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Synopsis 

 

Organic bichromophoric molecules having electron donor and acceptor 

moieties linked by a spacer, upon excitation undergo charge transfer from the donor to 

the acceptor. This charge transfer results in the formation of a highly dipolar state 

known as intramolecular charge transfer (ICT) state. ICT process has gained a 

substantial attention because of its wide application in various fields such as 

photoelectronic, nonlinear optics, chemical sensing etc. Several photochemical as well 

as photobiological processes involve ICT. Several models were proposed to explain 

the formation and the stabilization of the ICT state. Among them planar 

intramolecular charge transfer (PICT) and twisted intramolecular charge transfer 

(TICT) models are leading models prevailing to explain the structure of the molecule 

in the ICT state. In PICT model a planar structure is proposed for ICT emitting 

species, whereas in the TICT model the electron donor is twisted with respect to the 

rest of the molecule at an angle close to 90º. Thus in TICT model the donor moiety is 

orbitally decoupled with respect to the rest of the moiety. The ICT emission is highly 

sensitive to the local environment. The present thesis describes the photophysics of a 

few bichromophoric ICT molecules in various environments. The thesis is divided 

into eight chapters and the chapters are briefed below. 

 

Chapter 1: Introduction 

Chapter 1 gives an introduction to ICT process with factors affecting the 

process with a few examples from literatures. The photoisomerization process is also 

discussed in short with some examples from the literature. The chapter ends with the 

scope of the present work. 

 

Chapter 2: Material, methods and instrumentations 

Chapter 2 describes the details of the chemicals and the solvents used in the 

present work and the procedures followed for the syntheses of the fluorophores. This 

chapter also elaborates preparation of the samples, methods used for the analyses and 

the calculations. Methods used for the quantum mechanical calculations and a brief 

description of the instruments such as UV-visible absorption spectrophotometer, 

steady state and time resolved fluorescence spectrometers are also provided. 
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Chapter 3: Spectral characteristics of a few pyridazole analogous organic 

bichromophoric molecules: An understanding towards the mechanism of twisted 

intramolecular charge transfer emission of 2-(4'-N,N-dimethylaminophenyl) 

imidazo[4,5-b]pyridine 
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Chart 1. Structures of DMAPIP-b and related molecules. 

 

2-(4'-N,N-Dimethylaminophenyl)imidazo[4,5-b]pyridine (DMAPIP-b, Chart 

1) is reported to emit single emission in aprotic solvent and dual emission in protic 

solvents. To understand the mechanism of dual emission in DMAPIP-b, the 

photophysical characteristics of some analogues of DMAPIP-b are investigated in 

Chapter 3. This chapter is divided into two sections. In Section 1, the effect of 

oxazole ring substitution is illustrated. The oxazole ring substitution in DMAPIP-b 

results in 2-(4'-N,N-dimethylaminophenyl)oxazolo[4,5-b]pyridine (DMAPOP). The 

emission characteristics of DMAPOP are significantly different from those of its 

imidazole analogue DMAPIP-b in protic solvents (Scheme 1). Though DMAPOP 

emits single emission from the ICT state, no protic solvent induced dual emission is 

observed in DMAPOP. This indicates that imdazole >NH is also plays a vital role for 

the formation of TICT state in DMAPIP-b. DMAPOP also forms two kinds of 

monocations in the ground and the excited states. But the monocations are formed by 

protonation at pyridyl and dimethylamino nitrogens (Scheme 1). 
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Scheme 1. Overall conclusion obtained from substitution effect of >NH by 
oxygen. 
 

In Section 2, studies on DMAPIP-b and its related molecules (Chart 1), N,N-

dimethyl-4-(4-methyl-4H-imidazo[4,5-b]pyridin-2-yl)benzenamine (PyN-Me), N,N-

dimethyl-4-(3-methyl-3H-imidazo[4,5-b]pyridin-2-yl)benzenamine or 1-methyl-2-(4′-

(N,N-dimethylaminophenyl)imidazo[4,5-b]pyridine (ImNH-Me) and 2-phenylimidazo 

[4,5-b]pyridine (PIP) are reported. Both PyN-Me and ImNH-Me exhibit single 

emissions not only in aprotic solvents, but also in protic solvents. The absence of dual 

emission in PyN-Me where pyridyl nitrogen is prevented from hydrogen bonding with 

protic solvents emphasizes that the hydrogen bonding with pyridyl nitrogen is crucial 

for the dual emission of DMAPIP-b in protic solvents. On the other hand, the absence 

of dual emission in ImNH-Me suggests that the hydrogen bonding with hydrogen of 

imidazole >NH group is also playing an important role in the process. One such 

possibility is transfer of proton from >NH group to pyridyl nitrogen to form the 

tautomer. To verify the proton transfer hypothesis the spectral characteristics of PIP is 

investigated (without charge donor dimethylamino group). The absence of dual 

emission in PIP indicates that the tautomer formation is not due to simple proton 

transfer process and electron donating group is absolutely necessary for the dual 

emission in DMAPIP-b. This substantiates the conclusion that the longer wavelength 

emitting state is an ICT state. The higher dipole moment indicates that the ICT 

emitting state is the TICT state. The enhancement of the longer wavelength emission 

at higher pH illustrates that the formation of charge transfer state involves the 

deprotonation of imidazole >NH hydrogen. Thus, the dual emission of DMAPIP-b in 

protic solvents is attributed due to the formation of the TICT state that is induced by 

double proton transfer followed by charge transfer assisted by protic solvent 
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molecules which is an intermolecular process. The energy level diagram obtained by 

theoretical calculation (Scheme 2) also supports the hypothesis. 
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Scheme 2. Energy level diagram of DMAPIP-b and its tautomer. 
 

Chapter 4: Photoinduced intramolecular charge transfer in trans-2-[4'-

(dimethylamino)styryl]imidazo[4,5-b]pyridine 

 

N

N

N
H

N
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Chart 2. Structure of t-DMASIP-b 
 

This chapter describes the effect of double bond introduction on the spectral 

characteristics of DMAPIP-b. Presence of carbon-carbon double bond in trans-2-[4'-

(dimethylamino)styryl]imidazo[4,5-b]pyridine (t-DMASIP-b, Chart 2) strongly 

perturbs the photophysics of the molecule. In contrast to DMAPIP-b, t-DMASIP-b 

emits single emission in all the solvents including protic solvents. However, 

solvatochromic plot suggests the emitting states of t-DMASIP-b in nonpolar and polar 

solvents are different. The emitting state in polar solvents is a PICT state and not a 

TICT state. From the solvatochromic approach it is observed that the maximum 
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contribution of stabilization arises from the dipolar interaction in the excited state. 

Theoretical calculations suggest that the TICT emission does not observed even in 

protic solvent as the energy of the TICT states are higher than planar states. The 

energy of the tautomer is also higher than that of normal form. Both experimental and 

theoretical results lead to the conclusion that introduction of the olefinic double bond 

not only hinders the stabilization of the TICT state, but also the solvent assisted 

proton transfer process. The trans-cis photoisomerization competes with the 

fluorescence process in both nonpolar and polar solvents. The fluorescence quantum 

yield is much higher in glycerol due to hindrance of isomerization by the restricted 

twisting motion of the olefinic double bond. The isomerization of t-DMASIP-b occurs 

via a nonadiabatic path. The irradiation experiments suggest that the photostationary 

state composition is solvent dependent. Temperature effect studies show that upon 

increase in temperature the quantum yield decreases due to increase in the competing 

nonradiative processes. The effect of introduction of olefinic double bond affects the 

prototropic equilibrium also. Unlike in DMAPIP-b, in t-DMASIP-b protonation takes 

place at imidazole nitrogen and pyridyl nitrogen to form monocations. 

 

Chapter 5: Spectral characteristics of 2-(4′-N,N-dimethylaminophenyl)imidazo 

[4,5-b]pyridine in aerosol OT reverse micelle 

In Chapter 5 the photophysical characteristics of DMAPIP-b in aerosol OT 

(AOT, dioctyl sodium sulfosuccinate) reverse micelle are presented. In AOT/n-

heptane/water reverse micelle, DMAPIP-b exists in both neutral and monocationic 

forms at lower w0 values and the fluorophore is present in the micellar phase near the 

polar head group. The presence of two forms depends upon the size of the water pool. 

Upon addition of water the fluorophores shifts towards the core and at large pool size 

the neutral-monocation equilibrium shifts towards neutral form. At higher w0, 

DMAPIP-b exists only in neutral form. This also suggests that the bound water of the 

AOT reverse micelle is more acidic than free water. Though, the polarity of the 

reverse micelle increases with increase in w0, even at w0 = 36, the polarity of the 

confined water in nano pool is less than that of bulk water and is same as that of 

methanol-water mixture. DMAPIP-b also emits dual emission in reverse micelle due 

to double proton transfer induced TICT emission. Both normal and TICT emission are 

quenched by increasing the water content. 
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Chapter 6: Interactions of a few dimethylaminophenyl substituted azoles with 

bovine serum albumin: role of heteroatoms 
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Chart 3. Structures of DMAPBI and DMAPBO. 
 

This chapter illustrates the interaction of BSA with 2-(4′-N,N-dimethyl 

aminophenyl)benzimidazole (DMAPBI, Chart 3), 2-(4′-N,N-dimethylaminophenyl) 

benzoxazole (DMAPBO, Chart 3) and DMAPOP (Chart 1). The interactions are 

also compared with DMAPIP-b reported in the literature. The docking studies are 

performed for all the four ligands. The hypsochromic shift in the fluorescence spectra 

of the ligands suggest that they bind in the hydrophobic pocket of BSA. The 

fluorescence intensity of DMAPBI decreases in BSA. On the other hand, enormous 

enhancements in fluorescence intensity are observed in those of DMAPBO and 

DMAPOP. This difference in fluorescence is due to differences in the binding 

location and the orientation of the ligands in the binding sites. From the study, it is 

inferred that the replacement of imidazole >NH by –O– increases the binding ability 

of the fluorophore with BSA. This is due to increase in hydrogen bond accepting 

ability of the oxygen in hydrogen bond accepting nature of the ligand. Thus the 

binding constants of these ligands increases in the order: DMAPBI < DMAPIP-b < 

DMAPBO < DMAPOP. Docking study also substantiates the experimental results. 

These results clearly indicate that the BSA is acting as hydrogen bond donor and the 

hydrogen bonding plays a crucial role in molecular binding. 

