emission. The 

resulting histogram counts versus the time channels on the X-axis represents the curve of 

fluorescence decay profiles. 

In most cases, the TCSPC technique has limits for the temporal and lifetime range 

measurable for the fluorescence lifetimes. Therefore, for the curve fittings the method 

involving linearization of the fitting function and least-squares fitting is the most widely used 

deconvolution technique. Time-resolved data were analyzed with reconvolution method 

based on discrete components analysis model using the FAST software provided by the 

Edinburgh Instruments Ltd. 
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2.3.2. Femtosecond up-conversion measurements 

Fluorescence up-conversion is a nonlinear optical detection technique to achieve 

femtosecond time resolution. In this technique, fluorescence of the sample is not detected 

directly, but instead sent to an appropriate nonlinear optical crystal. The fluorescence signal 

(νF) is mixed with a time delayed gate pulse (νG) in this crystal and generates a signal at the 

sum frequency, νF + νG. The intensity of the light at the sum frequency is determined using a 

photon counting electronics. The fluorescence up-conversion was measured in FOG 100, 

(CDP) at the laboratory of Prof. Kankan Bhattacharya at Indian Association for the 

Cultivation of Science, Kolkata, India and the details of the up-conversion principle are given 

elsewhere.143-144 The IRF (for SH excitation) displays a full width at half maximum (FWHM) 

of 350 fs. 

 

2.4. Analysis of the picosecond (TCSPC) and femtosecond (up-

conversion) decays 

An observed decay, N(t) is a convolution of the actual intensity decay, I(t) with the 

lamp function, L(t). In order to extract the fluorescence lifetime it is essential to de-convolute 

the data and the convolution integral may be expressed as- 

L(H) =  M N(H)O(HP − H)QHJR
�                                     (2.1) 

The deconvolution is based on an iterative least square method. An excitation pulse 

profile is first recorded and then the deconvolution starts with the mixing of the excitation 

pulse and a projected decay to form a new reconvoluted set. This data is compared with the 

experimentally obtained data and the difference is summed, generating the χS function for the 

fit. The deconvolution proceeds through a series of such iterations until an insignificant 
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change in χS occurs between two successive iterations. The quality of fit is normally assessed 

by inspection of the reducedχS, plot of the weighted residuals and the autocorrelaion function 

of the residuals. The picosecond decays are de-convoluted using FAST software. 

The femtosecond fluorescence decays are fitted using a Gaussian shape for the 

exciting pulse using IGOR Pro-5 software. 

 

2.5. Fourier transform infrared (FTIR) spectroscopy 

Fourier transforms infrared (FTIR) spectra in the range 450-4000 cm-1 were recorded in 

a Perkin-Elmer Spectrum Two FTIR spectrophotometer. For this purpose, we have used 

demountable liquid cell kit purchased from Sigma-Aldrich (097-3710, 2112003-1KT). For 

each measurement we have used 2 mm slit width. Concentration of C102 was taken 2 mM at 

each sample, whereas for cyclohexane-aniline mixture concentration of C153 at different 

mole fraction was 20 mM. 

 

2.6. Estimation of quantum yield of coumarins in solvent mixtures 

The excited molecules after absorption of light dissipate their absorbed energy by 

decomposition, reaction, emission or nonradiative de-excitation. The efficiency with which 

these processes take place is called the quantum efficiency. The fluorescence quantum yield 

is the fraction of excited molecules that return to the ground state S0 with emission of 

fluorescence photons. Quantum yield of fluorescence (ϕ) is generally defined as the ratio of 

the number of photons emitted to the number of photons absorbed as given by the following 

equation. 
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ϕ = �T�U�< �V WX�Y�Z ��[YY�\ 
�T�U�< �V WX�Y�Z 	U�<U�\                 (2.1) 

Generally, the fluorescence quantum yield of a sample (ϕ) is determined with respect to that 

of a standard known fluorophore using the following equation- 

ϕ&
ϕ]

=  ^_`ab_$
^a`_ba$                                             (2.2) 

where, ϕ is the fluorescence quantum yield of the sample, Is and Ir are the integrated 

fluorescence area, and As and Ar are the absorbance values for the sample and reference 

solutions, respectively. 

In our case quantum yield of the fluorophore (C102) was measured in different solvent 

mixtures with respect to the reported values in different solvents by Jones II et al.145 Quantum 

yield of C102 in cyclohexane is almost unity (~ 1.05).145 So we have calculated the quantum 

yields at different mole fraction of donor with respect to this value. For this purpose we have 

divided the respective area under curve of the OD-normalized emission spectra by the area 

under curve of the emission spectra of C102 in cyclohexane. 

 

2.7. Chemicals 

2.7.1. Fluorescence probes (acceptors) 

Throughout the works, we have used two fluorophores, coumarin 102 (C102) and 

coumarin 153 (C153). C102 and C153 were purchased from Sigma-Aldrich and used as 

received. 
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2.7.2. Donors 

We have used a series of hydrogen bond and electron donors in our work. Several 

phenol derivatives are used as hydrogen bond donors. Phenol was supplied by Sigma-Aldrich 

whereas p-Cl-phenol was purchased from Hi-Media. Anisole was purchased from Merck 

Chemicals. The electron donors, Aniline and N,N-dimethylaniline were purchased from 

Sigma-Aldrich and used without further purification. 

 

2.7.3. Solvents 

Throughout this work we have used various solvents with best available grade. 

Cyclohexane used was supplied by either Merck Chemicals or Rankem (HPCL grade). 

Acetonitrile and methanol were supplied by Merck Chemicals. Toluene (HPLC grade) was 

purchased from Spectrochem. All the solvents were used as received without further 

purification. 

 

2.8. Preparation of samples 

2.8.1. Preparation of binary mixture solution 

Binary mixtures of electron donating (also acts as H-bond donor) solvent i.e aniline 

and non-interacting solvent (cyclohexane, toluene and N,N-dimethylaniline) having different 

composition were prepared and mole fraction of the donor was calculated. Since cyclohexane 

and aniline are not miscible at room temperature we were unable to prepare complete range 

of mole fractions. For toluene-aniline mixture we have prepared the solvent mixtures at 

different mole fraction of aniline ranging from 0.0 to 1.0. Here, N,N-dimethylaniline cannot 

form H-bond and without H-bond formation it cannot acts as electron donor towards C102, 
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hence termed as non-interacting component. Similarly, we have also prepared binary 

mixtures of cyclohexane-phenol, anisole-phenol and cyclohexane-anisole. In cyclohexane-

phenol and anisole-phenol mixtures mole fraction of phenol was considered up to its 

solubility range in both the solvents. 

 

2.8.2. Preparation of fluorophore solution 

For fluorescence measurement, solutions of C102 and C153 were prepared in all the 

solvents used in our study. The fluorophores are completely soluble in the solvents. 

A stock solution of ~4 mM concentration was prepared by vortexing C102 in 500 µL 

cyclohexane. After that a solution of C102 of ~12 µM concentration was prepared by adding 

10 µL of the stock solution to 3 mL of cyclohexane and was used throughout all absorption, 

steady-state and time-resolved fluorescence measurements. For titration experiment, we have 

gradually added required amount of phenol (or p-Cl-phenol or anisole) to this solution. 

Similarly, we have also prepared the solution of C102 in other solvents-acetonitrile and 

methanol and performed all absorption and fluorescence measurements at different 

concentrations of phenol. 

For cyclohexane-aniline and toluene-aniline mixtures, we have prepared two stock 

solutions of C102 having concentration of 1 mM in cyclohexane and toluene, respectively. 

After that we have added 10 µL of the stock solution to 2 mL of each solvent mixture having 

different mole fraction of aniline and concentration of C102 in the samples was maintained 5 

µM. 

For aniline-DMA mixture, we have prepared a stock solution of C102 in methanol 

having concentration of 4 mM. 10 µL of this stock solution is added to each samples of 

volume 3 mL of aniline-DMA mixture at different mole fraction of aniline. The concentration 
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of C102 in each sample was kept ~ 12 µM. Before adding to the solvent mixture methanol 

was evaporated. 

For cyclohexane-phenol, anisole-phenol and cyclohexane-anisole, we have prepared 

two stock solutions of C102 in cyclohexane and anisole of concentration of ~ 2 mM. 10 µL 

of this stock solution was added to each samples of volume 2 mL of cyclohexane-phenol, 

anisole-phenol and cyclohexane-anisole at different mole fraction of phenol and anisole. The 

concentration of C102 in each sample was ~9 µM. 

For, C153 we have prepared a stock solution of ~2 mM in cyclohexane. From this 

stock solution 10 µL was pipette out and added to each sample of cyclohexane-aniline 

mixture having different mole fraction of aniline. The final concentration of each sample was 

~ 10 µM. 

 

2.8.3. Preparation of FTIR samples 

For FTIR measurement we have prepared samples at different mole fraction of aniline 

(or phenol). The concentration of C102 and C153 were respectively 5 mM and 20 mM 

throughout all the measurements. 
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Chapter 3 

Hydrogen-Bond induced photoinduced electron transfer of 

coumarin 102-phenol complex*  

 

3.1. Introduction 

The nature of the H-bonding, whether it is strengthen or weaken in the excited state 

has been reviewed in the chapter 1 (see section 1.3). Using UV-visible pump and IR probe 

spectroscopy, Nibbering and co-workers suggested that H-bond between C102 and phenol 

formed in the ground state in a non-polar solvent TCE breaks in the electronic excited state 

just after excitation (`within ~200 fs of excitation).65, 77, 122-123, 146 On the contrary, using 

TDDFT calculation, Zhao and Han demonstrated that C102-phenol H-bond strengthened in 

the excited state rather than being cleaved. They proposed that the strengthening of the C102-

phenol H-bond in the electronically excited-state upon photoexcitation facilitates 

photoinduced electron transfer (PET) within the H-bonded complex. This H-bond 

strengthening assisted PET may lead to fluorescence quenching of C102.75 From the 

literature it is clear that if H-bond breaks in the excited state then C102 and phenol will be 

apart and as a result there will be no fluorescence quenching. On the other hand, if H-bond 

strengthened in the excited state, C102 and phenol will come closer and PET will be 

facilitated. Thus, H-bond induced PET will lead to fluorescence quenching. Various groups 

have investigated the effect of excited state H-bonding on photophysics of many other 

complexes but C102-phenol remains ambiguous.80, 119, 147  

In this chapter, we have revisited the C102-phenol system in a non-interacting solvent 

cyclohexane. To characterise the excited states of the H-bonded system, especially to observe 

the effect of the excited-state H-bond strengthening or weakening in the excited state 
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relaxation, we have applied both steady-state and time-resolved fluorescence spectroscopy. 

Here, we have considered a series of phenol derivatives e.g. anisole and p-Cl-phenol having a 

variety of H-bonding strength (Scheme 3.1). Since −OH group is replaced by −OCH3, anisole 

lacks H-bond formation ability. On the other hand, the presence of an electron withdrawing –

Cl group at the para position makes p-Cl-phenol a better H-bond donor compared to phenol. 

The stronger H-bond formation ability of p-Cl-phenol compared to phenol with C102 is 

evident from the lower pKa value of p-Cl-phenol (9.38) than phenol (9.98).148 Since the 

oxidation potentials of the three phenol derivatives are similar,149 interaction with C102 may 

be controlled by the effect of the excited-state H-bonding rather than by the free energy of 

electron transfer.10 We observed that anisole has negligible or no effect on the emission 

spectra of C102, while the fluorescence of C102 quenches significantly in the presence of 

phenol. For p-Cl-phenol, fluorescence quenching of C102-quenching is even more 

prominent. 

 

 

Scheme 3.1: Structures of C102 and different phenol derivatives of varying H-bond strength. 

 

In order to understand the role of solvent in controlling the H-bond formation, we 

considered another two solvents- acetonitrile and methanol of different polarity. Both the 
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solvents have H-bond formation ability and can form H-bond with either C102 or phenol or 

both. 

The results are discussed in the following order. First, we have discussed the 

theoretical results to characterize the spectroscopic states in the H-bonded complex, followed 

by results from the steady-state and time-resolved fluorescence measurements in the absence 

and in the presence of H-bond donor. Subsequently, we analyzed the results on the basis of 

excited state H-bonding effect on the electronic relaxation. 

 

3.2. Results 

3.2.1. Time-dependent density functional theory (TDDFT) calculations 

Figure 3.1 represents the ground-state optimized geometry of the 1:1 H-bonded 

complexes of C102 and H-bonding donors- phenol and p-Cl-phenol. Here, we want to focus 

only on the 1:1 complex and hence, we covered only the low-concentration range of the 

donors (phenol and p-Cl-phenol). At these concentrations, formation of higher order 

complexes (C102-(donor)n=2,3..) may be safely ignored. From the figure 3.1, C102 and phenol 

are held by the formation of H-bond between the C=O group of C102 and the HO− group of 

phenol and p-Cl-phenol. The H-bond distance, that is, the distance between the O atom of the 

C=O group and the H atom of the HO− group of phenol, was found to be 1.845 Å (Table 

3.1). As a result of the H-bond formation between C102 and phenol, the H-bonding groups 

(C=O and −OH) of the donor and acceptor bonds are lengthened. The C=O bond (1.211 Å) of 

isolated C102 is elongated by 0.015 Å on the formation of 1:1 H-bonded complex with 

phenol (Table 3.1). The molecular planes of C102 and phenol were seen nearly orthogonal to 

each other in the 1:1 complex. The optimized geometry and the H-bond parameters of the 

C102-phenol complex showed good agreement with that reported by Zhao et al.75 The 
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geometry of the C102-p-Cl-phenol complex was qualitatively similar to the C102-phenol 

complex (Figure 3.1). However, the H-bond length was shorter by 0.081 Å in the C102-p-Cl-

phenol complex compared to the C102-phenol, indicating superior H-bonding ability of p-Cl-

phenol. 

 

 

Figure 3.1: Optimized structures of 1:1 C102-phenol and C102-p-Cl-phenol hydrogen 

bonded complexes in the ground state (S0). The shorter hydrogen bond length in the C102-p-

Cl-phenol complex indicates stronger H-bond formation than in C102-phenol complex. 

 

Figure 3.2 represents the potential energy curves of the first three electronic states 

(S0, S1, S2) of the C102-phenol and C102-p-Cl-phenol H-bonded complexes, respectively. 

From the curves, it was evident that the minima of the S1 and S2 potential curves shift to a 

shorter distance than that of the ground state (S0). Similar shifting of the potential minima 

towards shorter distance in the excited state was also reported earlier by Zhao et al. for C102-

phenol using BP86 functional with TZVP basis set.75 The potential energy curve, U(r) along 
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the hydrogen-bonding coordinate (r) was fitted with a Morse type equation for each of the 

electronic states- 

c(*) =  c(*�) + �# [1 − d�e('�'()$
]                                     (3.1) 

where, *�, c(*�) and �# represent the equilibrium H-bond distance, equilibrium potential 

energy and H-bond dissociation energy, respectively, and a is an adjustable Morse parameter. 

The fitted results for the three electronic states S0, S1, and S2 for C102-phenol and C102-p-

Cl-phenol are summarized in Table 3.2. The H-bond distance and energy for p-Cl-phenol 

were found to be shorter and greater, respectively than that of phenol. The fitted values for H-

bond energy for C102-phenol complex in S0 and S2 states were 8.40 and 11.36 kcal M−1, 

respectively, which were in excellent agreement with the calculated values (8.67 and 12.26 

kcal M−1 respectively) of Zhao et al.75 The excited-state H-bond strengthening was observed 

to be more drastic in the S1 state for both of the complexes (Table 3.2 and Table 3.3). 

 

Table 3.1: H-Bond length (LO..H) and the bond lengths of the H-bond accepting (LC=O) and 

donating groups (LH−O) in the ground state (S0) before and after formation of the H-bonded 

complex. 