 

Chapter 7: Sensing ability of a few dimethylaminophenyl substituted azoles 

toward metal ions: role of heteroatoms 

In Chapter 7, the effect of heteroatom on the sensing abilities of DMAPBI, 

DMAPBO and DMAPOP towards a series of metal cations are depicted. Due to 

charge transfer from dimethylamino group to azole nitrogen, DMAPBI interacts with 

all the metal ions through azole nitrogen. It also has higher binding affinity than the 

oxazole derivatives. Since, the charge on the azole nitrogen is decreased in 

DMAPBO, depending on the metal ion, it coordinates through azole nitrogen and/or 
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dimethylamino nitrogen. When pyridyl nitrogen was substituted in benzene ring the 

molecule interacts through dimethylamino nitrogen, azole nitrogen and/or pyridyl 

nitrogen. From the histogram plot it is found that the change in fluorescence intensity 

ratios of DMAPBI is highest in presence of Zn2+ followed by that of Cu2+ (Figure 1). 

However for both oxazole derivatives change in fluorescence intensity ratios are more 

in presence of Cu2+. 

 

Figure 1. Histogram plot of the intensity ratio (I0 / I) of the three fluorophores to 
different metal cations (metal ion concentrations fixed at 100 µM). 
 

Chapter 8: Effect of micelles on the prototropic equilibriums of a few push-pull 

styryl azoles 

The effect of micelles on the prototropic equilibriums of trans-2-[4′-

(dimethylamino)styryl]benzothiazole (t-DMASBT) and trans-2-[4′-(dimethylamino) 

styryl]imidazo[4,5-c]pyridine (t-DMASIP-c) and t-DMASIP-b (Scheme 3) were 

presented in Chapter 8. In t-DMASBT, alike in aqueous medium, in micelle also 

dimethylamino nitrogen and azole nitrogen are protonated to form two kinds of 

monocations MC1 and MC2, respectively. Though, same as in water the relative 

population of MC1 is higher than MC2 in micelles, their relative ratio varies with 

nature of the micelle. The relative population of MC2 increases in anionic micelles 

compared to that in nonionic, cationic micelles and water. Same as in water, only the 

ring nitrogens of imidazopyridine derivatives are protonated to form the monocations 

in micelles except on t-DMASIP-b where the dimethylamino nitrogen is also 

protonated in anionic micelle. The relative populations of MC2 and MC3 depend on  
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Scheme 3. Structures of possible monocations of benzazole and pyridazole 
derivatives of styryl compounds. 
 

the position of the ring nitrogen and it increases in t-DMASIP-b than in t-DMASIP-c. 

The monocations formations of imidazopyridine derivatives are completed before 

further protonation (of monocation) in anionic and nonionic micelles, but not 

completed in cationic micelle due to repulsion of proton by the cationic head group. 

Therefore, the dimethylamino nitrogen is also protonated in t-DMASIP-b and t-

DMASIP-c to form dications before the completion of monocation formation. All the 

three molecules remain in the micelle-water interface. The orientation of the 

fluorophores in all the micelles are same, where the dimethylamino group projects 

outside (towards the bulk water) and the benzazole/pyridazole moiety projects 

towards the micellar core (Figure 2). 

 

Figure 2. Orientation of the fluorophore inside the micelles. 
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Chapter 9: Summary and scope for future work 

The thesis work is summarized in the last chapter and the scope for future 

work is also presented in the last chapter. 
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 3 

1.0. Introduction 

This chapter gives a brief introduction to luminescence in particular molecular 

fluorescence and also to important photoprocesses, intramolecular charge transfer 

(ICT) and photoisomerization. The scope of present work is presented in the end of 

the chapter. 

 

1.1. Luminescence 

Luminescence is the emission of light by excited molecule. Among different 

types of luminescence, photoluminescence is most common. In photoluminescence, 

excitation of the species takes place by absorption of a photon that causes the 

absorbing species to go to a higher energy electronic excited state. Then de-excitation 

of photon occurs by emission.  

 

1.2. Molecular fluorescence 

Absorption of photon by a molecule may result in its electronic excited state. 

The emission process that occurs from the excited singlet state to the ground state is 

known as fluorescence. The decay time of fluorescence is approximately 10-9 to 10-7 s. 

The efficiency of fluorescence is measured in terms of quantum yield which is 

defined as fraction of the molecules that fluoresce. Generally the energy emitted is 

less than the energy of the photon absorbed by the molecule due to vibrational 

relaxation. The loss in energy of emitted photon causes a red shift in the fluorescence 

known as Stokes shift. 

 

1.3. Radiative and nonradiative transitions 

The transitions that occur in the electronic state can be explained with the help 

of Perrin’s-Jablonski diagram (Figure 1.1). Upon absorption of photon, the molecules 

go from the ground state (S0) to the higher singlet states (S1, S2, S3 etc.). The 

absorption of photon is very fast (10-15 s) compared to all other processes. It brings the 

molecule to one of the vibrational levels of the singlet excited state from which the 

possible de-excitation processes take place. 

 

1.3.1. Internal conversion 

It is a nonradiative transition that occurs between two electronic states of same  
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spin multiplicity. In solution state, the internal conversion (IC) process is followed by 

vibrational relaxation towards the lowest vibrational state of the corresponding 

electronic state. The time scale for IC is 10-13-10-11 s. 

 

1.3.2. Fluorescence 

Generally fluorescence emission occurs from S1 state and does not depend on 

the excitation wavelength which is known as Kasha’s rule. The difference between 

the vibrational levels in the ground state and the excited state are similar, thus in most 

cases fluorescence emission resembles the absorption spectrum (mirror image rule). 

Other de-excitation processes those take place in the excited state such as IC, 

intersystem crossing (ISC), vibrational relaxation, photoisomerization, 

photoionization, photodissociation, proton transfer, charge transfer, electron transfer, 

excimer or exciplex formation compete with fluorescence. Generally fluorescence 

occurs in 10-8-10-10 s. 
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Figure 1.1. Perrin’s-Jablonski diagram. 
 

1.3.3. Inter system crossing 

It is a nonradiative transition that occurs between two isoenergetic vibrational 

levels belonging to two electronic states of different spin multiplicity. Although it is a 

forbidden transition it occurs due to spin orbit coupling and the time scale for ISC is 

10-7-10-9 s. 

1.3.4. Phosphorescence 

Radiative de-excitation that occurs from the triplet state (T1) to the ground 

state (S0) is known as phosphorescence. Alike ISC, due to spin orbit coupling 

phosphorescence can take place. The life time of the phosphorescence is very long 

and is comparatively longer than fluorescence.  
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1.4. Fluorescence quantum yield 

Fluorescence quantum yield (f) can be defined as the fraction of the excited 

molecules that returns to the ground state by fluorescence. It is related to the radiative 

rate and nonradiative rate and can be defined as follows.  

r
f

r nr

=  
+

k

k k
          (1.1) 

where kr and knr are the radiative and the nonradiative rates respectively.  

 

1.5. Fluorescence lifetime 

The kinetics of the de-excitation process can be well understood with the help 

of time resolved fluorescence. The time resolution of the order of femtoseconds can 

be achieved with the help of laser or light emitting diode as the light source. For a 

very simple system which exhibits a single emission, the fluorescence intensity decay, 

I(t), can be represented as follows  

-t/τ
0I(t)  =  I e          (1.2) 

where I0 is the initial intensity and τ is the fluorescence lifetime. The fluorescence life 

time is defined as the average time spent by the fluorophore in the excited state before 

de-excitation to the ground state. The fluorescence lifetime is related to both radiative 

and nonradiative rates. For multiemittive system where more than one species are 

present in the excited state, instead of monoexponential decay it results in 

multiexponential and the decay is represented as 

1

I( ) i

n
-t/τ

i
i

t a e


         (1.3) 

where ai and τi are ith pre-exponential factor and the lifetime in the multiexponential 

decay respectively. Pre-exponential factors can be either positive or negative. For 

multiexponential decays it is useful to calculate the average lifetime ).  can be 

calculated using the following equation. 

2
i i

i i

a

a












        (1.4) 

 

1.6. Intramolecular charge transfer  

Excited state intramolecular charge transfer (ICT) is a fundamental process 

that occurs in several natural systems and is a key mechanism in photochemistry and 
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photobiology. Absorption of photon by molecules having both donor and acceptor 

moieties separated by a spacer, triggers the charge transfer from the donor to the 

acceptor in the excited state. This leads to the formation of the ICT state and the 

emission occurs from both locally excited state and ICT state.1-5 However, non 

emissive ICT state and single emission only from ICT state were also observed in few 

cases.6-10  

Although several mechanisms were proposed to explain the origin of dual 

fluorescence in p-(N,N-dimethylamino)benzonitrile (DMABN, 1) in polar solvents, 

this time it is well established that the red shifted longer wavelength fluorescence is 

because of the photoinduced ICT process. However, controversy still persists about 

the molecular structure of the emitting ICT state. Different ICT mechanisms 

suggesting a twisted ICT (TICT)2,3 or a wagged ICT (WICT) state,11 or a rehybridized 

ICT (RICT),12,13 or a planar ICT (PICT),5,14 being responsible for the longer 

wavelength fluorescence were proposed. But, now, only TICT and PICT models are 

leading models prevailing to explain the structure of the molecule in the ICT state. In 

the PICT model a planar structure is proposed for ICT emitting species, where as in 

the TICT model the electron donor is twisted with respect to rest of the molecule at an 

angle close to 90º. Although direct detection of the structure of the emitting species is 

found to be experimentally difficult, convincing indirect evidences have been reported 

for both TICT and PICT mechanisms.15,16 Recent quantum mechanical calculations 

revealed that DMABN and its analogues have two charge transfer states in addition to 

the locally excited state.17 Depending on the molecular structure the emission may 

arise from the locally excited-PICT states or the locally excited-TICT states or the 

charge transfer PICT-TICT states. It was proposed that the ICT state is formed by the 

transfer of an electron from a covalently linked donor group to an anti-bonding orbital 

of the -electron system of benzene. The distortion of the benzene ring to a quinoid or 

an antiquinoid structure occurs due to change in charge distribution of the molecule in 

the ICT state. Among the ICT states, the decoupled twisted geometry is expected to 

have larger dipole moment compared to the planar geometry. 

 

C N

CH3

CH3
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1.7. Factors influencing the ICT emission 

The ICT emission mainly depends on three different factors namely; polarity, 

viscosity and hydrogen bonding capacity. 

 

1.7.1. Polarity and viscosity 

Since the formation of ICT state involves charge separation, increase in 

polarity leads to increase in the rate of formation and stabilization of the ICT state, in 

other word the ICT state will be favored in polar media. The polarity also affects the 

nonradiative decay rate from the ICT state to the low lying triplet state and/or ground 

state. For example in DMABN, since the lowest triplet state does not have an 

appreciable charge transfer character as TICT singlet state, thus the dipole moment of 

DMABN in the TICT state is more than that in triplet state.1,2 With rise in polarity the 

energy gap between the TICT state and the triplet state decreases. According to 

energy gap law of nonradiative transition,18,19 the decrease in energy gap between the 

triplet and singlet state will increase the rate of ISC. The triplet yield of DMABN and 

related molecules increases, as the polarity of the medium increases.20 As a result, 

polarity affects the ICT emission in two opposing ways i.e. the increase of the ICT 

process tends to increase the ICT emission. On the other hand, the increase in 

nonradiative process from the ICT state tends to decrease it. Thus in general, increase 

in polarity does not affect the ICT emission monotonically.1,2,21-24  

5-(4-dimethylamino-phenyl)-penta-2,4-dienoic acid methyl/ethyl esters (2) 

exhibit single emission in nonpolar solvent and dual emission in polar solvent.25 

Large solvatochromic shift of the emission band and very high dipole moment value 

indicate that the ICT process is strongly dependent on the polarity of the medium. 

 

O

O

N

R

R = CH3 (a)
    = C2H5 (b)  

2 
 

Styryl push-pull compound, 2-[4-(dimethylamino)styryl]-1-methylquinolinium 

iodide found to exhibit a strong solvent polarity-dependent characteristic.26 It is 
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reported that upon increasing the solvent polarity as well as hydrogen bonding ability 

the ICT state is stabilized progressively. However after some critical point the ICT 

state becomes the ground state as a result the further stabilization with solvents results 

in a blue shift causing the negative solvatochromism. Complex fluorescence is 

obtained from 9-aminoacridine derivative (3) and is ascribed to emission of the 

acridine chromophore from the ICT state in addition to the locally excited singlet 

state.27 The ICT emission is readily quenched by addition of water and is due to 

changes in the keto-amine/enol-imine equilibrium of the dye. 

 

N

N

H
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The spectral characteristics of 2,6-diamino-9,10-anthraquinone (4) results in 

unusual deviations in less polar aprotic solvents in compared to those in higher polar 

aprotic solvents.28 It was inferred that the dye adopts a PICT structure in medium to 

higher polarity solvents, where the lone pair of amino group is in resonance with the 

anthraquinone moiety, but in less polar solvent a nonplanar structure is predicted as a 

result the lone pair electrons of the amino group is not in good resonance with the 

anthraquninone moiety. A triphenylamine derivative with weak acceptor group (5) is 

found to be sensitive to the polarity of the medium.29 Increase in the solvent polarity 

causes bathochromic shift in the emission spectra due to increase in ICT character in 

the emitting singlet state. Among the three substituted polyhydroquinoline derivatives 

(6), an additional large Stokes shifted fluorescence band is observed in 6c due to 

presence of dimethylamino donor group which facilitates the ICT process upon 

increasing the solvent polarity of the medium.30 It was suggested that in 6c the ICT 

structure is formed may be due to 1,3-H migration in the excited state.  
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Biologically active molecule Rhaponticin (7) shows the increased Stokes shift 

in polar solvents suggested due to ICT character that corresponds to π → π* 

transitions.31 
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A push-pull styryl dye 8 is found to exhibit positive solvatochromism upon 

increasing the polarity of the solvent.32 A comparative study of similar structural 

backbone like 8 is carried out by varying the donor moiety.33 Although both the dyes 

exhibited the ICT properties, due to the presence of more electron donating group in 

dye 9b (julolidine moiety), it exhibits a very strong positive solvatochromism than the 

molecule having dimethylamino group as an electron donor group 9a. The spectral 

characteristics of a coumarin-6 dye (10) reveals a linear correlation with the solvent 

polarity of moderate to higher polarity nature except in nonpolar solvent.34 This 

unusual behavior is depicted due to the formation of a non-planar structure in 

nonpolar medium whereas in polar medium the dye is planarized, as a result the ICT 

character increases upon increasing the polarity. 
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11. (a) R = CH3, (b) R = H 

 

In addition to the polarity effect, TICT involves twisting motion of the donor 

group with respect to the rest of the moiety; therefore viscosity also affects the TICT 

process. But the polarity and viscosity are opposing each other. Upon increasing the 

viscosity of the medium the barrier in twisting increases and thus the formation of 

TICT state is expected to be less favored. Molecules having small rotating group, 

TICT process is almost independent of viscosity even up to moderate viscosity.35,36 

However at very high viscosity the TICT process may be affected as friction plays an 

important role.37-39 On contrary, when the rotating group is bulky, upon increasing the 
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viscosity the rate constant drastically decreases thus affecting the TICT process.40 

Therefore, these kinds of molecules can act as excellent probes for microviscosity.41-46  

The fluorescence spectrum of 11a is more sensitive towards the polarity and 

viscosity of the medium in comparison to 11b.47 In polar solvent such as ethanol, the 

fluorescence efficiency of 11a is almost completely quenched whereas 11b emits 

strong fluorescence. This behavior was attributed to the additional nonradiative path 

that arises due to TICT state. The formation of TICT state is facilitated by the steric 

repulsion of the methyl group and peri hydrogen (Ha) so that twisting of 4-amino 

group occurs with respect to the napthalimide ring.  
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Haidekker et al. studied the effect of solvent polarity and viscosity on the 

fluorescence properties of molecular rotors and some related probes.6 They reported 

that the emission wavelength of Coumarins (12-14) was influenced by solvent 

polarity; however neither viscosity nor polarity influenced the emission intensity. 

DMABN shows a complicated effect which is affected by both solvent polarity and 

viscosity which is very difficult to separate the effect individually on the emission 

intensity. The emission intensities of the molecular rotors 15 and 16 are found to be 
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highly dependent on the viscosity whereas very low sensitivity towards solvent 

polarity. Therefore molecular rotors can act as excellent microviscosity probes even in 

environments where polarity changes are expected. 

Compounds containing p-N,N-dialkylaminobenzylidene cyanoacetate motif 

can serve as fluorescent non-mechanical viscosity sensors due to the formation of 

TICT in the excited state.48 The fluorescence response of a few substituted 2-

phenylbenzo[g]quinoxalines (17) having a rotatable phenyl moiety suggests only 17d 

and 17e which have stronger electron-donating groups exhibit sensitivity towards 

viscosity.49 It indicates that strong electron donating group substituted at the phenyl 

ring leads to high sensitivity towards the viscosity. Hence it can be used as very good 

viscosity-sensitive fluorescent probes. 

N
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a. R = Cl 
b. R = H 
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e. R = N(CH3)2 
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The studies of the spectral characteristics of thioflavin T (18) in different 

viscous solvents suggest that a high local microenvironment is responsible for the 

enhancement of the thioflavin T emission.50-53 It is ascribed that the nonemissive 

TICT state is formed by the torsional rotation of the anilino ring with respect to the 

benzothiazole moiety. The formation of a nonemissive TICT state occurs that is 

mainly controlled by the viscosity of the environment. Therefore it behaves as a very 

good sensor for viscosity.51-55 

 

1.7.2. Role of hydrogen bonding  

Apart from polarity and viscosity, hydrogen bonding also plays an important 

role for the formation and stabilization of the ICT state. On the basis of hydrogen 
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bond formation at donor or acceptor moiety, the role of hydrogen bonding on ICT can 

be subdivided into two different categories. 

 

1.7.2.1 Role of hydrogen bonding with electron donor 

Cazeau-Dubroca et al. suggested that the hydrogen bonding of the solvent with 

charge donor moiety results in twisted conformer in the ground state and such twisted 

conformers upon excitation emit TICT fluorescence.56-59 The model was challenged 

by the observation of longer wavelength emission in non-hydrogen bonding polymer 

matrices and a free volume model was put forward to account the dual emission of 

DMABN  and related molecules in rigid matrices.60 But Cazeau-Dubroca argued that 

the presence of water traces introduced in the matrices is responsible for the dual 

fluorescence of DMABN in non-hydrogen bonding polymer. They extended their 

hypothesis further to assign the ICT emission in aprotic solvents to the traces of water 

present in the solvents.61 Few others also supported the Cazeau-Dubroca’s model, but 

no clear evidence was provided to substantiate the promoting effect of hydrogen 

bonding of solvents with the electron donor in the formation of the ICT state.62-64 The 

pre-twisted conformer formed by hydrogen bonding of solvent with donor moiety as a 

precondition for the formation of TICT state in DMABN is also severely 

challenged.65 Few groups suggested that the ground state hydrogen bonding at the 

amino nitrogen does not promote rather inhibits the formation of the ICT state in 

DMABN.66,67 
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Recently Dreuw et al. studied the role of water in the ICT emission of 4-

(dimethylamino)methylbenzoate (19).68 Based on the theoretical calculation they 

predicted that in gas phase it is the dimethylamino nitrogen hydrogen bonded complex 
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that is responsible for the ICT emission but not the carboxylate hydrogen bonded 

molecule. The hydrogen bond of the solvent with dimethylamino nitrogen acts as 

energy accepting channel in the gaseous phase. The stabilization energy of the ICT 

state is used for breaking the hydrogen bond. 

Interestingly in some of the aminocoumarins, different type of hydrogen 

bonding between the amino group and the solvents is proposed in the ground state, in 

which the electron donating amino group acts as a hydrogen bond donor (20).69,70 

However, such hydrogen bonds rather increase the electron donating capacity of the 

amino group, thus favor the formation of the ICT state. Datta et al. showed that the 

ICT emission of 3-aminoquinoline (21) was favored in aprotic solvents such as 

dimethyl sulfoxide by similar type of hydrogen bonding (22).71 On the other hand 

hydrogen bonding inhibits the ICT emission of 21 in protic solvents, where the charge 

donor acts as hydrogen bond acceptor 23, but the protonation of the acceptor enhances 

the ICT process 24. 
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It is reported that in a number of substituted 1,8-naphthalimides and naphthalic 

anhydrides, the introduction of electron-donating substituents induce a charge transfer 

in the excited state.72 Introduction of amino group in the napthalimide ring (25b) 

drastically changes the photophysical properties in compared to the unsubstituted 

analogue (25a).73 This is due to the lowering of the singlet excited state with respect 

to the triplet state. In 25a, the intermolecular hydrogen bonding plays a prominent 

role. In its analogue 25b, in aprotic solvent, ICT plays an important role, whereas in 

presence of protic solvent, hydrogen bonding predominates over the ICT. 
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1.7.2.2 Role of hydrogen bonding with electron acceptor 

Hydrogen bonding with the electron acceptor increases the flow of charge 

from the donor to the acceptor, thereby favors the ICT process. In several molecules 

the hydrogen bond with electron acceptor enhances the ICT process, already exhibited 

by the molecule. In few other molecules it induces the ICT process and in these 

molecules the hydrogen bond with acceptor is a prior requirement for the formation of 

the ICT state. 