 Nfgh (Å) Ni�h (Å) Ni⋯h (Å) 

Phenol - 0.966 - 

p-Cl-phenol - 0.966 - 

C102 1.211 - - 

C102-phenol 1.226 0.981 1.845 

C102-p-Cl-phenol 1.228 0.985 1.764 
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Figure 3.2: Potential energy variation along the H-bond coordinates (i.e., the distance 

C=O⋯H-O in angstroms) for the C102-phenol (a) and C102-p-Cl-phenol (b) complexes in 

the first three electronic states (S0, S1, S2). The minima of the S2 and S1 potentials correspond 

to shorter H-bond than in the ground state. For p-Cl-phenol, H-bond is shorter than phenol in 

all electronic states. The H-bond shortening is more drastic in the S1 state for both phenol and 

p-Cl-phenol. 

 

Table 3.2: Fitting parameters according to the equation 3.1 to the calculated potential energy 

curve of the 1:1 C102-phenol complex in three electronic states. 

Electronic States *�(Å) c(*�) (a.u.) �# (kcalM-1) j (Å-2) 

S0 1.845 -1132.6986 8.40 1.47 

S1 1.467 -1132.5958 31.21 1.47 

S2 1.777 -1132.5713 11.36 1.42 
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Table 3.3: Fitting parameters according to the equation 3.1 to the calculated potential energy 

curve of the 1:1 C102-p-Cl-phenol complex in three electronic states. 

Electronic States *�(Å) c(*�) (a.u.) �# (kcalM-1) j (Å-2) 

S0 1.762 -1592.2941 10.26 1.52 

S1 1.439 -1592.1851 31.51 1.48 

S2 1.712 -1592.1656 12.41 1.50 

 

Table 3.4: TD-DFT/B3LYP/6-31G** calculated electronic transition wavelengths (nm) of 

free C102, C102-phenol and C102-p-Cl-phenol complexes in gas phase. Corresponding 

oscillator strengths are given in the parentheses. 

Transitions C102 C102-phOH C102-p-ClphOH 

S0 → S1 341 (0.3391) 407 (0.0011) 391 (0.0004) 

S0 → S2 298 (0.0045) 357 (0.3262) 354 (0.3938) 

 

The energy, strength, and nature of the transitions in the H-bonded complex can be 

obtained from the TDDFT calculations. Two lowest energy transitions in isolated C102, 

C102-phenol and C102-p-Cl-phenol complexes are shown in table 3.4. C102 shows a strong 

S0 → S1 transition band originating at 341 nm. Our theoretical calculation predicts a strong 

transition (S0 → S2) at 357 nm for C102- phenol complex. In addition to this, a very weak 

low-energy transition (S0 → S1) was predicted at 407 nm which may be ascribed as a dark 

state. In the C102-p-Cl-phenol complex, the transitions were similar to those of the C102-

phenol complex. From the frontier molecular orbitals (Figure 3.3) of the H-bonded complex, 

it may be stated that the S0 → S1 transition is of CT character, where electron density 

dominantly moves from the phenol moiety to C102. Because the excited-state hydrogen bond 

shortening is the most dramatic. 
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Figure 3.3: Frontier molecular orbitals (MOs) of C102-phenol hydrogen-bonded complex. 

For S2 transition (HOMO-1 → LUMO) electron remains on coumarin moeity but for S1 

transition (HOMO → LUMO) electron moves from the phenol to the coumarin unit.  

 

 

Figure 3.4: Frontier molecular orbitals (MOs) of C102-p-Cl-phenol hydrogen-bonded 

complex. For S2 transition (HOMO-1 → LUMO) electron remains on coumarin moeity but 

for S1 transition (HOMO → LUMO) electron moves from the p-Cl-phenol to the coumarin 

unit. 

 

in the S1 state of the complex, this CT may be aided by the excited-state hydrogen bonding. 

In the case of S0 → S2 transition, electron density remains on C102 moiety of the C102-

phenol complex before and after excitation, and hence it is locally excited (LE) in nature and 

possess a strong oscillator strength. This observation was also in accordance with that of 

Zhao et al.75 
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3.2.2. Steady-state absorption and emission measurements 

Figure 3.5 represents absorption spectrum of ∼12 μM C102 in cyclohexane in the 

presence of different concentrations of the H-bond donors (phenol or p-Cl-phenol). In the 

absence of any donor, the absorption spectrum of C102 exhibited vibrational structures 

(characteristics of absorption bands of most fluorophores in nonpolar solvents) with 

absorption maximum at 362 nm. Our calculation in the gas phase predicted the lowest energy 

S0 →S1 transition at 341 nm (405 nm by Zhao et al.75). On addition of phenol the absorption 

band gradually shifted to longer wavelength along with the development of an additional 

shoulder at ∼395 nm. Similar observation was reported for the C102-phenol in TCE.77 From 

our theoretical calculation, it may be inferred that the absorption band originates from a 

superposition of both the absorption from the S0 → S2 transition of the H-bonded complex 

and the S0 → S1 transition of the free C102. The calculated absorption maximum of the S0 → 

S2 transition of the complex was red-shifted by 16 nm from the S0 → S1 absorption band of 

free C102. The relative contribution of the complex increases to that of the free C102 as the 

amount of phenol increases which accounts for the gradual red shifting of the absorption band 

at progressively higher concentration of phenol. Another noticeable feature was that at low 

phenol concentration (≤34 mM) a clear isosbestic point was observed at 368 nm indicating 

formation of the 1:1 C102-phenol complex between C102 and phenol. However, at the higher 

phenol concentration, the isosbestic region becomes defocused. This may be due to the 

formation of higher order C102-(phenol)n complex (n = 2,3 etc). For p-Cl-phenol, the 395 nm 

band increases more effectively on increasing the p-Cl-phenol concentration, and the 

isosbestic point was found to be at 369 nm. The red-shifting of the absorption band was more 

prominent in p-Cl-phenol, indicating better H-bonding donating ability of p-Cl-phenol over 

phenol (Figure 3.5). 
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Figure 3.6: Absorption spectra of C102 in cyclohexane in the presence of different 

concentrations (0-51 mM) of anisole. 

 

Interestingly, anisole did not show any effect on the absorption spectrum of C102 in 

the same concentration range (Figure 3.6). In polar solvents- acetonitrile or methanol, phenol 

Figure 3.5: Absorption spectra of C102 in 

cyclohexane in the presence of different 

concentrations (0-51 mM) of phenol (a) 

and p-Cl-phenol (b). The inset shows the 

magnification of the isosbestic region in 

both cases.  
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did not alter the absorption spectrum of C102 (Figure 3.7). This may be due to direct 

involvement of the solvent molecules in H-bond formation with either C102 or phenol or 

both, and hence, the intermolecular C102-phenol H-bonding may be masked. 

 

 

Figure 3.7: Absorption spectra of C102 in acetonitrile (left panel) and methanol (right panel) 

in the presence of different concentrations (0-51 mM) of phenol. 

 

Emission spectra of C102 in the presence of different concentrations of phenol and p-

Cl-phenol at an excitation wavelength of 370 nm are represented in figure 3.8. Since the 

excitation wavelength was close to the isosbestic point of the absorption spectra, the 

transition probability of the both species (free C102 and 1:1 C102-phenol) is the same. 

Hence, excited-state population will be proportional to the ground-state population of each 

species. We observed that on addition of phenol the emission intensity of C102 gradually 

diminishes (figure 3.8a). 
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For p-Cl-phenol, the quenching was even stronger (figure 3.8b). For example, at 34 

mM p-Cl-phenol the emission intensity of C102 decreases by a factor of 2.4, while for same 

phenol concentration fluorescence intensity reduces by a factor of 1.7 from that in the 

absence of any donor. On the contrary, anisole does not have any effect on the emission 

spectrum of C102 (Figure 3.9). From theoretical calculation (section 3.2.1), it was found that 

p-Cl-phenol forms a stronger H-bond with C102 than phenol. Stronger fluorescence 

quenching by p-Cl-phenol and no quenching in anisole may indicate that the H-bonding-

assisted mechanism was responsible for fluorescence quenching. Note that phenol did not 

alter the emission spectrum of C102 in polar solvents- acetonitrile or methanol (Figure 3.10).  

Figure 3.8: Emission spectra of C102 

in cyclohexane in the presence of 

different concentrations (0-51 mM) of 

phenol (a) and p-Cl-phenol (b) at an 

excitation wavelength ( λex) of 370 nm. 
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Figure 3.9: Emission spectra of C102 in cyclohexane in the presence of different 

concentrations (0-51 mM) of anisole at an excitation wavelength (λex) of 370 nm. 

 

 

Figure 3.10: Emission spectra of C102 in the presence of different concentrations (0-51 mM) 

of phenol in acetonitrile and methanol at an excitation wavelength (λex) of 370 nm. 

 

The fluorescence quenching of C102 in the presence of phenol (or p-Cl-phenol) in 

cyclohexane can be quantified by the using the Stern−Volmer equation- 

l(
l = 1 +  mno[q]                        (3.2) 

where F0 and F are the fluorescence intensities of C102 in the absence and in the presence of 

quencher (phenol or p-Cl-phenol), respectively. Stern-Volmer plots for phenol and p-Cl-
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phenol are presented in figure 3.11. The quenching constants (KSV) for the phenol and p-Cl-

phenol were found to be 25.8 M-1 and 42.7 M−1, respectively. The higher quenching constant 

of p-Cl-phenol compared to phenol indicates that H-bonding should have a major role in 

fluorescence quenching. 

 

 

Figure 3.11: Stern-Volmer plot of the fluorescence quenching of C102 in cyclohexane in the 

presence of the quenchers- phenol (square), p-Cl-phenol (circle) and anisole (triangle). 

Fluorescence quenching is absent for anisole and the most drastic for p-Cl-phenol. Time 

resolved data (τ0/〈τ〉) for phenol and p-Cl-phenol are displayed as filled symbols. 

 

From the absorption spectra of the C102-phenol systems (figure 3.5), it may be 

expected that excitation at 405 nm should have negligible contribution from the unbound 

C102 and thus, the emission spectrum will be representative of the H-bonded C102-phenol 

complex alone. It was confirmed that the emission of the H-bonded complex, when excited at 

this wavelength becomes almost independent of phenol concentration (Figure 3.12). Note 

that the emission of the complex was much weaker that free C102. For example, at 11 mM 
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phenol, the emission intensity of C102-phenol decreases dramatically by a factor of 16 

compared to free C102. 

 

 

Figure 3.12: Emission spectra of C102 in cyclohexane in the presence of different 

concentrations (0-51 mM) of phenol (a) and p-Cl-phenol (b) at an excitation wavelength (λex) 

of 405 nm. 

 

3.2.3. Time-resolved fluorescence measurements 

Time-resolved fluorescence measurements were performed by exciting the samples at 

two different wavelengths- 375 and 405 nm. 

When excited at 375 nm, both the free and the H-bonded C102 may be excited. The 

relative contributions of the excited species should depend on their ground-state population 

(as the molar extinction coefficient at this wavelength is similar). In the absence of any donor 

(phenol or p-Cl-phenol), fluorescence decay of C102 was exponential with a decay time of 

2.7 ns, which is in agreement with literature.145 
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Figure 3.13: Fluorescence transients of C102 in cyclohexane in the presence of different 

concentrations (0-51 mM) of phenol or 

nm and 405 nm. Fluorescence decays (at 

become faster on the addition phenol or 

decays (at λem =430 nm) remain

 

Figure 3.13 displays the fluorescence decays of C102 in the presence of various 

concentrations of phenol and 

nm, respectively. From the figure

faster with increase in the concentration 

fluorescence transients at λex = 375 nm could be fitted by a sum of two exponentials 

s(H)
In the presence of H-bond donor fluorescence decays of C102 

distinct time components. For example, the f
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Fluorescence transients of C102 in cyclohexane in the presence of different 

51 mM) of phenol or p-Cl-phenol excited at two different wavelengths

nm and 405 nm. Fluorescence decays (at λem =405 nm) at 375 nm excitation gradually 

become faster on the addition phenol or p-Cl-phenol but at 405 nm excitation fluorescence 

=430 nm) remain almost invariant of phenol or p-Cl-phenol concentration.

displays the fluorescence decays of C102 in the presence of various 

of phenol and p-Cl-phenol at the excitation wavelengths of 375 nm and 405 

figure, it is clear that the fluorescence decays gradually become 

with increase in the concentration of the H-bond donor (phenol or 

= 375 nm could be fitted by a sum of two exponentials 

( ) = 	 j6d
�J  τ9⁄ � jSd

�J  τ$⁄               (3.3) 

bond donor fluorescence decays of C102 were bi-exponential with two 

For example, the fluorescence transient of C102 i
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Fluorescence transients of C102 in cyclohexane in the presence of different 

phenol excited at two different wavelengths- 375 

=405 nm) at 375 nm excitation gradually 

phenol but at 405 nm excitation fluorescence 

phenol concentration. 

displays the fluorescence decays of C102 in the presence of various 

s of 375 nm and 405 

the fluorescence decays gradually become 

bond donor (phenol or p-Cl-phenol). The 

= 375 nm could be fitted by a sum of two exponentials  

exponential with two 

luorescence transient of C102 in the presence of 
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11 mM phenol, showed a fast component of 400 ps and a slow component of 2500 ps. With 

increase in the concentration of phenol, the time constants did not change much but the 

relative contribution of the components increased. The contribution of the fast component 

increased from 25 to 54% with increase in the phenol concentration from 11 mM to 51 mM. 

The fast component was absent in free C102, hence, the decay time could be assigned to the 

H-bonded complex. Thus, the corresponding amplitude would represent their relative excited-

state population. On addition of phenol, the slow component decreased slightly from the 

lifetime of free C102. Thus, this slower decay times may be attributed to the directly excited 

free C102 or a LE complex, where the H-bond has been ruptured. Hence, the slight decrease 

of decay time may be due to the preferential salvation of excited C102 by the polar phenol. 

 

 

 

The effect of excited-state H-bonding on the electronic relaxation can be manifested 

from the comparison of the fluorescence decays of C102 in the presence of phenol with that 

Figure 3.14: Comparison of the effect of 

phenol and. p-Cl-phenol on the 

fluorescence decay of C102 in cyclohexane 

at same concentration (22 mM) of phenol 

or p-Cl-phenol. Faster fluorescence decays 

are observed in the presence of p-Cl-phenol 

than in phenol at both the excitation 

wavelengths (375 nm and 405 nm). 
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of p-Cl-phenol at same concentration (Figure 3.14). At a particular concentration, the decay 

times for both phenol and p-Cl-phenol were similar, but the relative contributions of the fast 

and slow components were different. For example, at 22 mM phenol, the contribution of the 

fast (410 ps) component was 38%, while at same concentration of p-Cl-phenol, the fast 

component increased to 56%. This increase in the relative contribution of the fast component 

implied that the fluorescence decay is controlled by the H-bond-regulated mechanism. 

The decrease in the relaxation time could be correlated to the Stern-Volmer quenching 

by- 

τ(

uτv
= 1 �	mno[q]                       (3.4) 

where w� is the decay time of C102 in the absence of any quencher (phenol or p-Cl-phenol) 

and <w > is the average decay time in its presence. The average fluorescence decay time was 

calculated by the following equation- 

< τ >	= 	j6τ6 �	jSτS                      (3.5) 

The time-resolved quenching data had a good agreement with the steady-state measurement 

(Figure 3.11). 

It is to be noted that at 405 nm free C102 has negligible absorption (figure 3.5). 

Hence, at this excitation wavelength the H-bonded complex will be excited exclusively, thus, 

the fluorescence decay at 405 nm will be characteristics of relaxation of the hydrogen-bonded 

complex only. Interestingly, the fluorescence decay (at λex = 405 nm) in the presence of 11 

mM phenol (or p-Cl-phenol) is markedly different from the free C102. With further addition 

of phenol fluorescence decay remains almost unchanged. The fluorescence decay of the 

C102-phenol complex was bi-exponential with two distinct components of 610−630 ps and 

2.7−1.8 ns. The contribution of the slow component was very small (10−16%) which may be 

due to directly excited free C102 or the C102-phenol complex with broken H-bond in the 
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excited state. In the presence of p-Cl-phenol, the fluorescence decay was slightly faster than 

phenol at the same concentration of the donors (Table 3.5 and Table 3.6). 

 

Table 3.5: Fluorescence decay parameters of C102 in cyclohexane at various concentrations 

of phenol at two excitation wavelengths (λ��) -375 and 405 nm. 