Direct observation of the formation of hydrogen bond between methanol and 

the cyano group in the ICT state of DMABN was reported.74 Despite strong 

interaction between the solvent molecules, the charge separation in the ICT state 

favors the formation of hydrogen bond between DMABN and methanol, so that the 

majority of the molecules become hydrogen-bonded. Zhao and Han demonstrated that 

the hydrogen bond between the cyano group and methanol is strengthened in the 

TICT state, which can facilitate the deactivation of the excited DMABN in methanol 

via internal conversion.75 

The photophysics of 4-dialkylaminopyrimidines (26-28) were studied by 

Herbich et al.66,67,76 They reported that 4-dimethylaminopyrimidine (26) emits clear 

dual fluorescence in presence of protic solvents or Zn2+ ions. Other 4-
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dialkylaminopyrimidines 27 and 28 exhibit single exponential decays resulting from 

the ICT emissions indicating only one kind of hydrogen bonded complex that induces 

the formation of the ICT state and is assigned to the interaction via the pyrimidine 

nitrogen para to the amino moiety (29). The spectral characteristics in terms of 

energetics and kinetics of the 1:1 complexes with Zn2+ are similar to those of 

hydrogen bonded complexes with protic solvent molecules and thus it is assumed that 

the structures are similar in both cases (29 and 30). 
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Aminophenylpyridoimidazoles are interesting class of molecules, where 

hydrogen bonding is absolutely essential to obtain dual emission. Fasani et al. were 

the first to show that 2-(4'-aminophenyl)-pyridoimidazoles (31 and 32) emit single 

emission from locally excited state in nonpolar and polar aprotic solvents, but dual 

emission from both locally excited state and ICT state in alcoholic solvents.77 They 

hypothesized that the hydrogen bonding of protic solvents with imidazole nitrogen 

and ‘NH’ hydrogen twists the pyridoimidazole group with respect to the rest of the 

molecule which results in the formation of the TICT state. This is contrary to reports 

N

NY

X
N

R

R

H  
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that the hydrogen bonding of the solvent with acceptor make it more planar with the 

spacer, which facile the charge flow from the spacer to the acceptor.78,79 The 

hydrogen bonding induced TICT emission from 2-(4′-N,N-dimethylaminophenyl) 

pyridoimidazoles (33 and 34) were also studied. But it is reported that the hydrogen 
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bonding with pyridine nitrogen plays an important role in the formation and 

stabilization of the TICT state.79-86 

The ICT emission of N,N-dimethylaminophenyl(phenyl)acetylene (35) is 

significantly quenched in protic solvents due to the lowering of the energy gap 

between the ICT and the low lying states as the hydrogen bonding of the solvent with 

the acceptor stabilizes the ICT state.87 trans-(4-Monoethylaminophenyl)-acrylonitrile 

(36) in non polar solvents shows normal emission only, whereas in polar aprotic 

solvents it shows dual emission.88 The large Stokes shifted band is the ICT band and 

is further red shifted with increasing polarity of the solvent but with decrease in 

intensity. In protic solvents with increasing hydrogen bonding capacity the quantum 

yields decrease, but a linear relationship between the fluorescence maxima of the ICT 

band and the hydrogen bonding parameter89 was observed. This shows hydrogen 

bonding interaction is responsible for the large Stokes shift in the ICT band which 

leads to enhanced nonradiative decay from the ICT state. 
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1.8. Effect of microheterogeneous environments   

As the ICT process is very much sensitive towards the nature of the 

environments,90 the confined environments such as micelles, reverse micelles, 

cyclodextrins and proteins significantly affect the photophysical process that occurs in 

the molecules.  

The ICT process of ethyl ester of N,N-dimethylaminonaphthyl-(acrylic)-acid is 

investigated in various micellar environments.91 It is found that the sensitivity of the 

ICT band is greater in the micellar environment rather than the local excited emission 

band. Due to the change in viscosity and strong binding of the molecule with micelles, 

the nonradiative rate decreases as a result the fluorescence intensity increases. The 

ICT property of trans-ethyl-p-(dimethylamino)cinnamate is used to probe different 

micelles.92 The intensity of the ICT fluorescence band is increased with a blue shift 

upon addition of surfactants. It is suggested that the fluorophore resides in the 

interface region in all micellar environments, but comparatively it penetrates more 
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towards the micellar core in presence of nonionic micelle than in ionic micelle. The 

ICT fluorescence of 3-(4'-dimethylaminophenyl)-1-(2-furanyl)prop-2-en-1-one and 

the corresponding thienyl derivative in aqueous micellar solutions undergoes strong 

hypsochromic shift with a greater enhancement in the fluorescence quantum yield due 

to reduced polarity of the environment.93,94 The ICT emission of 4-(p-N,N-dimethyl-

aminophenylmethylene)-2-phenyl-5-oxazolone experiences a hypsochromic shift with 

enhancement in intensity in sodium dodecyl sulfate (SDS) and cetyl 

trimethylammonium bromide (CTAB) micelles than in aqueous medium. Due to the 

less polar medium, the ICT state is destabilized inside micelles, as a result the energy 

gap between the emitting ICT state and ground state increases, which produces blue 

shift of the spectra.95 The shift and intensity of ICT band of 2-(4-

(dimethylamino)styryl)-1-methylpyridinium iodide is different in different micelles 

due to difference in the binding location.96 DMAPIP-b selectively emits dual 

fluorescence from both locally excited state and TICT state in SDS and triton X-100 

(TX-100) whereas in CTAB no TICT emission is observed.85 This behavior is 

attributed to the variation in the extent of hydrogen bonding capacity experienced by 

the fluorophore in different micelles.  

6-propionyl-2-dimethylaminonaphthalene shows a clear ICT emission at 

higher w0 value in aerosol OT (AOT) reverse micelle whereas in cationic benzyl-n-

hexadecyl dimethylammonium chloride reverse micelle the ICT emission is not 

clear.97 It is speculated that in both reverse micelles the molecule remains at the 

reverse micelle interface. However the hydrogen bond accepting carbonyl group of 

the molecule remains towards the hydrocarbon tails, far from water pool and polar 

head group in AOT reverse micelle whereas in cationic reverse micelle the orientation 

is just opposite. As a result the hydrogen bonding interaction is obstructed in AOT 

whereas its strong in cationic reverse micelle resulting a clear ICT emission in AOT. 

The retardation of the ICT process of 2,6-p-toluidinonapthalene sulfonate occurs 

inside the water pool of the AOT reverse micelle than in bulk water  is due to the 

lower static polarity of the water pool compared to the bulk water.98 The rate of TICT 

emission of 4-(1-morpholenyl)benzonitrile in AOT reverse micelles increases with 

increase in water pool size due to increase in CT character upon increasing w0 value 

because of the increase in average polarity of the medium.99 However, the TICT 

emission is less pronaounced in compared to the bulk water because of the extra 

restriction arises from the enhanced rigidity of the solvent molecules due to 
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confinement as a result the rotation of the donor group (morpholenyl group) is 

hindered.99 The dynamics of the ICT process of nile red inside the water nanopool of 

the reverse micelle is slow compared to that in bulk water due to the lower static 

polarity of the water pool.100 The ICT rate and solvation dynamics of coumarin 490 in 

AOT reverse micelle is found to be decreased compared to that in bulk water.101 

Similar behavior was also reported for some coumarin derivatives in aqueous and 

non-aqueous reverse micellar environments.101-104 The ICT fluorescence anisotropy of 

3-acetyl-4-oxo-6,7-dihydro-12H-indolo-[2,3-a]quinolizine decreases drastically with 

increase in the core size of AOT reverse micelle.105 

The reduction in the rate of ICT of 3-acetyl-4-oxo-6,7-dihydro-12H-indolo-

[2,3-a] quinolizine occurs within the hydrophobic interior of albumins.106 Fluorescent 

molecules containing both a hydroxystyryl and a cyanopyranyl moieties were found 

to exhibit very weak fluorescence emission in the absence of protein, whereas a large 

Stokes shift and dramatic increase of fluorescence intensity and red emission 

observed upon addition of BSA caused by the ICT.107 It is reported that the ICT 

exhibiting halogenated squaraine dyes show high selectivity toward site II of serum 

albumins with appreciably high association constant.108 This shows that these 

squaraine dyes can be used as potential noncovalent protein labeling and 

photodynamic therapeutic agents. A polarity sensitive ICT molecule (E)-3-(4-

methylamino-phenyl)-acrylic acid ethyl ester is reported to act as a probing agent to 

stabilize BSA.109 ICT emitting 4-aminonaphthalimide-based ratiometric fluorescent 

probe is designed for the quantification of BSA by a ratiometric and colorimetric way 

with high sensitivity.110 It is reported that a fluorescent probe having styryl, sulfonyl 

and cyanopyranyl moieties interacts with the protein via noncovalent interaction.111 

The fluorescence intensity enhanced drastically upon binding with the protein owing 

to ICT nature of the emission. 

The restricted environment inside the cyclodextrin (CD) cavity as well as the 

hydrophobic nature affects, the spectral characteristics of the ICT molecules 

drastically.112 The ICT fluorescence intensity of trans-ethyl-p-(dimethylamino) 

cinnamate and its acid derivative was found to increase with a blue shift in the 

presence of cyclodextrins.113 The spectral modulations of an ICT molecule ethyl ester 

of N,N-dimethylaminonaphthyl-(acrylic)-acid occurs upon encapsulation in the water 

and DMF solution of β-CD nanocavities.114 p-dimethylaminoacetophenone does not 

have any TICT emission in aqueous solution, whereas in α-CD solution, both the 
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locally excited and TICT emission are enhanced.115 The behavior is attributed due to 

the formation of a 1:2 complex in which the molecule is entirely trapped by two α-CD 

molecules. The increase in the intensity of the TICT band of p-N,N-

dimethylaminobenzaldehyde relative to the locally excited band is found to be 

maximum in α-CD and minimum in γ-CD medium due to the difference in polarity of 

the CDs.116,117 The relative retardation of nonradiative rate for TICT emission of nile 

red118 results in the presence of both β-CD and γ-CD compared to pure water and the 

rate is much higher in β-CD than in γ-CD. The little retardation in the nonradiative 

rate of nile red in presence of γ-CD is attributed to the formation of hydrogen bonds 

between the hydroxyl groups of γ-CD with the molecule.118 Upon encapsulation in 

CD cavity, the charge transfer fluorescence of 3-acetyl-4-oxo-6,7-dihydro-12H-

indolo-[2,3-a]quinolizine exhibits hypsochromic shift.119 The nonradiative 

deactivation rate of the fluorophore also decreases in the nanocavities which lead to 

an increase in both fluorescence yield and lifetime. 

 

1.9. Photoisomerization and ICT 

Push–pull styryl dyes have received considerable attention because of their 

wide applications in various fields.120-125 In these molecules, presence of the donor 

and the acceptor moiety facilitates ICT emission; additionally presence of the olefinic 

double bond causes excited state torsional rotation about carbon–carbon double bond 

results in trans–cis photoisomerization. Photoisomerization is a very important 

phenomenon that occurs in several biological processes. For example 

photoisomerization of retinal plays a key role in vision (Chart 1.1).126,127 It is 

reported that styrylpyridines are useful as imaging agent in the living human brain of 

patients suffering from Alzheimer’s disease.128 Styryl dyes show very high first-order 

hyperpolarizability, thus can act as very efficient materials for the applications in 

molecular electronics.129,130 The photophysical and photochemical properties of these 

molecules are of key interest to many researchers.131-137 

OH

O

H

h

Chart 1.1. Photoisomerization of retinal in the vision process. 
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In push-pull styryl compounds the main deactivation process arises due to the 

photoisomerization process which competes with the fluorescence emission.138-142 The 

fluorescence quantum yield of 1-(9-Anthryl)-2-(4-Pyridyl)ethenes in polar solvents 

drastically reduced and the photoisomerization quantum yield increased due to the 

stabilization of ICT excited state.143
 The fluorescence quantum yield of trans-4-

dimethylamino-4′-cyanostilbene increases upon increasing the polarity of the solvent 

and decreasing the temperature due to decrease in the photoisomerization 

process.144,145 Nonheterocyclic push–pull aromatic systems are extensively studied, 

however the heterocycle based push–pull aromatic systems are scarily reported.146-151 

Ho et al. studied the substitution effects on the ICT behavior of some 

styrylheterocycles146 and suggested that due to the presence of strong donor 

dimethylamino group, ICT emission occurs on those molecules. Fayed et al. studied 

benzothiazole and benzoxazole derived push–pull styrenes148,149 and butadienes150 (37 

and 38) with N,N-dimethylaminophenyl group as donor. It is revealed that all these 

molecules exhibit ICT emission and interesting prototropic equilibria. Fayed et al. 

established the utility of benzazole derived push–pull butadienes to probe the 

micelles.152 Saha et al. and Purkayastha et al. extend studies on trans-2-[4′-

(dimethylamino)styryl]benzothiazole (t-DMASBT)153,154 (37b) and elaborated its 

utility as fluorescent probe for various microheterogeneous systems.155,156 However 

Saha et al. predicted that isomerization takes place only in nonpolar solvent like 

dioxane, but no isomerization takes place in polar viscous solvent like glycerol. Our 

result suggests that 37b undergoes isomerization not only in nonpolar solvents, but 

also in viscous polar solvent including glycerol even at room temperature.157,158  

 

N

Z N

CH3

CH3  
(a) X = O  

(b) X = S
 

N

Z

N

CH3

CH3  
(a) X = O  

(b) X = S
 

37 38 
 

1.10. Scope of the present work 

It is already explained earlier that ICT has been a topic of growing interest 

both in photochemistry and photobiology as it is a possible mechanism for several 
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biological processes and chemical energy conversion. In the present thesis the 

photoinduced ICT process of a few organic bichromophoric molecules are studied in 

various homogeneous and microheterogeneous environments.  

DMAPIP-b is a biologically active molecule and it acts as an inhibitor for 

aurora kinases.159 It also has interesting photophysical characteristics. It emits dual 

emission only in protic solvents. The shorter and the longer wavelength emissions are 

attributed to the normal and the TICT emissions, respectively.82 The dual emissive 

nature and its sensitivity towards the environment make DMAPIP-b as an excellent 

ratiometric probe to investigate various microheterogeneous systems including 

protien.83,85,160 Although it is reported that the hydrogen bonding with pyridyl nitrogen 

plays a vital role in the formation of the TICT in protic environment, the mechanism 

of the process is not clearly understood. To understand the mechanism of the 

formation of TICT state in DMAPIP-b, the photophysical characteristics of some 

analogues of DMAPIP-b are investigated (Chapter 3). As discussed earlier, push-pull 

styryls have wide applications in various fields.161-165 In order to understand the effect 

of introducing olefinic double bond in DMAPIP-b on the spectral characteristics of 

the system trans-2-[4'-(dimethylamino)styryl]imidazo[4,5-b]pyridine (t-DMASPI-b) 

was synthesized and studied in solvents of different polarity, viscosity and hydrogen 

bonding capacity (Chapter 4). The water confined in the reverse micelles mimic 

biological water and its characteristics are different from the bulk water. Since, the 

dual emission of DMAPIP-b strongly depends on the nature of the protic media the 

photophysics of DMAPIP-b was examined in reverse micelles (Chapter 5).  

Imidazoles and oxazoles are important class of heterocyclic compounds. 

Varieties of drug molecules have the imidazole and oxazole frameworks and these 

heterocyclic frames play important role in the interactions of those drugs with 

proteins. Therefore, a comparative study on the interactions of proteins with 

imidazoles and oxazoles will be useful for the design and discovery of drug. Serum 

albumins are the most abundant transport proteins166,167 found in the blood plasma and 

can bind with various biologically relevant substances like bilirubin, bile salts, certain 

metals, hormones and a variety of therapeutic drugs.168-170 Owing to the easy 

availability and the similarities with human serum albumin, BSA is considered as a 

model protein. Since, ICT emission is more sensitive, the interactions of ICT emitting 

imidazoles and oxazoles, 2-(4′-N,N-dimethylaminophenyl)benzimidazole (DMAPBI) 
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and its other analogues with BSA are studied to understand the fundamental 

interaction between these heterocyclic derivatives and BSA (Chapter 6). 

Developing high sensitive and selective sensors for the detection of metal ions 

in biological and environmental fields is an active area of research. A variety of 

divalent metal ions are known to be involved in the structural, catalytic and regulatory 

aspects of the biological system and some such metal ions serve as prognostics of 

certain human diseases.171 Although a large number of studies have been performed 

on the sensing ability of fluorescent molecules toward different metal ions, still to get 

selective and sensitive fluorophore is highly challenging. Substantial amount of 

chemosensors developed for metal ion sensing have heterocylic derivatives. Since 

ICT emission is sensitive to the environment, several ICT based metal sensors have 

been developed. Thus, a comparative study of ICT emitting DMAPBI and its oxazole 

analogues are explored to understand the effect of heteroatom on their potential for 

metal ion sensing ability (Chapter 7). 

The effect of micelles on prototropic equilibriums are well studied and 

understood.172-175 However, the role of micelles on the site of protonation is also an 

interesting subject which did not receive much attention. Therefore, the effect of 

anionic, cationic and nonionic micelles on the protonation sites of push-pull styryl 

derivatives, t-DMASBT, trans-2-[4'-(dimethylamino)styryl]imidazo[4,5-c]pyridine (t-

DMASIP-c) and t-DMASIP-b are investigated (Chapter 8). 
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2.0. Introduction 

This chapter provides the details of the chemicals and the solvents used for the 

syntheses  of  the  fluorophores  and  the  experimental  work  carried  out  in  the  present 

thesis work. Also  the procedure  followed  for  the syntheses,  experiments,  theoretical 

calculations  and  analyses  of  the  data  were  briefly  described  in  this  chapter.  The 

chapter ends with details of the instruments used and a brief description of the major 

instruments. 

 

2.1. Materials 

The details of the solvents and chemicals used for performing the syntheses as 

well as experiments are given below. 

 

2.1.1. Solvents 

 Acetonitrile (HPLC grade, Spectrochem India) 

 1-Butanol (HPLC grade, Spectrochem India) 

 Cyclohexane (HPLC grade, Rankem India) 

 Diethyl ether (HPLC grade, Spectrochem India) 

 Dimethylformamide (DMF, HPLC grade, Rankem India) 

 Dimethylsulfoxide (DMSO, HPLC grade, Rankem India) 

 1, 4-Dioxane (AR grade, Spectrochem India) 

 Ethanol (ACS grade, Merck) 

 Ethyl acetate (HPLC grade, Rankem India) 

 Glycerol (AR grade, Rankem India) 

 Glycol (AR grade, Rankem India) 

 Methanol (HPLC grade, Rankem India) 

 1-Propanol (AR grade, Rankem India) 

 2-Propanol (HPLC grade, Rankem India) 

 Tetrahydrofuran (THF, HPLC grade, Rankem) 

 Water (Millipore ) 

 

The solvents were transparent in the spectral region of  interest and were used 

as received. 
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2.1.2. Metal salts 

 Barium perchlorate hydrate, Ba(ClO4)2.xH2O (Sigma Aldrich) 

 Cadmium nitrate hydrate, Cd(NO3)2.xH2O (Merck) 

 Calcium perchlorate tetrahydrate, Ca(ClO4)2.4H2O (Sigma Aldrich) 

 Cobalt chloride hexahydrate (CoCl2.6H2O) (Merck) 

 Copper perchlorate hexahydrate, Cu(ClO4)2.6H2O, (Sigma Aldrich) 

 Lithium perchlorate, LiClO4 (Sigma Aldrich) 

 Magnesium perchlorate hexahydrate, Mg(ClO4)2.6H2O (Sigma Aldrich) 

 Nickel perchlorate hexahydrate, Ni(ClO4)2.6H2O (Sigma Aldrich) 

 Silver nitrate, AgNO3 (Sigma Aldrich) 

 Sodium perchlorate monohydrate, NaClO4.H2O (Sigma Aldrich) 

 Pottasium perchlorate, KClO4 (Sigma Aldrich) 

 Zinc perchlorate hexahydrate, Zn(ClO4)2.6H2O (Sigma Aldrich) 

 

2.1.3. Other chemicals  

 Aerosol OT (AOT, Sigma Aldrich) 

 2-Aminophenol (Himedia) 

 2-Aminothiophenol (Sigma Aldrich) 

 2-Amino-3-hydroxypyridine (Sigma Aldrich) 

 Bovine serum albumin (BSA, Merck India) 

 Cetyltrimethylammonium bromide (CTAB, Sigma Aldrich) 

 Chloroform-d (Sigma Aldrich) 

 β-Cyclodextrin (β-CD, Sigma Aldrich) 

 4-Dimethylaminocinnamic acid (Sigma Aldrich) 

 2,3-Diaminobenzene (Sigma Aldrich) 

 2,3-Diaminopyridine ( Sigma Aldrich) 

 3,4-Diaminopyridine (Sigma Aldrich) 

 Diphosphorous pentoxide (Merck India) 

 Dimethylsulfoxide-d6 (Sigma Aldrich) 

 Di-sodium hydrogen phosphate anhydrous (Merck) 

 Iodomethane (Merck India) 

 Methyl-d3 alcohol-d (Sigma Aldrich) 

 ortho-Phenylenediamine (Merck India) 

 ortho-Phosphoric acid (AR grade, Rankem India) 
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 Phosphorous oxychloride (Spectrochem) 

 Potassium hydroxide (Merck India) 

 Silica gel (60-120 mesh) (Merck India) 

 Silica gel for thin layer chromatography (Merck India) 

 Silica gel GF254 (Merck India) 

 Sodium dihydrogen phosphate dihydrate (Merck) 

 Sodium dodecyl sulfate (SDS, Sigma Aldrich) 

 Sodium hydroxide (Merck India) 

 Sodium sulfate anhydrous (Merck India) 

 Sulfuric acid (AR grade, Rankem India) 

 Triton X-100 (TX-100, Sigma Aldrich) 

 

2.1.4. Synthesis 

2.1.4.1. Syntheses of 2-(4′-N,N-dimethylaminophenyl)oxazolo[4,5-b]pyridine and 

2-(4′-N,N-dimethylaminophenyl)benzoxazole 

X

OH

NH2

N

CH3

CH3

HOOC

X
N

O

N

CH3

CH3

POCl3

Reflux
+

 

X = N,  DMAPOP 
X = CH,  DMAPBO  

Scheme 2.1. Syntheses of DMAPOP and DMAPBO. 
 