 λ�� = 375 nm λ�� = 405 nm 

[Phenol] (mM) τ6/ps (j6) τS/ps (jS) τ6/ps (j6) τS/ps (jS) 

0.0 - 2700 (1.00) - 2700 (1.00) 

11 400 (0.25) 2500 (0.75) 640 (0.90) 2500 (0.10) 

22 410 (0.38) 2300 (0.62) 610 (0.86) 1800 (0.14) 

51 420 (0.54) 2000 (0.46) 630 (0.84) 1700 (0.16) 

 

Table 3.6: Fluorescence decay parameters of C102 in cyclohexane at various concentrations 

of p-Cl-phenol at two excitation wavelengths (λ��) -375 and 405 nm. 

 λ�� = 375 nm λ�� = 405 nm 

[p-Cl-Phenol] (mM) τ6/ps (j6) τS/ps (jS) τ6/ps (j6) τS/ps (jS) 

0.0 - 2700 (1.00) - 2700 (1.00) 

11 350 (0.40) 2600 (0.60) 470 (0.94) 1700 (0.06) 

22 400 (0.56) 2500 (0.44) 480 (0.92) 1400 (0.08) 

51 390 (0.71) 2200 (0.29) 510 (0.91) 1500 (0.09) 
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3.3. Discussion 

The most important observation of this work was strong fluorescence quenching of 

C102 in the presence of H-bond donors- phenol and p-Cl-phenol in cyclohexane. However, 

quenching was not observed in the case of anisole where no H-bond formation is possible. It 

was reported that absorption and emission spectra of C102 exhibited red-shift in the presence 

of phenol in another non-interacting solvent TCE77 but fluorescence quenching was observed 

the first time using cyclohexane as a solvent. Although both TCE and cyclohexane are non-

interacting solvents without any hydrogen bond accepting or donating ability strong 

fluorescence quenching of C102 observed in cyclohexane only. Fluorescence quenching was 

also absent in interacting solvents- acetonitrile and methanol and may be attribute to the 

masking of the intermolecular C102-phenol H-bond by the dominant H-bonding interaction 

of the solvent with either C102 or phenol. Although TCE cannot form hydrogen bond it may 

not be a totally non-interacting solvent. Yoshihara and co-workers observed a broad band in 

FTIR spectrum for the C=O group of C102 in TCE compared to that in DMA.84 This may be 

due to the fact that the π electron of the unsaturated solvent or the chlorine atoms may weakly 

interact with C102 or phenol through halogen bonding 150-151 and as a result the fluorescence 

quenching may be obscured in TCE but not in cyclohexane. 

The mechanism of fluorescence quenching may be clearly understood from the 

theoretically predicted potential energy states of the hydrogen-bonded complexes. In the 

absence of H-bonding, the S1 states of the isolated C102 are LE in character and the S0−S1 

energy gap is large. Hence, the excited-state relaxation exclusively follows the radiative 

pathway. This may be the reason for very high quantum yield of C102 in cyclohexane.145 H-

bond formation lowers the energy of the LE state of the complex. In addition to this H-boning 

creates a new CT state that was absent in the free coumarin. This CT state may be formed due 

to intermolecular interactions within the strongly H-bonded species in the excited state. On 
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the basis of the theoretical and experimental results, the excited-state relaxation of the H-

bonded complex may be represented by the following relaxation scheme (Scheme 1.6). It is 

already mentioned that at λex = 405 nm, only the hydrogen-bonded complex is selectively 

excited, whereas at λex = 375 nm, both the free and the H-bonded complexes are excited. 

TDDFT calculations shows that oscillator strength of S0 → S1 transition is very low hence, S1 

state is termed as dark state (non-fluorescent). Photoexcitation initially prepares the complex 

in the S2 (LE) state. From this state the complex may relax radiatively to the ground state (S0) 

or undergo internal conversion (IC) to the S1 (CT) state. This nonradiative IC may be the 

main origin of fluorescence quenching, and the fast component (∼600 ps) may be due to the 

dynamics of the process. Zhao et al.75 first proposed that this local CT (or PET) within the H-

bonded complex may lead to fluorescence quenching and is observed by us for the first 

time.152 Fluorescence quenching due to PET in the absence of a H-bond has been extensively 

studied in coumarin−dimethylaniline (DMA) systems.21, 153-154 However, the oxidation 

potential of the phenol derivatives is much less favorable for PET than DMA, and C102 is 

known to be less susceptible to PET among all other coumarins.21, 153-154 Hence fluorescence 

quenching through PET without a H-bond could be neglected for the phenol derivatives. This 

may be the reason for lack of fluorescence quenching for anisole in cyclohexane and all the 

of phenol derivatives in acetonitrile and methanol. PET within the H-bonded system could be 

very facile due to the proximity of the donor−acceptor and proper orientation of the 

donor−acceptor compared with the non H-bonded system. Hence, fluorescence quenching is 

observed only in the H-bonded C102-phenol or C102-p-Clphenol pairs but not for anisole, 

although all have similar oxidation potential. 
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3.4. Conclusion 

The theoretical assumption that excited-state H-bond strengthening or shortening may 

lead to the fluorescence quenching has been observed here for the first time for C102-phenol 

complex in cyclohexane. Fluorescence quenching was correlated well with the strength of H-

bond. The quenching was completely absent for the C102-anisole system, where H-bonding 

is not possible, and was more prominent for the p-Cl-phenol, which forms stronger hydrogen 

bond with C102 than phenol. Time-resolved fluorescence measurement suggests that the 

observed quenching is mostly dynamics quenching and aided by excited-state H-bond 

strengthening. Theoretical calculations indicated that a dark CT state exists in the hydrogen-

bonded complex and plays a major role in the fluorescence quenching mechanism. The 

observed fluorescence quenching of the selectively excited hydrogen bonded C102-phenol 

complex may be due to the internal conversion (or PET) from the S2(LE) to S1(CT) state, and 

the transfer occurs on a much faster time scale (~600 ps) than the electronic relaxation of the 

unbound C102. The H-bond may persist for most of the excited-state complex, and only a 

small fraction (10%) of the complex may dissociate in the excited state and display a slow 

relaxation similar to unbound C102. This study shows that excited-state hydrogen-bonding 

dynamics, which are typically proposed to occur on an ultrafast time scale, may alter the 

fluorescence characteristics of a H-bonded complex on much slower time scale as well. 
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Chapter 4 

Enhancement of H-bond mediated photoinduced electron transfer 

upon addition of inert solvent: Coumarin 102 in cyclohexane-

aniline and toluene-aniline mixtures* 

 

4.1. Introduction 

In the previous chapter (chapter 3), we have demonstrated the important role of H-

bonding in assisting PET within a H-bonded C102-phenol complex.152 In this chapter, we 

will represent result on the effect of H-bonding on the PET between C102-aniline complex. 

A coumarin dissolved in neat aniline is an ideal model system to study the role of H-

bonding in the photoinduced electron transfer (PET) process.19, 118-119 The photoexcited 

coumarin may simultaneously serves as an electron acceptor and a H-bond acceptor through 

its C=O site, whereas, the solvent aniline may act as a donor for both electron and H-bonding 

through its -NH2 group. For an acceptor dissolved in a neat electron donating solvent, many 

donors may surround the acceptor and hence, every acceptor molecule would be at contact 

distance with many donors. Hence, one may expect that effect of H-bonding on PET may be 

the most effective at this condition. Although theoretical study predicted that C102-AN H-

bonding may facilitate PET, there is no experimental evidence of PET when C102 is 

dissolved in neat AN (see section 1.4, chapter 1). 

The inefficient PET within C102-AN H-bonded complex may be explained as follows. 

Due to H-bond donating and accepting ability, aniline may form H-bond with itself and may 

exist as H-bonded cluster.155-157Thus in neat aniline, in addition to C102-AN H-bond AN-AN 

H-bond may exist and situation may be described as competitive H-Bonding (scheme 4.1). 
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Hence, the key H-bonding between C102 and AN may not be efficient enough in guiding 

electron transfer. In addition to this, due to high polarity of aniline, the C102-AN H-bonding 

may be weak.14 Several donor molecules may also present at close contact without forming a 

H-bond with the acceptor and their contributions to overall PET may be significant. Hence, 

the effect of H-bonding on PET may be decreased in a neat aniline solvent. 

 

 

Scheme 4.1: Photoinduced electron transfer (PET) for an excited acceptor (e.g. coumarin 

102) in two different situations: in a neat solvent having simultaneous electron donating and 

H-bonding abilty (e.g aniline) and in a liquid mixture of the solvent containing another non-

interacting component. In a neat solvent, competitive H-bonding between acceptor-donor and 

donor-donor H-bonds suppress the effect of H-bonding of PET (gray arrow). In a liquid 

mixture, the non-interacting component intervenes the donor-donor H-bond, and hence, 

strengthens/orients donor-acceptor H-bond for a faster PET process (black arrow). 

 

When an inert non-polar component is simply mixed with aniline the situation may 

change considerably. The main role of inert component is that it may replace some of the 

donors from the first solvation shell of the acceptor by disrupting D-D H-bond. Thus, in the 

solvent mixture, situation may be described as non-competitive H-bonding (scheme 4.1) 
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where only C102-AN H-bonding present. In the non-polar solvent H-bonded association may 

also be stronger than in the polar solvent.14 These factors may help to accelerate the PET 

process. 

To demonstrate this concept, we used a binary mixture of aniline and a non-

interacting solvent, cyclohexane or toluene and studied PET from aniline to excited C102 by 

varying the mole fractions of aniline (XAN). 

Cyclohexane is a perfect choice for an inert solvent since the aliphatic solvent cannot 

participate in either electron transfer or H-bonding. This is evident from the Kamlet-Taft 

parameters of cyclohexane; H-bond donating (α), H-bond accepting (β) and polarity (π*) 

parameters have zero contribution (Table 4.1).158 However, cyclohexane and aniline are not 

miscible for certain compositions (from XAN ~ 0.15 to ~ 0.70) at room temperature. To avoid 

this problem, we have selected another solvent toluene, which is completely miscible in all 

proportions with aniline. The quadrupolar solvent toluene is a much weaker electron or H-

bond donor than aniline and hence, may practically serve the requirement of an inert solvent 

in this case. 

 

Table 4.1: Kamlet-Taft parameters, α (hydrogen bond donor), β (hydrogen bond acceptor), 

and π* (polarity); dielectric constant ( εs), ��(30) and donor number (��) of the neat solvents. 

Solvent π
*a α

a β
a εs

b �� (30)b ��
b  λ��

�	� (cal) 

(nm) 

λ��
�	� (exp) 

(nm) 

Cyclohexane 0.0 0.0 0.0 1.9 30.9 0.0 409 408 

Toluene 0.54 0.0 0.11 2.4 33.9 0.1 442 423 

Aniline 0.73 0.26 0.50 6.7 44.3 35 461 463 

DMA 0.73 0.0 0.43 4.4 36.5 27 448 436c 

a From ref 159. b From ref 27. c From ref 18. 
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4.2. Results 

4.2.1. Steady-state measurements 

The absorption maxima (λ	U
�	�) of C102 in the neat solvents –cyclohexane, toluene 

and aniline – were found to be at 362 nm, 372 nm and 398 nm, respectively. The absorption 

maximum of C102 showed slight red-shift in toluene compared to cyclohexane but was 

markedly red-shifted in aniline. This was consistent with the fact that the electronic transition 

energy of C102 depends highly on the polarity and H-bonding ability of solvents.145, 147, 152 

With increase in the AN content in the mixture, λ	U�	� shifted gradually towards higher 

wavelength. (Figure 4.1). This red-shift may be due to the formation of the H-bonded C102–

AN complex and increase in the average polarity of the medium. Note that an increase in 

polarity may decrease the H-bonding between C102 and aniline. Hence, the relative 

contribution of the two effects may vary with mole fractions. 

 

 

Figure 4.1: Absorption spectra of C102 in the cyclohexane-aniline (left panel) and toluene-

aniline (right panel) mixtures at different mole fractions of aniline, XAN. 
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Figure 4.2: Steady-state emission spectra of C102 in the cyclohexane-aniline (left panel) and 

toluene-aniline (right panel) mixtures at different mole fractions of aniline, XAN. The 

emission spectra were measured at an excitation wavelength λ�� of 375 nm. 

 

The emission maximum (λ���	� ) of C102 shows a strong dependence on the polarity 

and H-bond donating ability of the medium.160 The emission maxima of C102 in neat 

cyclohexane, toluene and aniline were observed at 408 nm, 423 nm and 463 nm, respectively 

(Figure 4.2). Moog et al.160 correlated the emission frequency (ν) of C102 with the Kamlet–

Taft158 polarity (π*), H-bond donor (α) and H-bond acceptor (β) parameters of twenty 

different solvents as- 

z =  z� +  j{ + |}∗             (4.1) 

where z� denotes the emission frequency in the gas phase, j and | are the parameters 

representing the degree of emission shift due to H-bonding and polarity, respectively. Using 

reported correlation parameters (z� = 24.4 × 10� cm�6, j = −2.3 × 10� cm�6 and 

| = −2.9 × 10� cm�6 for C102 emission160 and the Kamlet–Taft parameters of the solvents 

used in this study, we can calculate the emission maximum of C102 in those solvents (Table 

4.1). Our observed emission maxima show good agreement with the calculated emission 
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maxima. Hence, it may be inferred that the red-shifted emission observed in aniline is mainly 

due to the polarity effect and H-bond donating ability of aniline, and other special solute–

solvent interactions (e.g. π–π stacking) are of minor importance. Molecular dynamics (MD) 

simulation of Castner and co-workers demonstrated that the coupling between DMA and the 

C151 is very dynamic in nature.121 No evidence of exciplex formation for C151 was found in 

the neat DMA or in the diluted mixture with a non-polar solvent. Using theoretical 

calculation Liu and co-workers demonstrated that the H-bonding strength increases in the 

excited state for the C102–AN system.83 As the H-bonding is strengthened in the excited 

state, it may be attributed that the C102–AN complex as a H-bonded exciplex rather than π–π 

stacking exciplex. 

Figure 4.2 displays the emission spectra of C102 in cyclohexane-aniline and toluene-

aniline mixtures. The emission spectrum of C102 exhibited a gradual red-shift on the addition 

of aniline to the non-polar solvent (cyclohexane or toluene). However, the extent of the 

spectral shift was much higher at lower mole fractions compared to at higher mole fractions 

of aniline. This can be inferred by plotting the emission maxima of C102 at different mole 

fraction against the mole fraction of aniline (Figure 4.3). 

λ��
�	�

= λ��
�	�(0) � ����                  (4.2) 

For the cyclohexane–aniline mixture, a linear fitting according to the equation 4.2 up to 0.1 

mole fraction of aniline gave a slope of 190 ±25 nm per mole fraction but a much lower 

slope of 19 ±2 nm per mole fraction. Similarly, for the toluene–aniline mixture up to 0.3 

mole fraction the slope is 77 ± 2 nm per mole fraction and 23 ± 2 nm per mole fraction at 

higher mole fraction. We may conclude that H-bonding association is stronger at low mole 

fractions of aniline than at higher mole fractions. This is consistent with the fact that H-
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bonding is generally much stronger in a less polar medium than in a high polarity medium 

because of solvation.14  

 

 

The fluorescence quantum yield (QY) of C102 is very high in neat cyclohexane or 

toluene but moderately decreased in neat aniline (Table 4.2 and Table 4.3). However, the 

QY of C102 in neat aniline is much higher than most of the coumarin dyes indicating that 

PET from aniline to C102 is much slower compared to other coumarin dyes.84 Upon the 

addition of aniline to a solution of C102 in cyclohexane, the emission intensity first decreased 

up to XAN ~ 0.075, thereafter it increased with further increase in XAN (Figure 4.2). The 

quantum yield at this composition was about 30 times lower than neat cyclohexane and ~15 

times lower than neat aniline (Table 4.2). For toluene, we have observed similar trend but the 

extent of quenching was not as dramatic as in cyclohexane. In this case, the QY diminished 

from 1.0 to 0.14 as XAN increased from 0.0 (neat toluene) to 0.13. At XAN ~0.13 the QY was 

Figure 4.3: Variation of the emission 

maxima, λ���	� (nm), of C102 in the 

cyclohexane-aniline (top panel) and 

toluene-aniline (bottom panel) 

mixtures against the mole fraction of 

aniline, XAN. 
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~7 times lower than that of neat toluene and ~3.4 times lower than that of neat aniline (Table 

4.3). 