2-(4'-N,N-Dimethylaminophenyl)oxazolo[4,5-b]pyridine  (DMAPOP)  was 

synthesized  by  refluxing  equivalent  amount  of  2-amino-3-hydroxypyridine  and  p-

(N,N-dimethylamino)benzoic acid in POCl3 for 8 h (Scheme 2.1).159 Then the reaction 

mixture was cooled  to  room  temperature and poured to  ice cold water. The mixture 

was neutralized by concentrated NaOH solution. The precipitates were collected and 

purified  by  column  chromatography.  2-(4′-N,N-Dimethylaminophenyl)benzoxazole 

(DMAPBO)  is  synthesized  following  the  same  procedure  using  2-aminophenol 

instead of 2-amino-3-hydroxypyridine. 

 

DMAPOP: 1H NMR (400 MHz, CDCl3, ppm)  8.46 (d, J = 4.4 Hz, 1H); 8.14 (d, J = 

8 Hz, 2H); 7.86 (d, J = 16.4 Hz, 1H); 7.16 (dd, J = 8.8 Hz, 1H); 6.75 (d, J = 16.4 Hz, 

2H); 3.07 (s, 6H).  
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LCMS (M+1): 241.11. 

DMAPBO: 1H NMR (600 MHz, CD3OD, ppm)  8.13 (d, J = 9 Hz, 2H); 7.70 (d, J = 

7.8 Hz, 1H); 7.52 (d, J = 7.8 Hz, 1H); 7.29 (m, 2H); 6.79 (d, J = 9 Hz, 2H); 3.08 (s, 

6H).  

HRMS (M+1): 239.1289. 

 

2.1.4.2. Syntheses of 2-(4′-N,N-dimethylaminophenyl)benzimidazole, 2-(4′-N,N-

dimethylaminophenyl)imidazo[4,5-b]pyridine and 2-phenylimidazo[4,5-b] 

pyridine  

 

X

NH2

NH2

RHOOC

X
N
H

N

R+

Polyphosphoric acid

220-240 oC

 
X = N, R = N(CH3)2, DMAPIP-b
X = CH, R = N(CH3)2, DMAPBI
X = N, R = H, PIP

 
Scheme 2.2. Syntheses of DMAPIP-b, DMAPBI and PIP. 

 

2-(4′-N,N-Dimethylaminophenyl)benzimidazole  (DMAPBI),  2-(4′-N,N-

dimethylaminophenyl)imidazo[4,5-b]pyridine (DMAPIP-b) and 2-phenylimidazo[4,5-

b]pyridine  (PIP) were  synthesized  following  the  reaction  scheme  shown  in  Scheme 

2.2.176,177  Equimolar  mixture  of  appropriate  diamine  and  acid  were  heated  in 

polyphosphoric acid at 220-240 ºC for 5 h. The reaction mixture was cooled to room 

temperature  and  poured  to  ice  cold  water  and  stirred  well.  The  acidic  solution  was 

then  neutralized  with  aqueous  KOH  solution.  The  precipitates  were  suctioned  by 

vacuum  and  dried  overnight  in  desiccator.  The  dried  precipitate  was  dissolved  in 

methanol  by  heating.  The  solution  was  filtered  and  the  solvent  was  evaporated  by 

rotavapor. Then the crude was purified by column chromatography using silica gel as 

stationary  phase  and  varying  percentage  of  ethyl  acetate  in  hexane  as  eluent.  The 

identities and purity of the synthesized compounds were confirmed by either HRMS 

or LCMS and NMR. 

 

DMAPIP-b: 1H NMR (400 MHz, CD3OD), δ: 8.24 (d, 1H, J = 5 Hz), 8.12 (d, 2H, J 

= 9 Hz), 7.96 (d, 1H J = 8 Hz), 7.14 (dd, 1H, J = 8,5 Hz), 6.74 (d, 2H, J = 9 Hz), 3.05 

(s, 6H). 
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LCMS (M+1) 239.12. 

DMAPBI: 1H NMR (600 MHz, CD3OD, ppm)  7.93 (d, J = 8.4 Hz, 2H); 7.59 (d, J 

= 7.8 Hz, 2H); 7.22 (m, 2H); 6.76 (d, J = 8.4 Hz, 2H); 3.03 (s, 6H). 

HRMS (M+1): 238.1457. 

PIP: 1H NMR (400 MHz, CDCl3, ppm)  8.41 (d, 1H); 8.26 (d, 2H); 8.15 (d, 1H); 

7.58 (m, 3H); 7.30 (m, 1H). 

LCMS (M+1): 196.10. 

 

2.1.4.3. Synthesis of N,N-dimethyl-4-(4-methyl-4H-imidazo[4,5-b]pyridin-2-yl) 

benzenamine  

N,N-Dimethyl-4-(4-methyl-4H-imidazo[4,5-b]pyridin-2-yl)benzenamine  (PyN 

-Me) was synthesized by irradiating the mixture of DMAPIP-b and methyl  iodide by 

microwave (200 W) using the procedure given in the literature86,178 and followed by a 

treatment  with  ammonia  solution  (Scheme 2.3).179    The  compound  was  purified  by 

preparative thin layer chromatography. The identity of the compound was confirmed 

using NMR and mass data.  

 

N
N
H

N

N

1. CH3I, irradiation, 200 W

N
N

N

N

CH3

CH3

CH3

CH3

CH3

2. Ammonia solution

 
Scheme 2.3. Synthesis of PyN-Me. 

 
1H NMR (400 MHz, CDCl3, ppm) δ 7.71 (1H, d), δ 7.53 (2H, d), δ 7.26 (3H, m), δ 

6.99 (1H, d), δ 4.19 (3H, s), δ 3.15 (6H, s).  

LCMS (M + 1): 253.06. 

 

2.1.4.4. Synthesis of 1-methyl-2-(4′-(N,N-dimethylaminophenyl)imidazo[4,5-

b]pyridine  

1-Methyl-2-(4′-(N,N-dimetylaminophenyl)imidazo[4,5-b]pyridine (ImNH-Me) 

was synthesized by following the literature procedure for alkyl substitution of similar 

compounds.86,180  DMAPIP-b  and  methyl  iodide  (4:9)  was  dissolved  in  a  solvent 

mixture of 3  ml dimethylformamide and 1  ml  tetrahydrofuran. Powdered KOH was 

added and heated at 40 °C for 24 h (Scheme 2.4). The compound was extracted with 
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dichloromethane  and  purified  by  column  chromatography.  The  identity  of  the 

compound was confirmed by NMR and mass data.  

 

N
N
H

N

N

CH3I

N
N

N

N

CH3

CH3

CH3

CH3

CH3

40 oC

KOH, DMF & THF

 
Scheme 2.4. Synthesis of ImNH-Me. 

 

1H NMR (400 MHz, CDCl3,  ppm) δ 8.35  (1H, d), δ 8.02  (1H, d), δ 7.77 (1H, t), δ 

7.22 (2H, d), δ 6.83 (2H, d), δ 4.00 (3H, s), δ 3.07 (6H, s).  

LCMS (M+1): 253.08. 

 

2.1.4.5. Synthesis of trans-2-[4'-(dimethylamino)styryl]benzothiazole  

t-DMASBT  was  synthesized  by  procedure  reported  by  Fayed  et  al.149  A 

solution  of  p-dimethylamino  benzaldehyde  (0.002  mmol)  in  dry  DMF  (4  mL)  was 

added dropwise  to a solution of 2-methylbenzothiazole (0.003 mmol) and powdered 

KOH  (0.02  mmol)  in  8  ml  of  dry  DMF  with  continuous  stirring.  The  mixture  was 

stirred  at  140  C  (Scheme 2.5).  After  48  h  the  mixture  was  cooled  to  room 

temperature  and  dilute  HCl  (10%)  was  added  to  make  it  weakly  acidic.  The 

compound  was  extracted  by  dichloromethane.  The  compound  purified  by  column 

chromatography was further purified by preparative thin layer chromatography using 

hexane-ethyl  acetate  mixture.  The  synthesis  and  purification  of  the  compound  were 

carried under red light to avoid photoisomerization.  

 

S

N

CH3 N

CH3

CH3

OHC+
Powdered KOH

Dry DMF, 140 oC
S

N N

CH3

CH3

Sc

heme 2.5. Synthesis of t-DMASBT. 

 

1H NMR (400 MHz, CD3OD),  7.87 (d, J = 7.6 Hz, 1H); 7.75 (d, J = 8.4 Hz, 1H); 

7.42-7.35 (m, 4H); 7.25 (t, J = 7.6 Hz, 1H); 7.14 (d, J = 16 Hz, 1H); 6.65 (d, J = 8.8 

Hz, 2H); 2.96 (s, 6H). 

HRMS (M+1): 281.1178 
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2.1.4.6. Syntheses of trans-2-[4'-(dimethylamino)styryl]imidazo[4,5-b]pyridine 

and trans-2-[4'-(dimethylamino)styryl]imidazo[4,5-c]pyridine  

trans-2-[4'-(Dimethylamino)styryl]imidazo[4,5-b]pyridine (t-DMASIP-b)  and 

trans-2-[4'-(dimethylamino)styryl]imidazo[4,5-c]pyridine  (t-DMASIP-c)  were 

synthesized  by  the  same  procedure  used  for  the  synthesis  of  DMAPBI  and  related 

molecules  and  the  schematic  representation  is  shown  in  Scheme 2.6.  However 

purifications of these styryl compounds were carried out by column chromatography 

followed  by  preparative thin  layer  chromatography.  Same  as  in  benzothiazole 

analogue,  red  light  environment  is  maintained  throughout  the  synthesis  and 

purification  to avoid  the  isomerization. The  identities and purity were confirmed  by 

HRMS and NMR.  

 

Polyphosphoric acid

220-240 oC
O

HO

N

CH3
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X = N, Y = CH, t-DMASIP-b
X = CH,  Y = N, t-DMASIP-c  

Scheme 2.6. Syntheses of t-DMASIP-b and t-DMASIP-c. 

 

t-DMASIP-b: 1H NMR (400 MHz, CD3OD, ppm):  8.10 (d, J = 4.4 Hz, 1H); 7.72 

(d, J = 8 Hz, 1H); 7.49 (d, J = 16.4 Hz, 1H); 7.32 (d, J = 8.8 Hz, 2H); 7.06 (dd, J1 = 

5.2 Hz, J2 = 8 Hz, 1H); 6.74 (d, J = 16.4 Hz, 2H); 6.56 (d, J = 8.8 Hz, 1H), 2.82 (s, 

6H).  

HRMS (M+1): 265.1479. 

t-DMASIP-c: 1H NMR (600 MHz, CDCl3, ppm):  8.28 (d, J = 6 Hz, 1H); 8.24 (d, J 

= 5.4 Hz, 1H); 8.09 (s, 1H); 7.60 (d, J = 16 Hz, 1H); 7.36 (m, 2H); 7.05 (d, J = 9 Hz, 

1H); 6.83 (d, J = 16 Hz, 1H); 6.62 (d, J = 8.2 Hz, 1H); 2.95 (s, 6H).  

HRMS (M+1): 265.1468. 

 

2.2. Sample preparation 

2.2.1. In solvents 

The  main  stock  solution  of  the  compound  of  concentration  1  x  10-3  M  was 

prepared  in  methanol.  From  the  stock  solution  50-100 l  was  pipette  out  to  10  ml 

volumetric flasks. The solution was kept in oven for overnight at 50 °C for complete 
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removal  of  methanol.  Then  10  ml  of  experimental  solvent/solution  was  added  to 

volumetric flask. For pKa measurements of dilute phosphoric acid and NaOH solution 

were used for maintaining the required pH. The fluorophore concentrations were 5-10 

M for any absorption or fluorescent measurement unless otherwise mentioned. The 

styryl dyes solutions were prepared in red light conditions.   

 

2.2.2. In micelles  

The stock solutions of surfactant were prepared in 100 ml volumetric flask by 

dissolving  appropriate  amount  of  surfactant  (Figure 2.1)  in  millipore  water. 

Appropriate amount of surfactant solution and water were added to the fluorophore in 

the volumetric flask. The pH of the solutions were adjusted by adding dilute sulfuric 

acid or sodium hydroxide solution.  

 

 
(a) 

O

S

O O

O Na
 

 
 
 
(b) 

O

O

H

n

 
 
 
(c) 

N

Br

 
Figure 2.1. Structures of (a) SDS, (b) TX-100 and (c) CTAB. 

 

2.2.3. In reverse micelles 

AOT/n-heptane/water  reverse  micelles  were  prepared  by  mixing  desired 

amount of water, n-heptane-AOT solution. The water quantity in the reverse micellar 

system  is  represented  in  terms  of  molar  ratio  (w0)  of  water  to  the  surfactant.  The 

fluorophore concentration (5 µM) and the AOT concentration (0.1 M) were kept fix 

and the water quantity were varied. The structure of AOT is shown in Figure 2.2. 

TH-1229_08612203



 35 

O
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Na  
Figure 2.2. Structure of AOT 

 

2.2.4. Metal ion solutions 

Metal  perchlorates  of  lithium,  sodium,  potassium,  magnesium  and  copper 

were used as source of their respective metal ions. Nitrate salts of cadmium and silver 

were used as source for corresponding metal ion. Cobalt chloride was used as source 

of cobalt ion. The fluorophore concentrations were ~ 5 M. For metal ion titration, by 

keeping  the  fluorophore concentrations  fixed,  the concentrations of  metal  ions were 

varied  by adding appropriate amount of  metal  ion solution and solvent. Acetonitrile 

was used as solvent for these studies.  

 

2.2.5. Protein samples 

10  mM  phosphate  buffer  of  pH  7.0  was  prepared  by  using  monosodium 

phosphate and disodium phosphate in appropriate amount and  is used  for all protein 

sample  solutions.  Millipore  water  was  used  for  the  sample  preparation.  All  the 

spectral  measurements were  preformed  at  the  solute  concentration  of  5 M (fixed). 

The  protein  concentrations  were  varied  by  adding  appropriate  amount  of  protein 

solution and buffer.  

 

2.3. Methods 

2.3.1. Quantum yield 

Quantum  yield  of  fluorescence  (f)  is  defined  as  the  ratio  of  the  number  of 

photons emitted to the total number of photons absorbed and is represented as follow. 

f
Number of photons emitted

Number of photons absorbed
            (2.1) 

For  the  determination  of  the  fluorescence  quantum  yields  the  absorbance  of  the 

sample were kept at 0.1. In the present work quinine sulphate in 1N sulphuric acid is 
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used as a standard whose quantum yield is 0.55.181 The quantum yield is calculated by 

using the following equation: 

2

2

 s s r s

r r s r

I A n

I A n





                (2.2) 

where  Is and  Ir represent  the area obtained  from  the emission  spectra of  the  sample 

and reference respectively. The area under the curves are determined from λex + (5 or 10) 

nm  till  the  wavelength  where  the  intensity  is  negligible.  As and  Ar  are  the  absorbance 

values  for  the sample and reference respectively. ns and nr are the refractive  indices 

for the sample and the reference solution respectively.  

 

2.3.2. Determination of ionization constant 

The  acid  dissociation  constant  or  the  pKa  is  a  measure  of  the  strength  of  an 

acid  or  a  base.  pKa  value  of  the  dye  in  a  given  medium  provides  knowledge  about 

both nature of  the probe and the medium. The Hammett equation  is commonly used 

for the determination of  ionization constant of the dissociation reaction of an acid in 

aqueous medium and is given below. 

BH+ + H2O B + H3O
+            (2.3) 

0 a +

[B]
H p  + log

[BH ]
K             (2.4) 

where [BH+] and [B] are molar concentration of conjugate acid and base, respectively. 

H0 is called Hammett’s acidity function and is defined in the following equation 

0 log
BH

BH

a f
H

f





                (2.5) 

where fB and fBH
+ are the acidity coefficient of conjugate base and acid respectively. 

aH
+  is the activity of  the proton. For dilute solution, H0 is replaced by pH. A plot of 

pH versus 
+

[B]
log

[BH ]
 is a straight  line with unit slope and the pH = pKa when [B] = 

[BH+]. The factor 
+

[B]

[BH ]
can be determined from following relation. 

[ ][ ]

[ ] [ ]
B

BH

A AB

BH A A 







              (2.6) 

where ABH+ and AB are the absorbance (at the analytical wavelength) of the pure BH+ 

and B respectively and A is absorbance (at same wavelength) of any solution in which 

BH+ is partially ionized. 
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[ ] [ ]

[ ] [ ] [ ]

B B

BH C B



              (2.7) 

where [C] is the molar concentration of compound in experimental solution. 

1 2 2 1

1 2 2 1

( ) ( ) ( ) ( )
[ ]

( ) ( ) ( ) ( )
BH BH

B BH B BH

A A
B

     

       

 

 





         (2.8) 

 is the molar extinction coefficient and for the calculation generally two wavelengths 

were  considered  (1  and  2)  at  both  side  of  the  isosbestic  point  of  the  absorption 

spectra at different pH. 

 

2.3.3. Quantum mechanical calculation 

For  the ground state optimization and  to calculate  the  molecular parameters, 

the molecular geometries were optimized by employing gradient corrected exchange 

functional of Becke182 and the correlation functional of Lee, Yang and Paar (LYP)183 

(B3LYP) using density functional theory (DFT) method. For the entire calculations 6-

31G(d,p) basis set with restricted shell wavefunctions is employed.184,185 To verify the 

minimum energy nature of  the stationary points vibrational  frequency analyses were 

performed. The excitation energies were obtained by vertical excitations of optimized 

ground states by  time dependent DFT  (TDDFT) method. Since  it has  been  reported 

that  the  geometries  and  the  molecular  properties  obtained  at  the  configuration 

interaction  singles  (CIS)  level  are  quite  reasonable  and  correct,  at  least  as  a  first 

approximation  for  a  number  of  molecules,186,187  the  geometry  optimization  in  the 

excited  state  is  performed  by  CIS  method.  TDDFT  method  is  employed  on  these 

optimized geometries to obtain the emission energies. The computational calculations 

were performed using Gaussian 03.188 

 

2.3.4. Docking study 

For docking studies the amino acid sequence of bovine serum albumin (BSA) 

protein  was  obtained  from  the  NCBI  website.189 The  3D  model  of  the  BSA  protein 

was built using the 3D structure 1AO6 chain  'A' as template using the ESyPred3D18 

web server. This template shares 72.4% identities with the BSA sequence. Following 

is  the  BSA  sequence  which  was  used  to  generate  the  3D  model. 

>gi|3336842|emb|CAA76847.1|  bovine  serum  albumin  [Bos  taurus].  The  minimum 

energy  ligand  molecules  are  obtained  from  the  DFT  optimized  geometries  by 
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Gaussian software and were used in docking study. Docking calculations were carried 

out  by  autodock  4.2  software.190  Binding  sites  were  automatically  detected  by  the 

docking software. AutoDock 4.2 uses the Lamarckian genetic algorithm to search for 

the optimum binding site of small molecules to the protein. To recognize the binding 

sites  in BSA, docking study were done by using  the grid box 40, 40, 40 along X, Y 

and  Z  coordinates  with  grid  spacing  as  0.375  Å  and  grid  center  was  set  to  30.314, 

32.063 and 24.976 Å along X, Y and Z axis respectively. The  following parameters 

also kept  fixed  for  all  the  three  molecules. Genetic algorithm (GA) population size: 

150; maximum number of energy evaluations; 250 0000, maximum number of runs; 

200 considered for each molecule. The conformation with the lowest binding energy 

and  of  highest  clustering  was  same  for  all  the  cases  and  those  conformations  have 

considered for further analysis. The data were examined by PyMOL software.191 

 

2.4. Instruments 

2.4.1. Absorption measurements 

The modern absorption spectrometers consist of  following components:  light 

source,  monochromator,  detector,  amplifier  and  recording  devices.  A  beam  of  light 

from  the  source  is  separated  into  its  component  wavelengths  by  a  monochromator. 

Each  monochromatic  beam  splits  into two beams;  sample  beam  and  reference beam 

by a half-mirrored device. The sample beam passes through a cuvette containing the 

sample  solution.  The  reference  beam  passes  through  an  identical  cuvette  containing 

the reference solvent. The  intensities of  these beams are then measured by detectors 

and compared. The intensity of the reference beam is generally defined as I0 and the 

intensity  of  the  sample  beam  is  defined  as  I.  Finally  the  spectrophotometer  scans 

automatically  all  the  component  wavelengths  with  a  short  time  period.  The  block 

diagram of UV-visible spectrophotometer is shown in Scheme 2.7. 