Table 4.2: Emission maxima (λ���	�), quantum yield (ϕ), fluorescence lifetimes (τ) and PET 

rate constant (
��) of C102 in the cyclohexane-aniline mixture at different mole fractions of 

aniline. Excitation wavelength was at 375 nm. Fluorescence lifetimes were measured at 

corresponding emission maxima. 

   Lifetimes (τ/ns)  

���  λ���	� (nm) QY (ϕ) τ6(j6) τS(jS) <τ> 
�� (ns-1) 

0.0 408 1.0 - 2.720 (1.00) 2.720 0.00 

0.00065 408 0.64 0.110 (0.24) 2.330 (0.76) 1.810 0.185 

0.00125 408 0.56 0.120 (0.26) 2.000 (0.74) 1.500 0.295 

0.00250 408 0.45 0.160 (0.27) 1.600 (0.73) 1.210 0.460 

0.0060 408 0.27 0.130 (0.37) 1.080 (0.63) 0.760 1.00 

0.0135 408 0.122 0.100 (0.55) 0.610 (0.45) 0.330 2.70 

0.030 410 0.060 0.080 (0.70) 0.340 (0.30) 0.150 6.20 

0.050 411 0.042 0.080 (0.81) 0.260 (0.19) 0.110 8.50 

0.075 420 0.031 0.070 (0.92) 0.270 (0.08) 0.080 11.40 

0.10 430 0.034 0.070 (0.90) 0.270 (0.10) 0.090 10.40 

0.13 445 0.050 0.090 (0.84) 0.370 (0.16) 0.130 7.20 

0.74 455 0.30 0.150 (0.29) 1.050 (0.71) 0.790 0.90 

0.83 457 0.31 0.150 (0.26) 1.070 (0.74) 0.830 0.84 

0.91 459 0.36 0.160 (0.21) 1.200 (0.79) 1.000 0.64 

1.0 463 0.47 - 1.400 (1.00) 1.400 0.41 
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Table 4.3: Emission maxima (λ���	�), quantum yield (ϕ), fluorescence lifetimes (τ) and PET 

rate constant (
��) of C102 in the toluene-aniline mixture at different mole fractions of 

aniline. Excitation wavelength was at 375 nm. Fluorescence lifetimes were measured at 

corresponding emission maxima. 

   Lifetimes (τ/ns)  

���  λ���	� (nm) QY (ϕ) τ6(j6) τS(jS) <τ> 
�� (ns-1) 

0.0 423 1.00 - 2.700 (1.00) 2.700 0.00 

0.00125 423 0.75 - 2.430 (1.00) 2.430 0.043 

0.0060 423 0.60 0.290 (0.14) 1.880 (0.86) 1.650 0.24 

0.030 424 0.27 0.170 (0.23) 0.880 (0.77) 0.710 1.04 

0.050 425 0.20 0.120 (0.28) 0.690 (0.72) 0.530 1.51 

0.075 427 0.17 0.100 (0.29) 0.600 (0.71) 0.450 1.84 

0.10 431 0.16 0.100 (0.34) 0.560 (0.66) 0.410 2.10 

0.13 432 0.14 0.090 (0.39) 0.520 (0.61) 0.360 2.45 

0.23 441 0.15 0.100 (0.38) 0.610 (0.62) 0.410 2.06 

0.44 450 0.20 0.120 (0.35) 0.790 (0.65) 0.550 1.44 

0.64 453 0.255 0.130 (0.32) 0.940 (0.68) 0.690 1.10 

0.73 458 0.29 0.130 (0.30) 1.060 (0.70) 0.780 0.91 

0.82 459 0.32 0.140 (0.26) 1.110 (0.74) 0.860 0.80 

0.91 460 0.35 0.140 (0.22) 1.190 (0.78) 0.960 0.70 

1.0 463 0.47 - 1.400 (1.00) 1.400 0.41 
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To ensure the effect of H-bonding on the observed fluorescence quenching of C102-

AN, we have used DMA which has no H-bonding ability. Figure 4.4 displays the absorption 

and emission spectra of C102 in cyclohexane-DMA mixture at various mole fractions of 

DMA. Upon addition of DMA to cyclohexane we have observed that both absorption and 

emission spectra of C102 remains unchanged. Yoshihara and co-workers has also observed 

no significant fluorescence quenching of C102 in neat DMA.18 Hence, the observed 

fluorescence quenching in the case of the C102–aniline system in a nonpolar solvent may 

proceed via a H-bond assisted mechanism. 

 

 

Figure 4.4: Absorption (left panel) and emission (right panel) spectra of C102 in 

cyclohexane-DMA mixture at different mole fractions of DMA, XDMA. 

 

4.2.2. Time-resolved measurements 

The fluorescence decays of C102 were found to be single exponential in all the neat 

solvents – cyclohexane, toluene and aniline with lifetimes of 2.72 ns, 2.70 ns and 1.4 ns, 

respectively. Note that the lifetime of C102 is much higher than that of other coumarin dyes, 

which usually decays completely within few picoseconds.84 The unusual modulation of 
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fluorescence observed in the steady-state measurement was also manifested in the lifetime 

measurements. The fluorescence decays of C102 measured at corresponding steady-state 

emission maxima at different mole fractions of aniline in cyclohexane-aniline and toluene-

aniline mixtures are shown in figure 4.5 and figure 4.6, respectively. The average 

fluorescence decay time of C102 decreased gradually up to the same critical mole fraction 

where the emission intensity was minimum. After that, the trend reversed and the average 

fluorescence lifetime increased with a further increase in XAN. Fluorescence decays were 

found to be bi-exponential in the solvent mixtures with two distinct time components (Table 

4.2 and Table 4.3). The amplitude of the faster component (70–170 ps) increased gradually 

up to the critical mole fraction after that decreases with further increase in the mole fraction. 

The fast component may be due to the PET of the H-bonded complex. On the other hand the 

slower component may be due to either a non-H-bonded complex or an improperly oriented 

H-bonded complex. 

 

Figure 4.5: Fluorescence decays of C102 in the cyclohexane-aniline mixture at different 

mole fractions of aniline, XAN. Left panel represents the decay of C102 upto 0.075 mole 

fraction of aniline which becomes gradually faster. Right panel represents the decay of C102 

from 0.075 to 1.0 mole fraction of aniline which becomes gradually slower with enrichment 

of aniline. Fluorescence decays were measured at corresponding emission maxima of C102. 
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Figure 4.6: Fluorescence decays of C102 in the toluene-aniline mixture at different mole 

fractions of aniline, XAN. Left panel represents the decay of C102 upto 0.13 mole fraction of 

aniline which becomes gradually faster. Right panel represents the decay of C102 from 0.13 

to 1.0 mole fraction of aniline which becomes gradually slower with enrichment of aniline. 

Fluorescence decays were measured at corresponding emission maxima of C102. 

 

 

Figure 4.7: Fluorescence decays of C102 in the cyclohexane-aniline mixture at different 

mole fractions of aniline, XAN. Arrows indicates mode of the lifetime variation with increase 

in XAN. The decays were measured at 410 nm. 
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In addition, to understand if there exists any micro

influence of solvation dynamics

wavelengths corresponding to the emission maxima of C102 in

cyclohexane; 460 nm for aniline) (

anomalous trend of the fluorescence 

For all these three wavelengths, fluorescence decays become faster upon the

aniline to the non-interacting solvent (cyclohexane

and afterwards becomes gradually slower upon further addition.

 

Figure 4.8: Fluorescence decays of C102 in the cyclohexane

mole fractions of aniline, XAN

in XAN. The decays were measured at 460 nm.

 

However, comparison of 

wavelength decays are faster but progressive

4.9). This wavelength dependence may be due to the solvation dynamics

solvent mixture. For a mixture of non
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understand if there exists any micro-heterogeneity

influence of solvation dynamics, we have also measured the fluorescence decays at the 

to the emission maxima of C102 in neat solvents

aniline) (Figure 4.7 and Figure 4.8). We 

fluorescence lifetime remains invariant on the detection wavelengths.

three wavelengths, fluorescence decays become faster upon the

interacting solvent (cyclohexane or toluene) up to the critical concentration 

becomes gradually slower upon further addition. 

: Fluorescence decays of C102 in the cyclohexane-aniline mixture at different 

AN. Arrows indicates mode of the lifetime variation with increase 

re measured at 460 nm. 

comparison of the decays at the critical mole fraction showed that at shorter 

but progressively become slower at higher wavelengths (

wavelength dependence may be due to the solvation dynamics

solvent mixture. For a mixture of non-polar and polar solvents, solvation dynamics is usually 

___________________________________________________________________________ 

heterogeneity or there is any 

the fluorescence decays at the 

neat solvents (410 nm for 

). We observed that the 

invariant on the detection wavelengths. 

three wavelengths, fluorescence decays become faster upon the addition of 

or toluene) up to the critical concentration 

 

aniline mixture at different 

. Arrows indicates mode of the lifetime variation with increase 

showed that at shorter 

become slower at higher wavelengths (Figure 

wavelength dependence may be due to the solvation dynamics of C102 in the 

polar solvents, solvation dynamics is usually 
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much slower particularly at a low amount of polar component compared to a neat polar 

solvent.161-162 Yoshihara and co-workers reported that the average solvation time in neat 

aniline is 13.2 ps.84 We may expect that solvation dynamics in a cyclohexane–aniline or 

toluene–aniline mixture is much slower particularly at low aniline content. 

 

 

Figure 4.9: Fluorescence decays of C102 in the cyclohexane-aniline (left panel) and toluene-

aniline (right panel) mixtures at three different emission wavelengths. Mole fractions of 

aniline, XAN in cyclohexane-aniline and toluene-aniline mixtures are 0.075 and 0.13, 

respectively. 

 

4.3. Discussion 

4.3.1. Free energy of PET in the non-H-bonded complex 

The feasibility of intermolecular electron transfer in a non-hydrogen bonded complex 

may be determined from the free energy of electron transfer (∆��). For normal PET (i.e. for a 

non-H-bonded complex), ∆�� can be estimated using the Rehm–Weller equation (equation 

1.3) 10 The radius of C102 and aniline (also for DMA) were taken as 5  Å and 1.5 Å, 
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respectively. Thus, *� i.e. the center to center distance between C� and D+ was assumed to be 

6.5 Å. 

The calculated values of the free energy of PET are summarised in Table 4.4. It is 

obvious that the free energy changes are positive for the PET from aniline to C102 in the 

non-polar medium, in neat aniline and in neat DMA. Note that PET in a nonpolar solvent is 

highly unfavourable because of very high solvation penalty of the generated ion pair as 

indicated by the very high value of the solvation factor. Hence, it may be concluded that 

normal PET (i.e. without activation by H-bonding) is not very feasible for C102. Note that 

other coumarins have negative free energy of PET and display ultrafast PET.19 

 

Table 4.4: Energy gap between the ground and excited state of C102 (��� in eV), oxidation 

potential of the donor (AN and DMA) and reduction potential of the acceptor C102 (in V vs 

SCE in acetonitrile), correction term for solvation energy with respect to acetonitrile (���), 
ion pair stabilization energy (����) and free energy of electron transfer (∆��). 

Solvent ��� (eV) �(�/��)a  

(V)  

�(�/��)b  

(V)  

���  

(eV) 

����  

(eV) 

∆�� 

(eV) 

Cyclohexane 3.23 0.93 2.1 2.378 1.17 1.01 

Toluene 3.11 0.93 2.1 1.878 0.923 0.875 

Aniline 2.89 0.93 2.1 0.364 0.323 0.178 

DMA 3.03 0.76 2.1 0.705 0.434 0.097 

a From ref 19.b From ref 163. 

 

Calculations showed that the PET from AN to C102 is not favorable in neat solvents. 

However, such calculation of the free energy in the mixture is not straightforward, but 

possibly may be taken as intermediate between the two neat solvents. Nevertheless, we 
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observed fast PET in the binary mixture especially at the low mole fractions. The rate of 

electron transfer (
��) at various compositions of the liquid mixtures can be estimated as  


�� =  6
� − 6

�(                                 (4.3) 

where τ and τ0 represent the fluorescence lifetime of C102 in the presence and in the absence 

of donor, respectively. 

Figure 4.10 displays the variation of PET rate in the solvent mixture against mole 

fraction of AN. From the figure it is obvious that the PET rate is much higher for a diluted 

mixture of aniline than for neat aniline. Thus, the PET process in the mixture may be 

activated by some mechanism. 

 

 

Figure 4.10: Variation of the photoinduced electron transfer rate constant, 
�� of C102 in the 

toluene-aniline mixture against the mole fraction of aniline, XAN. The inset represents the 

same for the cyclohexane-aniline mixture. 

 

4.3.2. Mechanism of PET in the H-bonded complex 

The intermolecular PET between C102 and aniline may be aided by H-bonds. The 

possibility of PET within the H-bonded C102–aniline complex has been predicted earlier by 
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Liu et al. using TDDFT calculation.83 According to their model, photo-excitation prepares the 

LE (S2) state of the complex (Scheme 4.2). They also predicted that in addition to this there 

is a low-lying CT, (S1) state which corresponds to the transfer of an electron from an orbital 

(HOMO) localized on AN to an orbital (LUMO) localized on C102. The LE state is 

fluorescence active but the CT state is non-emissive (dark) and the equilibrium between the 

fluorescent LE state and the non-fluorescent CT state may control the overall quenching. 

Herbich et al. proposed a similar fluorescence quenching mechanism by 

intermolecular electron transfer for a H-bonded complex of pyridine with a heteroaromatic 

dye in hexane.164 An activation mechanism of PET, by the intermolecular H-bond, was 

anticipated by Mataga and co-workers. According to them, H-bonding may lower the 

ionization potential of the acceptor while increasing the electron affinity of the acceptor. As a 

result, the PET between the two moieties may occur even if the standard thermodynamics 

estimates large positive ∆� values for the process.14, 165 Any factor that can increase the H-

bonding strength, in principle, favors the PET. The strengthening of the H-bonding in the 

excited state should have an important effect in facilitating the PET. Liu et al. showed that the 

H-bond energy of the 1:1 C102–aniline complex increases from 25.96 kJ mol-1 in the ground 

state to 37.27 kJ mol-1 in the electronically excited state.83 In the H-bonded complex, a 

change in the redox potentials in the excited state induced by the H-bond strengthening effect 

facilitates the PET process. 
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Scheme 4.2: Relaxation scheme of the H-bonded complex – absorption and emission are 

indicated by upward and downward solid arrows respectively; electron transfer (ET) from the 

S2 (LE) state to the S1 (CT) state is shown by a blue curved arrow; and non-radiative (NR) 

transition is represented as wavy arrow. 

 

4.3.3. Unusual modulation of PET 

Since the H-bond assisted PET is much more effective compared to non-H-bonded 

PET, the strength of the H-bonding may be the major factor in controlling the PET rate. It is 

important to know how solvent property affect on the H-bonding strength i.e., whether H-

bonding is stronger in the nonpolar solvent, the solvent mixture or in neat aniline? FTIR 

investigation of Palit et al. on a similar system – C102 – in non interacting solvent TCE, neat 

aniline and in a TCE–aniline mixture, however, could not provide a conclusive answer.84 In 

the region of the C=O stretching frequency of C102, another band due to self associated 

aniline complicates their result. Hence, determination of the association constant for the 

C102–aniline complex was not possible. 

However, it is assumed that H-bonding in a non-polar medium is much stronger than 

in polar solvents due to solvation of the donor and the acceptor. For a C102–phenol H-

bonded complex, we observed fast PET in cyclohexane but no PET in polar acetonitrile. With 
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increase in the aniline content the polarity of the mixture increases. The stronger H-bonding 

at low mole fractions is consistent with the higher emission shift observed at low mole 

fractions of aniline than at a higher aniline content. Hence, it can be assumed that H-bonding 

association is stronger at low mole fractions than at higher mole fractions. 

The anomalous fluorescence modulation i.e. quenching followed by enhancement can 

be explained based on the relative stability of the LE and the CT excited states in addition to 

the dependence of the H-bonding strength on the solvent medium. It is understandable that 

due to a larger dipole moment, the CT state may be stabilized in polar solvents to a much 

higher degree than the LE state. At very low mole fractions, due to low polarity, H-bonding is 

strong but the CT state is not stabilized. Hence, at low mole fraction fluorescence from the 

LE state is dominant. However, at very high mole fractions, due to higher polarity the CT 

state is stabilized but the H-bonding is weak and hence, PET occurred mostly via a non-H-

bonding pathway. Thus at a critical mole fraction, both the factors may have an optimum 

influence and the PET rate is the highest. 

The faster PET in the solvent mixture than in neat aniline may also be explained on 

the basis of the competitive vs. non-competitive H-bonding in neat and mixture respectively. 

Scheme 4.1 displays the probable compositions of the first solvation layer of the acceptor 

(C102) in neat aniline and in the solvent mixture. Note that for C102 dissolved in neat 

aniline, H-bonding is competitive, both C102–AN and AN-AN H-bonds may coexist. 

However, at low mole fractions of AN, the presence of a large number of the non-interacting 

component (cyclohexane or toluene) may disrupt the AN–AN H-bond. Subsequently, the key 

H-bonding between C102 and AN may strengthen or realign for facile electron transfer. 
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4.4. Conclusion 

In summary, we observed unusual fluorescence modulation when an electron donating 

solvent aniline was gradually added to a non-interacting solvent (cyclohexane and toluene) 

containing the acceptor fluorophore C102. Both the fluorescence quantum yield and the 

fluorescence lifetime first quench up to a particular mole fraction of aniline, thereafter 

increase upon further increasing the mole fraction of aniline. The observed fluorescence 

quenching is in accordance with PET assisted by excited state H-bond strengthening of the H-

bonded donor–acceptor (aniline–C102) complex as predicted in a theoretical study. The 

reversal of quenching was rationalized by the dependence of the H-bond strength, and the 

stability of the CT state in the medium. The study emphasized that the importance of H-

bonding for an isolated H-bonded complex is much greater than expected for the same 

molecule in neat H-bonding solvents. Thus we may conclude that the effect of H-bonding on 

the photo-physics of a H-bonded complex may be widely different under different 

circumstances. 
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Chapter 5 

Anomalous photoinduced electron transfer of coumarin 102 in 

aniline-N,N-dimethylaniline mixture*  

 

5.1. Introduction 

In the previous chapter (chapter 4), we have demonstrated an unusual observation that 

PET from AN to photoexcited C102 can be accelerated by introducing a non-interacting 

component (cyclohexane or toluene) to the neat electron donating solvent AN. It was 

proposed that the H-bond linking the electron donor (D, AN) and the acceptor (A, C102) 

dictate the PET process. The unusual PET modulation of C102 with XAN was ascribed two 

possibilities: (1) the D-A (AN-C102) H-bonding itself may be modulated due to change in 

polarity of the medium as the donor and the inert solvent may have very different polarity or 

(2) the additional D-D (AN-AN) H-bonding may restrain the D-A H-bonding to adjust 

optimally for the PET. To distinguish these two effects, in this chapter, we have investigated 

the PET of C102 in AN-DMA mixture. Both AN and DMA have similar polarity as evident 

from the Kamlet-Taft parameters of the two solvents (Table 4.1), hence, the effect of polarity 

change in the mixture may be eliminated. 

Interestingly, we still observed anomalous PET modulation for C102 in the mixture. 

The PET rate increases with increase in the XAN upto a particular mole fraction, followed by 

a decrease of the rate with further increase in XAN. The observed anomalous PET modulation 

may be due rationalized by considering efficient PET in the 1:1 H-bonded C102-AN complex 

(only D-A H-bond , non-competitive H-bonding) but less efficient in higher order C102-

(AN)n≥2 complexes (both D-A and D-D H-bonding, competitive H-bonding) where additional 
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D-D (AN-AN) H-bonding may influence the key C102-AN H-bonding and thus retard the 

PET process. 

 

5.2. Results 

5.2.1. Steady-state fluorescence measurement 

Figure 5.1 displays the emission spectrum of C102 in AN-DMA mixture at different 

mole fractions of AN. The emission maximum (λ��
�	�) of C102 in neat AN and DMA were at 

438 nm and 463 nm respectively. In the neat solvents the spectrum has two different features. 

First, the emission maximum in neat AN is markedly red-shifted (~25 nm) compared to that 

in neat DMA. Second, the emission intensity of C102 in neat AN is about half of the 

emission intensity in neat DMA. It is already mentioned in the chapter 4 (see section 4.2.1) 

that we have calculated the probable emission maxima of C102 in AN and DMA based on the 

Kamlet–Taft parameters of the solvents and the empirical emission correlation parameters of 

C102 obtained by Moog et al. (Table 4.1).160 The experimentally observed emission maxima 

of C102 in AN and DMA showed good correlation with the calculated emission maxima. The 

marked red-shift of the emission maximum of C102 in AN compared to neat DMA should be 

accredited to the additional ability of AN to form H-bonds with C102. The decreased 

emission intensity (or the quantum yield) in AN may be due to H-bond assisted PET. Note 

that simple free energy calculation aided by the Rehm–Weller equation predicts unfavourable 

PET in either of the solvents.10, 30  
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Figure 5.1: Emission spectra of C102 (λex = 390 nm) in DMA-aniline mixture at different 

mole fractions of aniline, XAN. The left panel represents the emission spectra at lower XAN 

(0.0 to 0.45) whereas, the right panel shows the emission spectra at higher mole fractions 

(from 0.45 to 1.0). For ease of comparison, the spectrum at XAN=0.45 is retained in both the 

panels. 

 

In the case of the AN–DMA mixture, it can be expected that a gradual variation of the 

two parameters – the emission maximum and the emission quantum yield for an ideal 

behaviour of the mixture. Figure 5.2 displays the variation of emission maximum of C102 in 

AN-DMA mixture with increase the mole fraction of AN. Although a gradual shift of the 

emission maximum was obtained as the mole fraction of AN was increased, there was a 

distinct slope change at XAN ~ 0.45. At lower mole fractions the extent of spectral shift was 

higher than at higher mole fractions of AN. A linear fitting using equation 4.2 up to 0.45 

mole fraction of AN gave a steeper slope of 36 ± 1 nm per mole fraction but a lower slope of 

13 ± 0.5 nm per mole fraction from 0.45 to 1.0 mole fraction of AN. If the spectral shift was 

assigned to H-bonding, it is possible that two different types of H-bonding are present at AN 

deficient and AN-rich regions.  
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Figure 5.2: Variation of emission maxima of C102 in DMA-aniline mixture with the 

increasing mole fraction of aniline, XAN. 

 

The quantum yield of C102 in the AN–DMA mixture exhibited a strong deviation 

from ideal behaviour, first there was an abrupt decrease up to a certain XAN ~ 0.45 and 

thereafter slowly increased to the value of neat AN with increase in the AN mole fraction 

(Figure 5.3). Note that the quantum yield at critical mole fraction (XAN = 0.45) was ~6 times 

lower than in neat DMA and ~3.5 times lower than in neat AN (Table 5.2). Hence, H-bond 

assisted PET at this mole fraction is much more active than in neat AN. 

 

5.2.2. Time-resolved fluorescence measurement 

Figure 5.4 displays fluorescence decays of C102 in AN-DMA mixture at different 

mole fraction of AN, XAN. Fluorescence decays of C102 in neat AN and DMA were single 

exponential with time constants of 2.5 ns and 1.4 ns, respectively.  
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Figure 5.3: Variation of the average fluorescence life time (<

C102 in the DMA–aniline mixture with the mole fraction of aniline, X

 

Note that the observed

the other coumarin dyes in these 

these neat donor solvents.19 Similar to the quantum yield variation, the fluorescence decays

have become considerably faster 

At this critical mole fraction the average 

ns, which was about 4 times lower than
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: Variation of the average fluorescence life time (<τ>) and quantum yeild (QY) of 

aniline mixture with the mole fraction of aniline, XAN. 

Note that the observed fluorescence lifetimes of C102 are much higher compared to

the other coumarin dyes in these solvents which usually decay within a few picoseconds in 

Similar to the quantum yield variation, the fluorescence decays

faster with increase in the mole fraction of AN

mole fraction the average fluorescence lifetime of C102 wa

s about 4 times lower than the lifetime of C102 in neat AN. This prove

was much faster than in neat AN. After this mole fraction, 

the AN content, the lifetime increased gradually and ultimately

the bulk value of the lifetime in neat AN. The variation of the quantum yield and 

showed good agreement (Figure 5.3). Although in neat solvent we 

observed single exponential decay, in the solvent mixture decays become bi

two distinct time components (Table 5.2). This may be ascribed to two different C102 states 

We observed that the contribution of the faster component (100
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2 are much higher compared to 

within a few picoseconds in 

Similar to the quantum yield variation, the fluorescence decays 

mole fraction of AN up to XAN ~ 0.45. 
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quantum yield and 
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observed single exponential decay, in the solvent mixture decays become bi-exponential with 

ascribed to two different C102 states 
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550 ps) to the average fluorescence lifetime increased gradually up to the critical mole 

fraction and thereafter decreased at AN higher mole fraction of AN in the solvent mixture. 

 

 

Figuer 5.4: Fluorescence decays of C102 in AN-DMA mixture at different mole fractions of 

aniline, XAN  Left panel represents the decays of C102 in the mixture from 0.0 to 0.45 

whereas, right panel represents the same from 0.45 to 1.0. The decays were measured at 

wavelengths corresponding to the peak of steady-state emission (excitation wavelength was 

375 nm). 

 

PET rate for C102 at various AN-DMA compositions can be calculated by using 

equation 4.5 (see section 4.3.1). In that equation τ and τ0 represent the lifetime of C102 in the 

presence and in the absence of donor. To estimate the τ0, we have measured the fluorescence 

lifetime of C102 in ethylacetate whose polarity is similar to AN (or DMA). Note that in 

ethylacetate no PET takes place and lifetime was found to be 3.2 ns. The PET rates of C102 

at different XAN are given in Table 5.1. Figure 5.5 displays the variation of PET rate against 

mole fraction. From the figure it was obvious that the PET rate increased first with increase 

in the XAN, reached a maximum at XAN ~ 0.45 and then falls off to attain the PET rate in AN. 

The PET rate at the critical mole fraction was ~6 times higher compared to that in neat AN. 
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Table 5.1: Emission maxima (λ��
�	�), quantum yield (ϕ), fluorescence lifetimes (τ) and PET 

rate constant (
��) of C102 in the DMA-AN mixture at different mole fractions of aniline, 

(XAN). Excitation wavelength was at 375 nm. Lifetimes were measured at corresponding 

emission maxima. 

   Lifetimes (τ/ns)  

���  λ��
�	� (nm) QY (ϕ) τ6(j6) τS(jS) <τ> 
�� (ns-1) 

0.0 437.5 0.85 − 2.50 (1.00) 2.50 0.10 

0.00065 437.9 0.77 0.450 (0.26) 2.40 (0.74) 1.90 0.22 

0.00125 437.8 0.71 0.420 (0.27) 2.40 (0.73) 1.82 0.24 

0.0025 437.9 0.65 0.430 (0.28) 2.20 (0.72) 1.70 0.28 

0.006 438.0 0.60 0.350 (0.29) 2.10 (0.71) 1.60 0.32 

0.013 438.2 0.52 0.390 (0.28) 2.00 (0.72) 1.55 0.35 

0.030 439.6 0.45 0.360 (0.29) 1.70 (0.71) 1.32 0.45 

0.050 440.0 0.35 0.300 (0.29) 1.40 (0.71) 1.10 0.60 

0.075 441.9 0.28 0.270 (0.29) 1.20 (0.71) 0.93 0.75 

0.10 442.2 0.22 0.220 (0.31) 0.99 (0.69) 0.75 1.00 

0.13 442.8 0.19 0.280 (0.40) 0.81 (0.60) 0.60 1.40 

0.25 448.3 0.15 0.180 (0.49) 0.58 (0.51) 0.38 2.40 

0.45 453.6 0.14 0.160 (0.50) 0.54 (0.50) 0.35 2.60 

0.65 457.1 0.15 0.100 (0.41) 0.62 (0.59) 0.40 2.20 

0.74 457.6 0.18 0.200 (0.31) 0.68 (0.69) 0.53 1.60 

0.79 458.2 0.21 0.200 (0.27) 0.73 (0.73) 0.58 1.40 

0.83 458.8 0.24 0.200 (0.22) 0.74 (0.78) 0.62 1.30 

0.85 459.0 0.27 0.350 (0.19) 0.86 (0.81) 0.80 0.94 

0.89 459.5 0.32 0.550 (0.22) 0.94 (0.78) 0.85 0.86 

0.92 460.0 0.36 0.440 (0.21) 0.98 (0.79) 0.90 0.79 

0.95 460.9 0.41 0.520 (0.06) 1.10 (0.94) 1.10 0.61 

0.980 461.2 0.45 0.500 (0.02) 1.30 (0.98) 1.30 0.46 

1.0 461.6 0.47 − 1.40 (1.00) 1.40 0.41 
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Figure 5.5: Variation of the photoinduced electron transfer rate constant, 
��, of C102 in the 

DMA–aniline mixture against the mole fraction of aniline, XAN. 

 

5.2.3. Fourier transform infrared (FTIR) measurements 

Figure 5.6 displays the FTIR spectra of C102 in C=O and N–H stretching frequency 

region in neat DMA as well as at various mole fractions of AN. In neat DMA, the C=O 

stretching frequency of C102 was found at 1731 cm-1, which is characteristic of an unbound 

C=O group.84 In the presence of 0.1 mole fraction of AN, a new band was appeared at 1701 

cm-1. However, in the presence of a 0.74 mole fraction of AN this new band (1703 cm-1) 

became more prominent which indicated the formation of a C102–AN H-bonded complex. A 

similar red-shift of the C=O stretching frequency of C102 in the presence of different 

concentrations of AN in TCE was reported by Palit and co-workers.84 At low concentration 

(0.1 mole fraction) of AN two strong bands appeared at 3376 and 3462 cm-1, and these bands 

can be assigned to the symmetric and antisymmetric N–H stretching bands, respectively. 

These two bands resembled closely the N–H stretching bands of the AN–benzene cluster, 

where only π-stacking interaction could occur.166-167 However, at a 0.74 mole fraction of AN 

the two bands exhibited red-shift to 3370 and 3451 cm-1, respectively. This red-shift may be 
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due to the formation of AN–AN H-bond or a π-stacked dimer. We observed that the 

absorption bands at higher mole fraction were broader compared to at lower fractions and this 

indicate the presence of a higher H-bonding network. 

 

 

Figure 5.6: FTIR spectra of C102 in neat DMA, (black); in the presence of 0.1, (red) and 

0.74 (blue) mole fractions of aniline in AN-DMA mixture. Left panel represents the C=O 

stretching frequency while right panel represents the N-H stretching frequency at different 

mole fraction of aniline in the mixture. 

 

5.3. Discussion 

The primary goal of this work is to understand the anomalous trend of PET observed 

for C102 in binary mixture where one component is the H-bonding electron donor AN and 

the other is an inert component (cyclohexane, toluene or DMA).30 It was already mentioned 

that the inert component cannot involve directly in either H-bonding or PET, but it may 

change the system in two important ways.30 First, the polarity of the mixture will be different 

at different compositions if the polarity of this inert component is different from AN. The 

polarity may also play a significant role on the H-bond assisted PET. The strength of the 

C102–AN H-bond also depends on the polarity. Also the stability of the LE and CT excited 
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states of the H-bonded complex may be different with change in the polarity of the medium. 

Second, the inert component may alter the nature of the H-bonded complex. In neat AN, 

C102 may form higher order complex C102–ANn and in addition to the key C102–AN bond, 

the donor AN may be associated with more AN molecules (n ≥ 2) by the formation of an 

AN–AN H-bond. However, in the mixture, particularly at lower AN content, formation of 

C102–AN 1 : 1 complex is more probable as the inert component may perturb the 

comparatively weaker AN–AN bond. The overall PET rate may be modulated if the two 

types of complexes show very different PET. 

The propensity for PET without involvement of H-bond can be estimated from the 

Rehm–Weller equation.10 In the previous chapter we have calculated the free energy for the 

PET of C102 in AN and DMA (see section 4.3.1) These calculated values in neat AN and 

DMA were 0.178 and 0.097 eV, respectively.30 The high positive value shows that in neat 

AN or DMA non-H-bonded PET is not favourable. Thus in the AN-DMA the free energy will 

be of intermediate value in the absence of any strong interactions (like H-bond) between the 

components. 

In this work, we have chosen DMA as the inert component. From the Kamlet-Taft 

parameters (Table 4.1) it is seen that AN and DMA have similar polarity hence, polarity of 

the mixture remains almost same in all the compositions. Thus, the PET modulation due to 

the variation of polarity in the mixture may be eliminated. Free energy calculations showed 

that PET from DMA to C102 is not favourable which was confirmed by the experiment that 

no PET occurs for C102 in neat DMA.19 Hence, we can easily considered DMA as inert 

component with respect to PET. In addition to this DMA lacks the H-bond donating ability, 

hence, may be regarded as inert with respect to C102–AN H-bonding. However, DMA can 

act as a weak H-bond acceptor and may form H-bond with AN. Indeed, it may act as a better 
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AN–AN H-bond breaker compared to other inert components like the toluene or cyclohexane 

used in the previous chapter.30 

 

 

Figure 5.7: Variation of emission maxima of C102 with increasing mole fraction of aniline, 

XAN in three different solvents. 

 

Here we have observed anomalous trend of the PET modulation of C102 with XAN in 

the AN-DMA mixture. The results showed that the overall trend of the PET modulation was 

similar to the AN-cyclohexane and AN-toluene mixtures discussed in the chapter 4.30 A 

comparative analysis revealed several characteristic features. Figure 5.7 displays the shift in 

emission maxima of C102 in all the three mixtures. From the figure it was observed that the 

shifting of the emission maxima with the XAN follows two distinct slopes. At lower mole 

fraction the slope was much steeper than at higher mole fractions. The mole fraction at which 

the slope change occurs depends strongly on the nature of the non-interacting component. We 

observed this unique mole fraction at ~0.15, 0.33 and 0.45 in the case of cyclohexane, toluene 

and DMA, respectively. It is observed that the mole fraction shifted to higher values as the 

polarity of the solvent increased. Figure 5.8 shows the variation of PET rate of C102 at 

various mole fraction of AN (XC) in the all the three solvent mixtures. From the figure it is 
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observed that the variations of the PET rate with mole fraction of AN were similar. However, 

at the critical mole fraction (XC) at which PET rate was the fastest, gradually shifted to a 

higher value from cyclohexane to DMA. Finally, we observed that the fastest fluorescence 

decay at the XC in each mixture, in all cases the fluorescence decays were much faster than in 

neat AN (Figure 5.9). From the figure it is evident that for the cyclohexane–AN mixture the 

decay is the fastest whereas, the decay in the toluene–AN mixture is slightly faster than in the 

AN–DMA mixture. 

 

 

Figure 5.8: Variation of the photoinduced electron transfer (PET) rate constant, 
�� of C102 

with mole fraction of aniline in cyclohexane, toluene and DMA. 

 

To understand our results, we have considered the probable states of the donor (AN) 

and the acceptor (C102) in the mixture (Scheme 5.1). In the absence of AN, C102 would be 

solvated in the inert solvent (cyclohexane, toluene or DMA) by non-specific interactions only 

and hence remain in the free C102 state (no H-bond). On gradual addition of AN, some of the 

C102 molecule may be held by H-bond forming H-bonded complexes with AN. At lower 

mole fractions of aniline both 1 : 1 C102–AN complex and free C102 may present. Hence, 

the relative populations of the two forms will depend on the binding constant (related to the 
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of the H-bond) of the complex and the AN concentration. After that with further increase in 

the AN concentration may favour association of more AN molecules with the complex by 

forming AN–AN H-bonds and hence, higher order complex C102–(AN)n≥2 may form. 

 

 

Figure 5.9: Fluorescence decays of C102 at critical mole fraction of aniline in three different 

solvents. 

 

 

Scheme 5.1 The different states of the acceptor C102 and their assigned PET rates. 
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To explain the variations of the emission maxima against XAN, we assumed that 

emission maxima of the 1 : 1 C102–AN complex exhibited significant red-shift compared to 

free C102. In contrast the higher order C102–(AN)n≥2 complex emitted at slightly higher 

wavelength than the 1 : 1 complex. On the other hand, the anomalous variations of the PET 

rate against XAN indicated that the PET rate was much higher in the 1 : 1 complex than in the 

higher order complex. Hence, the quantum yield and lifetime of C102 should follow the 

order: C102 > C102–(AN)n≥2 > C102–AN. 

At XAN  < XC, both C102 and C102–AN complex were present and with increase in the 

mole fraction of AN the relative population of C102–AN increased. Hence, we observed 

sharp shift of the emission maximum to higher wavelength. In addition the quantum yield and 

lifetime decreased with increase in XAN. At XAN < XC, 1 : 1 C102–AN and (C102–aniline)n 

complexes remain in the equilibrium. A fraction of the higher order complex increased with 

increase in the AN. Thus emission maxima exhibited slow increase along with an increase in 

the lifetime or quantum yield. Hence, PET may be much less favourable in the higher order 

complex compared to the 1 : 1 complex. In the higher order complex additional AN–AN H-

bonding may affect the strength or relative orientation of the key C102–AN H-bonding. The 

competitive nature of the C102–AN and AN–AN H-bonding may hinder the donor and the 

acceptor from attaining optimum electronic coupling for the PET process and thus, reduce the 

PET probability. 

The polarity may have a important role on the equilibrium between the free C102 and 

C102–AN H-bonded complex. In general, H-bond formation is more facile in a non-polar 

solvent than a polar solvent.168-169 Cook et al. demonstrated that there is difference in the 

formation constant of a H-bonded complex between perfluoro-tertbutyl alcohol and tri-n-

butylphosphine oxide by five times in magnitude as the solvent polarity was varied.169 

Similarly, we assumed that H-bonding association is the strongest in the least polar 
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cyclohexane, but varies from moderate-to-weak association in toluene and DMA, 

respectively. Thus if there is a decrease in association constant, more AN will be required to 

convert a significant fraction of the C102 molecules into a 1 : 1 H-bonded complex. This may 

be the reason for different values of XC in different types of solvent mixture. 

In bimolecular PET diffusion generally plays a significant role by controlling the 

relative distances of the reactants.170-172 However, we have selected the system in such a 

manner that only the specific H-bonding interactions between the C102 and AN controlled 

PET and there is no PET without H-bonding. Since the H-bonding mediated PET is usually 

considered as direct unimolecular PET, diffusion may not play a key role in this case. 

However, it is essential to understand whether the H-bonding modulation responsible 

for the anomalous PET trend actually occurs in the ground state or in the excited state. FTIR 

measurements may give important information in that regard. In neat DMA, the C=O 

stretching frequency of C102 appeared at 1731 cm-1, which indicated that all of the C102 

remains in the free form. In the presence of a 0.1 mole fraction of AN, in addition to the 

absorption peak at 1731 cm-1, an additional band appeared at 1701 cm-1 in the mixture due to 

the formation of a C102–AN H-bond. At an AN rich mole fraction (0.74) the free C=O 

stretching frequency almost disappeared and the other band appeared at 1703 cm-1. The 

extent of red-shift of the H-bonded C=O stretch decreased by 2 cm-1 at higher mole fraction 

compared to that at lower mole fraction. This indicated that the C102–AN H-bonding 

strength may be slightly reduced at higher mole fractions. However, the shift of the H-bonded 

C=O stretching frequency at different mole fractions of AN was not very large and the 

spectra was not well resolved enough to make any quantitative statement. The red-shift and 

broadening of the N–H stretching band at higher AN mole fraction compared to lower mole 

fraction may be due to the formation of AN–AN H-bond. Thus, we observed only a slight 
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variation of the C102–AN H-bonding strength with the mole fraction of AN. Hence, the 

anomalous fluorescence modulation may be governed by the excited state H-bonding effects. 

Although, we have observed a dominant role of H-bonding in controlling PET, we 

cannot validate the H-bond dynamics at early times predicted by Chudoba et al.65 (H-bond 

breaking) or Zhao et al.75 (H-bond strengthening). This is due to the fact that our observations 

are at much slower time scales compared to them. But it may be affirmed that H-bonding 

should at least remain for significant moments of the excited state lifetime, i.e. H-bond, if 

broken at earlier time scales, should reappear at later times to exert an observable influence 

on fluorescence quenching. 

 

5.4. Conclusion 

The PET of the C102–AN system was found to be accelerated unusually at lower 

concentration of the donor (AN) in the mixture with a non-interacting component. The 

modulation appears surprising since the non-interacting component can not take part directly 

in either donor–acceptor H-bonding or in electron transfer. Addition, we have choosen the 

component in such a way that modulation due to the polarity change of the mixture can be 

neglected. Still, we observed similar anomalous modulation of PET in an AN–DMA mixture 

as in other (AN–cyclohexane or AN–toluene) mixtures. The anomalous modulation may be 

ascribed to the different types of H-bonding complexes present at different mole-fractions. In 

the 1 : 1 C102–AN complex PET is aided by the site-specific H-bonding between the C=O 

group of C102 with the –NH2 group of AN. However, the activation may be decreased in the 

higher order C102–(AN)n≥2 complexes where an additional AN–AN hydrogen bond also 

exist. In the 1 : 1 complex (non-competitive, only D–A H-bonding) the D–A complex may 

easily attain optimum geometry in the excited state for facile PET. But in the higher order 
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complexes, due to competition between the D–A and D–D H-bonding the key D-A H-bond 

may not be fully effective for PET within the H-bonded complex. 
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Chapter 6 

Reduced fluorescence quenching of coumarin 102 at higher 

phenol mole fractions in cyclohexane-phenol and anisole-phenol 

mixtures*  

 

6.1. Introduction 

In chapter 3, we have discussed that fluorescence of C102 is strongly quenched by the 

formation of H-bonding with phenol in a non-polar solvent cyclohexane. We attributed this 

quenching due to H-bond assisted PET within the H-bonded complex. Although that work 

gives an important demonstration of H-bond assisted PET but was deliberately restricted to 

very low concentration of phenol where only 1:1 C102-phenol complex predominantly exists. 

In this chapter, we have extended the work up to much fuller mole fractions of phenol to 

capture the complete modulation of fluorescence with the H-bonding environment. 

Recall from chapter 4 that the H-bond assisted PET between C102 and AN displays an 

unusual modulation in aniline-cyclohexane and aniline-toluene mixtures. The C=O group of 

C102 forms H-bond with the –NH2 group of AN. The AN molecule may also simultaneously 

linked with other AN molecules forming H-bond at high concentration in the mixture or in 

neat AN. Since C102 can involve in H-bond assisted PET quenching with phenol and as 

phenol can form self-associated H-bonding network at high concentrations, we may expect to 

observe a similar unusual pattern showing a minimum in the variation of quantum yield or 

lifetime with the mole fraction. In this chapter, we will establish that the prediction was 

indeed correct indicating the generality of our model of competitive H-bonding. 

It is certain that H-bonding situation will modulate in a mixture of H-bonding and non-

H-bonding constituents. However, in a solvent mixture, not only the H-bonding environment 
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modulates with mole fractions, other parameters like polarity, π-stacking interactions may 

also vary. In the case of cyclohexane-phenol mixture, since the polarity of phenol is much 

higher than cyclohexane it will increase with increase in the mole fraction of phenol (Table 

6.1). Hence, in addition to the H-bonding modulation, the observed anomalous fluorescence 

modulation may be the outcome of polarity variation also. To verify the proposition, we have 

performed fluorescence measurements in phenol-anisole mixture as well. The chemical 

structures of phenol and anisole differ only by a methyl substitution. Kamlet-Taft parameter 

shows that both have similar polarity but anisole lacks the H-bonding ability (Table 6.1). It 

can be assumed that both anisole and phenol may have similar tendency to π-stacking 

interaction with C102. Thus, fluorescence study of C102 in anisole-phenol and cyclohexane-

anisole mixtures will act as indicator to monitor the effect of π-stacking interaction and 

polarity on fluorescence modulation. 

 

Table 6.1: Kamlet-Taft parameters of cyclohexane, anisole and phenol- α (hydrogen bond 

donor), β (hydrogen bond acceptor), and π* (polarity).159 

Solvent α β π
* 

Cyclohexane 0.0 0.0 0.0 

Phenol 1.65 0.30 0.72 

Anisole 0.00 0.32 0.73 

 

6.2. Results 

6.2.1. Steady-state measurements 

The absorption spectra of C102 in three different mixtures viz. cyclohexane–phenol, 

anisole–phenol and cyclohexane–anisole at various mole fractions of phenol or anisole are 
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represented in figure 6.1. Absorption maxima of C102 in neat cyclohexane and anisole

found to be at 362 nm and 384 nm, respectively. In

increase in the mole fraction of phenol from

absorption maximum of C102 

at ~395 nm. Similar observation was also noticed for the C102

 

Figure 6.1: Absorption spectra of C102 in (a) cyclohexane

(c) cyclohexane-anisole mixtures at different mole fraction of phenol (a, b) or anisole (c).

 

At higher concentration of phenol

reduction of the absorption band at 362

H-bonding ability of the medium. An

fraction of phenol a clear isosbestic point

indication of the equilibrium between 1 : 1 C102

upon further enrichment of phenol the

indication of the formation of higher order C102

Similarly, the absorption spectrum of C102 in anisole

a manner that absorption of the higher
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Absorption maxima of C102 in neat cyclohexane and anisole

found to be at 362 nm and 384 nm, respectively. In cyclohexane-phenol mixture

the mole fraction of phenol from 0.0 (i.e. neat cyclohexane) to 0.30, the 

C102 exhibited red-shift with the development of an additional band 

observation was also noticed for the C102–phenol in TCE

: Absorption spectra of C102 in (a) cyclohexane-phenol, (b) anisole

anisole mixtures at different mole fraction of phenol (a, b) or anisole (c).

concentration of phenol the new band became more prominent with the subsequent 

reduction of the absorption band at 362 nm. This may be a due to the variation of 

ability of the medium. Another important characteristic was that up to 

fraction of phenol a clear isosbestic point was observed at 382 nm 

of the equilibrium between 1 : 1 C102–phenol complex and free C102. However, 

upon further enrichment of phenol the isosbestic region became defocused. 

formation of higher order C102–(phenol)n complex (n 

imilarly, the absorption spectrum of C102 in anisole-phenol mixture modulate

a manner that absorption of the higher wavelength side increased with a concomitant 

___________________________________________________________________________ 

Absorption maxima of C102 in neat cyclohexane and anisole were 

phenol mixture, with 

0.0 (i.e. neat cyclohexane) to 0.30, the 

pment of an additional band 

TCE.146  

 

phenol, (b) anisole-phenol, and 

anisole mixtures at different mole fraction of phenol (a, b) or anisole (c). 

more prominent with the subsequent 

due to the variation of polarity and 

that up to 0.030 mole 

 which may be an 

free C102. However, 

me defocused. This may be an 

complex (n = 2, 3, etc.). 

modulated gradually in 

with a concomitant 
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decreased in the lower wavelength side maintaining an isosbestic point at 392 nm up to a high 

mole fraction (0.10) of phenol. The gradual red-shifts of absorption maximum may be due to 

the H-bond formation between C102 and phenol. This is because the polarity of the mixture 

remains similar at various compositions. However, absorption spectra of C102 in 

cyclohexane– anisole mixture exhibited red-shift with increase in the mole fraction of anisole 

without any isosbestic point. Since anisole lacks the H-bond formation ability with the C102 

molecule, this red shift of absorption spectra may exclusively due to increase in the average 

polarity of the medium with increase in the mole fraction of anisole. 

 

 

Figure 6.2: Emission spectra of C102 in (a) cyclohexane-phenol (λex = 370 nm), (b) anisole-

phenol (λex = 375 nm) and (c) cyclohexane-anisole (λex = 375 nm). In (a, b) fluorescence 

intensity of C102 decreases with increase in the mole fractions of phenol upto a certain mole 

fraction, thereafter increases with further enrichment of phenol. In (c) fluorescence intensity 

monotonically decreases with increase in the mole fraction of anisole. 

 

Figure 6.2 displays the emission spectra of C102 the three solvent mixtures. The 

emission maximum (λ��
�	�) of C102 is significantly affected by the polarity and H-bonding 

nature of the medium.145, 160 The λ��
�	� of C102 in neat cyclohexane and anisole were at 408 

nm and 435 nm, respectively. In cyclohexane–phenol and anisole–phenol mixtures the 
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emission spectra of C102 exhibited gradual red-shift with increase in the mole fraction of 

phenol. However, the extent (i.e. slope) of the spectral shift was much higher at lower mole 

fraction of phenol compared to the higher mole fraction of the same. The variation of the 

emission maxima in frequency ν��
�	� (in cm-1) against mole fraction (�) can be conveniently 

fitted by the following equation-  

ν��
�	�(�) =  ν���	�(� = 1) − ∆νd���                (6.1) 

where ν���	�(� = 1) is the emission frequency in neat phenol (or anisole) and ∆ν is the total 

shift of the emission maxima and k is a constant. The equation can be easily derived as shown 

below if one assumes that the extent (i.e. slope) of energy lowering is proportional to the 

difference in energy of the mixture from that of the neat H-bonded or the polar solvent (i.e. at 

� =1).  

�[ν�����(�)� ν�����(�g6)]
�� = −
[ν#��e�(�) −  ν#��e�(� = 1)]                              (6.2) 

Or, 
��
�� =  −
�, where � =  ν#��e� (�) −  ν#��e�(� = 1)                               (6.3) 

Integrating we obtain  

� =  ��d���                                                                                                  (6.4) 

Or, ν#��e�(�) −  ν#��e�(� = 1) = [ν#��e�(0) −  ν#��e�(� = 1)]d���              (6.5) 

Or, ν#��e�(�) =  ν#��e�(� = 1) + [ν#��e�(0) −  ν#��e�(� = 1)]d���              (6.6) 

 

The details of the fitting parameters are given in the table 6.2. It is clear that when the H-

bonding is involved (in cyclohexane–phenol and phenol–anisole mixtures), the frequency 

shift levels off at very low mole fraction (Figure 6.3). Conversely, when only polarity (in 

cyclohexane– anisole) is involved the frequency shift almost varies linearly with mole 

fraction (Figure 6.2c and 6.3). 
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Table 6.2: Fitting parameters of emission maxima against mole fractions in the three solvent 

mixtures using the equation 6.1. Within bracket represents the standard error. 

Solvent Mixture ν���	� (� = 1) (cm-1) ∆ν (cm-1) 
  

Cyclohexane-phenol 21320 (87) 3521 (94) 25.0 (2.0) 

Anisole-phenol 21353 (77) 1606 (96) 27.0 (4.5) 

Cyclohexane-anisole 22998 (106) 1709 (123) 3.3 (0.06) 

 

 

 

Figure 6.3: Variation of the emission maxima,  ν���	� (cm-1), of C102 in the three different 

solvent mixtures against the mole fraction of phenol, XPhOH (or anisole, XAnisole). 

 

With increase in the mole fraction of phenol, the emission intensity or quantum yield 

of C102 displayed the anomalous trend-first decreased up to a certain mole fraction of phenol 

and thereafter increased with further increase in the mole fraction of phenol (Figure 6.4). For 

the cyclohexane–phenol and anisole–phenol mixtures, the critical mole fractions of phenol 

were found at 0.013 and 0.027, respectively. However, fluorescence intensity of C102 in the 

cyclohexane–anisole mixture decreased linearly with increase in the mole fraction of anisole 

(Figure 6.4). This regular trend of fluorescence intensity change may be attributed to the 
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change in the polarity of the medium with increase in the mole fraction of anisole. Since 

anisole lacks the H-bonding ability, the anomalous fluorescence modulation of C102 in 

cyclohexane–phenol and anisole–phenol mixtures may be associated with the H-bonding 

modulation in the mixture. 

 

6.2.2. Time-resolved measurements 

The anomalous trend of steady-state fluorescence variation was also observed from 

the fluorescence lifetime measurements. Figure 6.5 and figure 6.6 show the fluorescence 

decays of C102 in the three mixtures– cyclohexane–phenol, anisole–phenol and 

cyclohexane–anisole measured at the respective emission maxima at different mole fractions 

of phenol (or anisole). In neat solvent fluorescence decays of C102 were found to be single 

exponential. The flourescence lifetimes of C102 in cyclohexane and anisole were 2.72 ns and 

3.3 ns, respectively. 

 

 

Figure 6.4: Variation of the quantum yield, (QY) of C102 in different mixtures with mole 

fraction of phenol (or anisole). 
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Figure 6.5: Fluorescence decays of C102 in cyclohexane-phenol mixture at λex = 375 nm at 

different mole fractions of phenol. Left panel represents the fluorescence decay in lower mole 

fraction (0.0 to 0.013), whereas the right panel represents the decay in higher mole fraction 

(0.013 to 0.21). Fluorescence decays become faster at low concentration region but the trend 

reverse in the higher region. 

 

 

 

Figure 6.6: Fluorescence decays of C102 in anisole-phenol (left panel) and cyclohexane-

anisole (right panel) mixtures at λex = 375 nm at different mole fractions of phenol and 

anisole, respectively. 
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Table 6.3: Emission maxima (λ��
�	�), quantum yield (ϕ) and lifetimes (τ) of C102 in the 

cyclohexane-phenol mixture at different mole fractions of phenol. Excitation wavelength was 

at 370 nm. Lifetime measuremnts were done at corresponding emission maxima (λ��
�	�). 

   Lifetimes (τ/ns) 

��Xhi  λ��
�	� (nm) QY (ϕ) τ6 (j6) τS (jS) <τ> 

0.0 408 1.0 − 2.72 (1.0) 2.72 

0.0005 409 0.88 0.38 (0.24) 2.66 (0.76) 2.10 

0.0012 409 0.81 0.37 (0.33) 2.50 (0.67) 1.83 

0.0024 409 0.66 0.46 (0.43) 2.30 (0.57) 1.52 

0.0040 409 0.58 0.45 (0.51) 2.20 (0.49) 1.27 

0.0054 410 0.47 0.42 (0.61) 1.90 (0.39) 1.00 

0.009 411 0.38 0.40 (0.68) 1.60 (0.32) 0.79 

0.013 423 0.31 0.44 (0.74) 1.50 (0.26) 0.72 

0.021 432 0.35 0.77 (0.87) 2.50 (0.13) 0.98 

0.030 436 0.39 0.83 (0.84) 2.90 (0.16) 1.16 

0.055 449 0.47 0.83 (0.65) 3.80 (0.35) 1.88 

0.080 454 0.53 0.86 (0.57) 3.90 (0.43)  2.18 

0.10 459 0.58 0.88 (0.53) 4.00 (0.47) 2.36 

0.21 460 0.68 0.58 (0.49) 4.90 (0.51) 2.77 

0.30 472 0.77 0.58 (0.48) 5.10 (0.52) 2.87 

 

However, in the mixture i.e. cyclohexane-phenol and anisole-phenol fluorescence 

decays of C102 were found to be bi-exponential with two distinct time components (Table 

6.3 and Table 6.4). With increase in the mole fraction of phenol the average decay time of 

C102 gradually decreases up to the same (XPhOH = 0.013) mole fraction at which quantum 

yield was minimum (Figure. 6.7). In the case of cyclohexane–phenol mixture the amplitude 
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of the faster component (370–860 ps) gradually increases up to this critical mole fraction and 

thereafter decreases with increase in the concentration of phenol (Table 6.3). For anisole–

phenol mixture similar trend is observed (Table 6.4). It is already mentioned in chapter 3 that 

the fast component may be due the PET of the H-bonded complex whereas the slower 

component may be due to either an improperly oriented H-bonded complex or a non-H-

bonded complex. However, no significant change of the average fluorescence lifetime of 

C102 is observed in case of cyclohexane–anisole mixture with increasing the mole fraction of 

anisole (Table 6.5) 

 

Table 6.4: Emission maxima (λ��
�	�), quantum yield (ϕ) and lifetimes (τ) of C102 in the 

anisole-phenol mixture at different mole fractions of phenol. Excitation wavelength was at 

375 nm. Lifetime measuremnts were done at corresponding emission maxima (λ��
�	�). 

   Lifetimes (τ/ns) 

��Xhi  λ��
�	� (nm) QY (ϕ) τ6 (j6) τS (jS) <τ> 

0.0 435 0.84 - 3.3 (1.00) 3.30 

0.0007 436 0.82 0.97 (0.05) 3.2 (0.95) 3.16 

0.0040 439 0.81 0.86 (0.09) 3.1 (0.91) 2.97 

0.009 442 0.79 1.70 (0.14) 3.2 (0.86) 2.96 

0.013 446 0.76 1.90 (0.28) 3.6 (0.72) 2.94 

0.027 452 0.69 1.10 (0.32) 3.7 (0.68) 2.84 

0.052 455 0.75 0.85 (0.30) 3.8 (0.70) 2.92 

0.10 462 0.84 0.74 (0.18) 4.0 (0.82) 3.42 

0.21 466 0.85 0.54 (0.18) 4.3 (0.82) 3.65 
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Table 6.5: Emission maxima (λ��
�	�), quantum yield (ϕ) and lifetimes (τ) of C102 in the 

cyclohexane-anisole mixture at different mole fractions of anisole. Excitation wavelength 

was at 375 nm. Lifetime measuremnts were done at corresponding emission maxima (λ��
�	�). 

   Lifetimes (τ/ns) 

��Z[���  λ��
�	� (nm) QY (ϕ) τ6 (j6) τS (jS) <τ> 

0.0 408 1.00 - 2.72 (1.00) 2.72 

0.1 415 0.97 0.29 (0.20) 3.00 (0.80) 2.60 

0.2 418 0.96 0.23 (0.18) 3.10 (0.82) 2.54 

0.3 420 0.95 0.31 (0.18) 3.10 (0.82) 2.60 

0.4 422 0.94 0.37 (0.20) 3.20 (0.80) 2.60 

0.5 425 0.92 0.34 (0.19) 3.20 (0.79) 2.64 

0.6 429 0.90 0.34 (0.23) 3.20 (0.77) 2.55 

0.7 431 0.89 0.39 (0.23) 3.20 (0.77) 2.58 

0.8 432 0.88 0.31 (0.18) 3.30 (0.82) 2.70 

0.9 433 0.86 0.34 (0.17) 3.30 (0.83) 2.80 

1.0 435 0.84 - 3.30 (1.00) 3.30 

 

 

 

Figure 6.7: Variation of the average fluorescence lifetime, (<τ>) of C102 in different 

mixtures with mole fraction of phenol (or anisole). 
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6.2.3. Fourier transform infrared (FTIR) measurements 

To investigate the nature of the H-bonding in the ground state, we have measured FT-

IR spectra of C102 in the C=O stretching frequency region at several mole fractions of 

phenol (Figure 6.8). In cyclohexane, the C=O stretching frequency of C102 was observed at 

1739 cm-1 which is the characteristics of free C=O group.84, 123 On the addition of 50 mM 

(mole fraction 0.0055) of phenol, the C=O stretching frequency exhibited significant red-shift 

to 1697 cm-1. The marked red-shift by 42 cm-1 may be due to the formation of H-bond with 

phenol. However, with increase in the phenol content, the extent of red-shift of C=O 

stretching frequency was decreased by 4–5 cm-1. This may be due to the weakening of the H-

bond strength at higher mole fractions. However, due to change in the spectral shape and 

possible effect of π-stacking interaction on the carbonyl stretching frequency, we were unable 

to do any quantitative estimation of H-bonding energy or binding constant. 

 

 

Figure 6.8 FTIR spectra of C102 in the presence of different mole fractions of phenol in 

cyclohexane. The C=O stretching frequencies were 1739 cm-1, 1697 cm-1, 1702 cm-1, 1702 

cm-1 and 1704 cm-1 at 2 mM of C102, 0.0055, 0.013, 0.030 and 0.30 mole fraction of phenol, 

respectively. 
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6.3. Discussion 

We have already demonstrated that phenol acts as a potential PET quencher to C102 

fluorescence. Generally, it is assumed that addition of more quencher should enhance 

quenching, however, we have obsevered that at higher phenol region fluorescence quenching 

of C102 reduced was reduced significantly in cyclohexane–phenol (or anisole–phenol) 

solvent mixture. This can explained by the mechanism of the H-bond controlled relaxation 

pathways of the C102–phenol H-bonded complex. 

As predicted by the TDDFT calculations of Zhao et al.75 and also supported by our 

study,152 the PET within the H-bonded complex occurs via a transition from a LE, (S2) state 

to a low-lying CT (S1) state. The gap between the LE and the CT state depends on the 

strength of H-bonding. Similar H-bond induced PET was also proposed for C102–aniline 

complex by Liu et al.83 which was experimentally verified by us.30 Note that anisole and 

DMA are analogues of phenol and aniline respectively, lacking the H-bonding ability and 

thus, both are unable to quench the C102 fluorescence. 

At the lower concentration region, it may be assumed that C102 exist either as 1 : 1 

H-bonded complex or as free. Since only the H-bonded complex undergoes PET, with 

increase of phenol, the fraction of the C102–phenol increases resulting in higher quenching. 

We have shown that for initial few mole fractions, the quenching behaviour follows a linear 

Stern– Volmer trend.152 The slope of the plot was found to depend on the strength of 

intermolecular H-bonding indicating the importance of H-boning in activating the PET. Here, 

we found that the linear quenching trend was only valid over initial few mole fractions. At 

higher mole fractions, the quenching markedly reduced. Several possible explanations may 

be discussed to account for the observation. 
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It is reasonable to assume that at higher concentration, a phenol donor that is linked 

with the C102, additionally coordinate to other phenols forming a H-bonded cluster, C102– 

(phenol)n≥2. These phenol–phenol H-bonding may weaken or hinder the key C102–phenol H-

bonding to reach optimum condition required for PET. Hence, the key C102–phenol H-

bonding may be less efficient in guiding electron transfer. Hence, the competitive nature of 

the C102–phenol and phenol– phenol H-bonding may reduce the PET quenching. The non-H-

bonding component may assist to perturb or weaken the phenol–phenol H-bond. At the 

critical mole fraction where we observed the strongest fluorescence quenching the C102– 

phenol, H-bond may be the most efficient to undergo PET. Similar competitive H-bonding 

model has been introduced by us to explain the quenching anomaly of C102 in cyclohexane– 

aniline30 and aniline–DMA8 mixture. 

Another important concern is possible modulation of polarity in a mixture of phenol–

cyclohexane because phenol is more polar than cyclohexane. Polarity may have important 

effect over the PET energy and on the C102–phenol H-bonding. It is generally considered 

that H-bonding in a nonpolar medium is much stronger than in polar solvents due to 

solvation.14 The polarity of the phenol-rich mixture may be higher and hence the H-bonding 

between coumarin and phenol may be weaker. Stronger H-bonding in a less polar medium 

compared to the high polar medium is consistent with the higher emission shift observed at 

lower mole fraction. Additionally, the relative stability of the LE and CT excited states may 

also depends on polarity. The CT state may be stabilized in polar mediumto amuch higher 

degree compared to the LE state due to larger dipole moment of the CT state. At lower mole 

fraction region i.e. in low polarity medium, H-bonding is strong but the CT state may not be 

energetically favourable and hence, fluorescence from the LE state is dominant. At higher 

mole fraction, due to higher polarity, the CT state is stabilized but the H-bonding is weak and 

TH-1431_11612246



Chapter 6 
___________________________________________________________________________ 
 

123 

 

hence, PET may occur mostly via a non-H-bonding pathway, if allowed. At a critical mole 

fraction, both the factors may have an optimum influence and the PET rate is the highest. 

To distinguish between the two possibilities (competitive H-bonding vs. polarity 

induced H-bonding modulation), we have chosen anisole–phenol solvent mixture. Due to 

similar polarity of anisole and phenol, the polarity of the mixture remains almost similar 

throughout all the compositions. Hence, the PET modulation due to change in the polarity of 

the mixture can be ignored. Since anisole does not posses H-bond donating ability, it can not 

compete with the C102–phenol H-bond but it may form H-bond with phenol and thus, reduce 

phenol–phenol H-bonding networking when present in large quantities. We observed similar 

reduced quenching as higher mole fraction for phenol–anisole mixture. Both the fluorescence 

quantum yield and average fluorescence lifetime gradually decreased up to the critical mole 

fraction and thereafter increased. As polarity remains invariant, it may be concluded that 

competitive H-bonding has an important role in the observed anomalous quenching 

behaviour. Very recently, we have also observed such unusual fluorescence quenching 

modulation of C102 in similar polarity aniline–DMA mixture discussed in chapter 5.173 

To verify the effect of polarity only and to exclude H-bonding possibility, we have 

considered another solvent mixture –cyclohexane–anisole. In this case quantum yield of 

C102 decreased linearly with increase in the mole fraction of anisole. The slight linear 

decrease may be due to change in polarity of the medium.  From this we can say that H-bond 

assisted PET has a pronounced effect on the anomalous fluorescence modulation of C102 in 

the two solvent mixtures – cyclohexane–phenol and anisole–phenol. 

Now an important question is whether the fluorescence modulation is due to the H-

bonding modulation in the ground state or in the excited state? The FT-IR spectroscopic 

investigation shows that H-bonding between C102–phenol is indeed modulated differentially 

at low-phenol and high-phenol regions in the ground state. At low mole fraction (0.0055) of 
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phenol in cyclohexane, the C=O stretching frequency of C102 exhibits a marked red shift of 

42 cm-1 indicating a strong H-bond formation with phenol. However at higher phenol 

concentrations, the extent of red-shift was reduced by 4–5 cm-1. Thus, it may be inferred that 

the C102–phenol H-bond becomes weaker at higher donor concentration because of self 

association of several donors. This result clearly illustrates that H-bonding strength is indeed 

depend on the mole fraction of phenol. However, for fluorescence modulation, we need to 

consider the H-bonding in the photoexcited state. We have shown that PET in the non-H-

bonded complex is negligible and hence, significant PET in phenol containing mixtures 

implies that H-bonding should retain in the excited complex. Thus, we can indirectly infer 

that H-bonding between C102 and phenol may strengthening the excited state, which is 

consistent with the prediction by Han and co-workers.75 Another minor possibility is that the 

H-bond may initially break within few hundreds of femtoseconds of excitation but 

subsequently, may recombine on a picosecond time scale to induce the PET process. Similar 

model of H-bond dynamics was proposed by Palit and co-workers for the case of C102–

aniline H-bond dynamics.84 Overall, our results show the dominant role of H-bonding 

between C102 and phenol for controlling the anomalous fluorescence quenching within the 

C102–phenol H-bonded complex. 

 

6.4. Conclusion 

The H-bond mediated PET between C102–phenol is found to be more activated at a 

lower mole fraction of the H-bond donor rather than at higher mole fraction of the donor 

(phenol). It is proposed that at higher mole fraction, C102 may form higher order C102–

(phenol)n≥2 complex where, the phenol may associate with more phenol molecules through 

phenol–phenol H-bond. The phenol–phenol H-bond may perturb the H-bond between the 
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C=O group of C102 and the HO– group of phenol to attain optimum geometry for PET. This 

competitive nature of H-bonding that reduces the H-bonding strength between C102 and 

phenol makes the complex less effective to undergo PET. This was further complemented by 

the FTIR measurement, which shows higher red-shift of the C=O frequency at low phenol 

concentration compared to the higher phenol concentrations. 
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Chapter 7 

An inert component mixed with donor solvent can make ultrafast 

H-bond assisted photoinduced electron transfer even faster*  

 

7.1. Introduction 

In all of the previous chapters, we have discussed PET for C102 in different solvent 

mixtures. However, C102 is not a very good representative to study ultrafast PET. Ultrafast 

PET has been observed for many other coumarins but not with C102. This is because C102 is 

reluctant to undergo PET in the absence of H-bonding.18-21 This can be manifested from the 

fact that no PET occurs for C102 dissolved in neat DMA. 

In this work, we have chosen C153 as an acceptor which is known to undergo 

ultrafast PET in both neat AN and DMA.18-21 Structurally, C153 is similar to C102; only the 

methyl group is substituted by trifluoromethyl group (scheme 1.1). The –CF3 substitution has 

a profound effect on the reduction potential and hence, the free energy of electron transfer 

becomes much more favorable. A brief account of substitution effect on PET has been 

presented earlier in section 1.2.2. Thus, for C153, normal (non-H-bonded) PET is also 

favorable as evident from ultrafast PET in DMA.18-21 Here, we have studied PET of excited 

C153 in the cyclohexane-DMA and cyclohexane-AN mixtures. Similar to C102, the carbonyl 

group of C153 is expected to form H-bond with the amine hydrogen of AN. The central 

concept is that the inert component may activate the H-bonded PET channel while diminish 

the non-H-bonded PET probability (Scheme 7.1). Thus, the effect of H-bonding (if present), 

will be amplified. It is also interesting to see whether the H-bond mediated PET could be 

detectable from the simultaneous non-H-bonded ultrafast PET. 

 

TH-1431_11612246



___________________________________________________________________________
 

 

Scheme 7.1: Addition of inert co

the H-bonding ability of the donor. Gray and blue ar

bonded PET, respectively. In the mixture, H

PET diminishes. 

 

7.2. Results 

7.2.1. Steady-state fluorescence

Figure 7.1 displays the emission spectra of C153 in 

cyclohexane-AN mixtures. C153 

unity and its value is ~ 0.90145

reduction of emission intensity 
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Addition of inert co-solvent leads to different modulation of PET depending on 

bonding ability of the donor. Gray and blue arrows indicate non

bonded PET, respectively. In the mixture, H-bonded PET dominates whi

state fluorescence measurements 

displays the emission spectra of C153 in cyclohexane

. C153 shows a very intense emission in cyclohexane 

145) but becomes strongly quenched in AN or DMA. The extent of 

reduction of emission intensity was more severe in DMA than in AN. This wa

___________________________________________________________________________ 

 

solvent leads to different modulation of PET depending on 

rows indicate non-H-bonded and H-

bonded PET dominates while non-H-bonded 

cyclohexane-DMA and 

emission in cyclohexane (QY close to 

) but becomes strongly quenched in AN or DMA. The extent of 

is was in accordance 
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with the better electron donating ability of DMA compared to AN (oxidation potentials of 

AN and DMA in acetonitrile are 0.93 and 0.76V vs. SCE, respectively

to C153 dissolved in cyclohexane results in a continuous decrease of the emission in

and gradual shifts of emission maxima (

C153 is indicative of the polarity

fluorescence is due to PET from the donor solvent to the excited C153. How

cyclohexane-AN mixture, the variation of quantum yield was anomalous (

QY first decreased with increase in the mole fraction of AN (X

mole fractions 0.13 and 0.74. Note that we could not perform experimen

range due to insolubility of the mixtures. Thereafter, QY increase

exceeded further. The QY at X

cyclohexane and nearly two times less compared to neat AN (

 

Figure 7.1: Steady-state emission spectra of C153 in 

cyclohexane-AN mixtures at different mole fractions of the electron donor (DMA

Strongly quenched emission spectra are displayed further in the inset for

that quantum yield of C153 gradually diminishes on addition of DMA

anomalous trend in the case of aniline.
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the better electron donating ability of DMA compared to AN (oxidation potentials of 

AN and DMA in acetonitrile are 0.93 and 0.76V vs. SCE, respectively19). Addition of DMA 

to C153 dissolved in cyclohexane results in a continuous decrease of the emission in

and gradual shifts of emission maxima (Figure 7.1a). The shift in the emission maximum of 

C153 is indicative of the polarity modulation in mixture while the quenching of the 

fluorescence is due to PET from the donor solvent to the excited C153. How

AN mixture, the variation of quantum yield was anomalous (

with increase in the mole fraction of AN (XAN). The QY wa

mole fractions 0.13 and 0.74. Note that we could not perform experimen

range due to insolubility of the mixtures. Thereafter, QY increased as the amount of AN 

exceeded further. The QY at XAN = 0.13 was found to be ~120 times lower than that in neat 

cyclohexane and nearly two times less compared to neat AN (Table 7.1). 

state emission spectra of C153 in (a) cyclohexane

at different mole fractions of the electron donor (DMA

Strongly quenched emission spectra are displayed further in the inset for clarity

gradually diminishes on addition of DMA solvent

anomalous trend in the case of aniline. 

___________________________________________________________________________ 

the better electron donating ability of DMA compared to AN (oxidation potentials of 

). Addition of DMA 

to C153 dissolved in cyclohexane results in a continuous decrease of the emission intensity 

). The shift in the emission maximum of 

modulation in mixture while the quenching of the 

fluorescence is due to PET from the donor solvent to the excited C153. However, in 

AN mixture, the variation of quantum yield was anomalous (Figure 7.1b). The 

). The QY was similar at 

mole fractions 0.13 and 0.74. Note that we could not perform experiment in between this 

as the amount of AN 

s found to be ~120 times lower than that in neat 

 

cyclohexane-DMA and (b) 

at different mole fractions of the electron donor (DMA or AN). 

clarity. It is evident 

solvent but shows an 
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7.2.2. Time-resolved fluorescence measurements 

To probe the ultrafast decays of the fluorescent acceptor, fluorescence up-conversion 

measurements were carried out at different mole fractions of the donor in the donor-inert 

solvent mixtures (Figure 7.2). All the decay components were found to be bi-exponential 

(Table 7.1 and Table 7.2). In cyclohexane-DMA mixture, the fast (2-3ps) component 

remains almost invariant to the amount of donor while the other component becomes faster 

with increase in mole fraction of the donor. The fast component may be due to PET from 

donors in the vicinity of the excited acceptor, while the slower component may arise due to 

diffusion of the donor within the excited state lifetime of C153. In cyclohexane-DMA 

mixture, the average fluorescence lifetime of C153 decreases regularly with increase in the 

mole fraction of DMA (Table 7.1). However, in cyclohexane-AN mixture the average 

fluorescence lifetime initially decreased with increase in XAN (shortest lifetime at XAN = 0.74) 

and thereafter, increased with further increase in XAN. The fast component (6-35ps) may be 

assigned to PET within the C153-AN H-bonded complex and its contribution is found to be 

maximum at XAN = 0.74 (Table 7.2). Thus, both steady-state and time-resolved fluorescence 

results indicate more facile H-bonded PET at an intermediate mole fraction (XAN = 0.74) 

rather than in neat AN. 

 

7.2.3. Fourier transform infrared (FTIR) measurements 

To understand the H-bonding nature of C153 in aniline-cyclohexane mixtures, FTIR 

spectra were recorded (Figure 7.3) for the C=O stretching region of C153. In neat 

cyclohexane, the C=O stretch of C153 was found to be at 1748 cm-1, which is characteristics 

of an unbound C=O group. However, with increase in XAN, the strength of the absorption 

band at 1748 cm-1 decreases with the development of an additional band at 1736 cm-1. This 
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new band may be due to lowering of the stretching frequency of the carbonyl group of C153 

in the H-bonded complex. The intensity of the band at 1736 cm-1 gradually increases with 

increase in the mole fraction of aniline. However, the C=O stretching vibration (mainly at 

XAN = 0.74 and in neat AN) is overlapped with some other vibration mode of aniline 

(possibly arising due to aniline-aniline association84). Hence, a very conclusive remark about 

the H-bonding condition at higher mole fractions may not be inferred from the FTIR 

measurement. 

 

 

Figure 7.2: The fluorescence decays of C153 in cyclohexane-DMA (left panel) and 

cyclohexane-AN (right panel) mixtures at different mole fractions of the electron donor 

(DMA/AN). Clearly as the amount of DMA increases, PET becomes faster and reaches the 

optimum value in neat DMA. Interestingly, for cyclohexane-AN mixture, PET becomes 

faster at intermediate XAN compared to neat AN.  
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Table 7.1: Fluorescence decay components of coumarin 153 (C153) in the cyclohexane-

DMA mixture at different mole fractions of the DMA, XDMA. Excitation wavelength was at 

405 nm and decays were measured at corresponding emission maxima. 

����  QY (ϕ) τ6 (j6) (ps) τS (jS) (ps) <τ> (ps) 

0.03 0.055 2.6 (0.19) 285 (0.81) 232 

0.075 0.040 2.5 (0.36) 147 (0.64) 95 

0.13 0.027 2.7 (0.34) 90 (0.66) 60 

0.74 0.006 2.4 (0.40) 31 (0.60) 20 

1.00 0.003 2.8 (0.36) 28 (0.64) 19 

 

 

Table 7.2: Fluorescence decay components of coumarin 153 (C153) in the cyclohexane-AN 

mixture at different mole fractions of the AN, XAN. Excitation wavelength was at 405 nm and 

decays were measured at corresponding emission maxima. 

���  QY (ϕ) τ6 (j6) (ps) τS (jS) (ps) <τ> (ps) 

0.03 0.040 13 (0.33) 165 (0.67) 115 

0.075 0.023 10 (0.40) 75 (0.60) 49 

0.13 0.007 6 (0.40) 53 (0.60) 34 

0.74 0.008 7 (0.58) 67 (0.42) 32 

1.00 0.015 35 (0.26) 120 (0.74) 96 

 

 

Very recently MD simulations from our group showed that the H-bonding at XAN = 

0.74 is more favorable compared to neat aniline and is also better oriented (more collinear).174 

Although, we have speculated that D-A H-bonding becomes favorable at some intermediate 
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mole fractions in the presence of a non-interacting co-solvent in previous chapters173, 175 but it 

is for the first time, we have explicitly shown it. These H-bonded pairs undergo much faster 

PET than non-H-bonded donors, thus, surpasses the rate observed at neat condition. In fact a 

simulation with excited-state charge densities on C153 may give a better insight. However, if 

we take the view of Zhao and Han75 that H-bonding becomes stronger in the excited state, we 

could expect an even more preferable distribution of the H-bonded species in the mixture 

compared to neat aniline. 

 

 

Figure 7.3: The FTIR spectra of 20 mM coumarin 153 in the carbonyl stretching region in 

the cyclohexane-AN mixtures at different mole fractions of the electron donor (AN). Gradual 

disappearance of the free C=O stretching frequency (at 1748 cm-1) and appearance of a new 

peak at 1736 may be due to H-bonding. 

 

7.3. Summary and conclusion 

In summary, using steady-state and ultrafast fluorescence measurements, we have 

demonstrated that the PET behavior of an acceptor (C153) dissolved in mixture of electron 
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donor and a non-interacting solvent may be drastically different in nature depending on the 

possibility of H-bond formation with the acceptor. In the case of DMA, the co-solvent retards 

PET while the same co-solvent assists PET from aniline to C153 at some particular 

composition of the mixture. FTIR measurements indicated the evidence of H-bond formation 

between C153 and aniline in the cyclohexane-aniline mixtures at all mole fractions. The 

speculation that H-bonding indeed assists the PET in aniline containing mixtures, was further 

rationalized from MD simulations studies performed in our group. MD simulation revealed 

the presence of highest number of aniline molecules H-bonded to the acceptor at the same 

mole fraction where PET rate was found to be the fastest. This remarkable agreement 

between the experiments and theory confirms the theoretical predication that H-bonding 

should favor PET within the coumarin-aniline complex. Here, for the first time, we provide 

the evidence that D-A H-bonding is indeed better oriented in a mixture at some definite mole 

fraction in comparison to neat aniline. 

Hence, we conclude that a non-interacting co-solvent can effectively amplify the 

effect of H-bonding to such an extent that it can be observed distinctly from non-H-bonded 

PET. Thus, a direct correlation between H-bonding and PET has been demonstrated through 

this study. 
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