In the present work, absorption spectra were recorded with the help of a Cary 

100  double  beam  spectrometer.  Deuterium  and  tungsten  lamps  are  used  as  light 

sources and photomultiplier tube (PMT) is used as detector.  

 

Scheme 2.7. Block diagram for UV-visible spectroscopy. 
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2.4.2. pH measurements  

The pH of different solutions were measured using Jenway (model No 3510) 

pH meter. Before any measurement, the pH meter was calibrated using three different 

standard buffer solutions (pH 4, pH 7 and pH 10) within a range of ± 0.02 pH units. 

 

2.4.3. Steady state fluorescence measurements 

Fluorescence  spectral  measurements  were  carried  on  Edinburgh  Instruments 

FSP  920,  Jobin  Yon  Spex  Fluoromax  4,  Fluorolog  3  and  Cary  Eclipse  instruments 

depending  on  the  availability  of  the  same.  The  block  diagram  for  steady  state 

fluorimeter (FSP 920) is shown in Scheme 2.8.  

 

Optical System 

The  most  common  light  source  for  fluorimeter  is  xenon  arc  lamp,  as  xenon 

light  provides  relatively  uniform  intensity  over  a  broad  spectral  range  from  the 

ultraviolet to the near infrared region. Two monochromators are used for the selection 

of the excitation wavelength and emission wavelength. Motorized monochromator is 

used  for automatic scanning of wavelengths. The monochromators are controlled by 

the electronic devices  and  the computer. The optical  module  contains various parts: 

sample holder, shutters, polarizers (not always), beam splitter etc. The beam splitter is 

made up with a quartz plate  reflecting a  few percent of  the exciting  light  towards a 

quantum counter or a photodiode.  

The emission spectrum  is obtained by  fixing the excitation wavelength (exc) 

and it reflects the variations of fluorescence intensity as a function of the wavelength 

at  which  the  fluorescence  is  observed  (em).  The  excitation  spectrum  reflects  the 

variations of  fluorescence  intensity as a  function  of exc with  fixed em. The spectra 

are  recorded as a  function of wavelength and  not wavenumber due  to the  following 

reason. The monochromators of spectrofluorimeters are equipped with gratings,  thus 

for  a  given  width  of  the  input  and  output  slits,  the  monochromators  operate  at  a 

constant bandpass expressed in wavelength. 
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Scheme 2.8. Block diagram of FSP 920 steady state fluorescence 
spectrophotometer. (Diagram was obtained from the catalogue of Edinburgh 
instruments FSP 920) 
 

The  fluorescence  spectra  have  to  be  corrected  for  the  distortion  by  the 

wavelength dependence of several components of the instrument. 

 

Correction for emission spectra 

Since  emission  spectrum  depends  on  efficiency  of  the  emission 

monochromator and the response of the photomultiplier tube (PMT) it is necessary to 

correct  the  emission  spectra.  Basically  correction  factors  are  calculated  using  a 

calibrated  tungsten  lamp  or  a  standard  fluorescence  dye  whose  corrected  emission 
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spectrum  is  reported.  For  the  instruments  used  in  the  thesis  work,  the  correction 

factors are provided by the supplier. 

 

Correction for excitation spectra 

Excitation spectrum is mainly affected by the variations of the intensity of the 

exciting light which is due to the wavelength dependency of the lamp intensity and of 

the  transmission  efficiency  of  the  excitation  monochromator.  Since  the  quantum 

counter  overcomes  the  wavelength  dependence  of  the  sensitivity  of  the  reference 

photomultiplier, the ratio of the fluorescence signal from the sample to that from the 

quantum counter or photodiode (as a function of the excitation wavelength) provides 

in principle corrected excitation spectra. However, for a very accurate measurement, 

for  example  comparison  of  the  absorption  spectra  to  the  excitation  spectra  such 

correction  procedures  may  be  insufficient.  This  behavior  is  due  to  the  wavelength 

dependence of optical parts (e.g. focal length of lenses) may introduce some distortion 

into the excitation spectrum as  it  is not same. Thus the correction  factor  is obtained 

using a known fluorescent compound absorbing in the same wavelength region that of 

the  fluorescent  molecule  to  be  studied  and  whose  absorption  spectrum  should  be 

identical  to  the  corresponding  excitation  spectrum.  The  ratio  obtained  for  the 

excitation spectrum to the absorption spectrum of the reference compound (using the 

quantum  counter)  provides  the  correction  factors  that  can  be  used.  However  the 

excitation  spectra  recorded  using  the  photo-diode  instead  of  quantum  counter  is 

generally  further  corrected,  as  the  wavelength  response  of  the  photodiode  is  not 

strictly flat over the whole wavelength range available. However, for the fluorimeters 

used in the present thesis, the correction files are supplied by the manufacturer. 

FSP  920  and  Fluorolog  3  are  equipped,  450  W  xenon  arc  lamp  with  double 

excitation monochromator. Other  instruments used for the measurements have single 

excitation monochromator. Fluoromax 4 has 150 W xenon arc  lamp as  light source. 

But  Cary  Eclipse  employs  75  W  pulsed  xenon  lamp  as  light  source.  All  these 

instruments have Hamamastu red sensitive PMT as detector. 

 

2.4.4. Fluorescence lifetime measurements 

Two  different  methods,  frequency-domain  and  time-domain  are  used  to 

determine the fluorescence lifetime.192-197 Time-domain time correlated single photon 

counting (TCSPC) method is widely used (Scheme 2.9). 
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Scheme 2.9. Block diagram for time-correlated single photon counting (TCSPC) 

 

In the present work also TCSPC method is used. In this method the sample to 

be analyzed  is excited with a short  light pulse  from  the source with  sufficient delay 

between pulses. Flash lamp, pulsed laser, laser diode or LED used as the light source 

for  this method. Upon excitation,  the  molecules  emit photons at different  relaxation 

times;  thus  the  decay  time  of  single  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  with  respect  to  a 

reference signal  from the  light source. TCSPC method is composed with two pulses 

namely start signal pulse and the stop signal pulse, splits from the light source beam 

into  two  paths.  The  start  signal  pulse  travels  to  a  photomultiplier  tube  (PMT)  or 

micro-channel  plate  (MCP)  photomultiplier  that  activates  the  time-to-amplitude 

converter (TAC). The stop signal pulse travels through the sample and the growth of 

ramp  signal  in  TAC  is  stopped  by  this  pulse.  TAC  output  is  amplified  using  an 

amplifier  and  this  analogue  pulse  height  corresponding  to  a  measured  time  of  the 

signal  goes  through  further  processing  to  convert  to  the  digital  pulse  through  the 

analogue to digital converter (ADC).The TCSPC needs a high repetitive light source 

to  accumulate  a  sufficient  number  of  photons  since  this  is  a  statistical  method  and 

required  many  numbers  of  statistical  data  precision.  The  time  measurement  of  the 

start  and  stop  sequence  will  be  represented  by  an  increase  of  a  memory  value  in  a 

histogram. Thus, this experiment must be repeated many times to gather the sufficient 

photons  in  the  full  range  of  delays  between  excitation  and  emission.  The  resulting 
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histogram  counts  versus  the  time  channels  will  represent  the  curve  of  fluorescence 

decay  profiles.  In  most  cases,  the  TCSPC  technique  has  limits  for  the  temporal 

resolution  and  lifetime  range  measurable  for  the  fluorescence  lifetimes. 

Deconvolution procedure is used to derive the fluorescence temporal profiles with the 

instrument response using nonlinear least-squares fittings. 

For the fluorescence lifetime measurements, Edinburgh Lifespec II instrument 

with 375 nm laser diode from Edinburgh having pulse width of 90 ps as light source is 

used. Lifespec II employs Hamamatsu MCP detector that has response time of 50 ps. 

The  fluorescence  decay  was  analyzed  by  reconvolution  method  using  software 

provided by Edinburgh. The  fluorescence decay was analyzed by tail  fitting method 

using software provided by Edinburgh 

 

2.4.4 Other instruments 

FT NMR spectra were recorded in CDCl3 or CD3OD with tetramethylsilane as 

the standard for 1H (400 MHz) Mercury, Varian instruments and 1H (600 MHz) from 

Bruker  instruments.  High  resolution  mass  spectrometry  (HRMS)  instruments  from 

Agilent  technologies  and  liquid  chromatography-mass  spectrometry  (LCMS)  from 

Waters  instruments  (Q-Tof  Premier) are  used  for  recording  the  mass  spectra.  Oriel 

300  W  ozone  free  xenon  arc  lamp  was  used  for  photochemical  irradiation 

experiments.  The  xenon  lamp  source  has  F/1,2  element  type  condenser  and 

transmittance range 200-2500 nm with output diameter of 33 mm. 
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3.0. Introduction 

Recent studies on DMAPIP-b by our group revealed that it has interesting 

fluorescence characteristics.82 It exhibits single emission in nonpolar and polar aportic 

solvents, but dual emission in polar protic solvents. The relative intensity of the 

longer wavelength emission depends upon the protic nature of the solvent. It was 

reported that the dual emission of DMAPIP-b in protic solvent is due to the formation 

of TICT state. It was also suggested that the hydrogen bonding of the protic solvents 

with pyridyl nitrogen plays a crucial role in the formation of TICT state in DMAPIP-

b.82,84,198 The dual emission and its sensitivity towards environment make DMAPIP-b 

as an attractive probe to investigate various microheterogeneous systems including 

protien.83,85,86,160 However, despite the fact that the shorter and the longer wavelength 

emissions are attributed to normal and TICT emission, respectively, still the 

mechanism of the formation of TICT state in protic environment is not clearly 

understood.  

To understand the mechanism of the formation of TICT state in DMAPIP-b, 

the photophysical characteristics of some analogues of DMAPIP-b are investigated in 

this chapter. Chapter 3 is divided into two sections. In first section the effect of 

oxazole ring substitution is studied. In section two, studies on imidazole analogues, 

N,N-dimethyl-4-(4-methyl-4H-imidazo[4,5-b]pyridin-2-yl)benzenamine (PyN-Me), 

N,N-dimethyl-4-(3-methyl-3H-imidazo[4,5-b]pyridin-2-yl)benzenamine or 1-methyl-

2-(4′-(N,N-dimetylaminophenyl)imidazo[4,5-b]pyridine (ImNH-Me) and 2-

phenylimidazo[4,5-b]pyridine (PIP) are described.  

 

3.1.0. Photophysical study of 2-(4'-N,N-dimethylaminophenyl)oxazolo[4,5-

b]pyridine in different solvents and at various pH 

Recently Mac et al. studied the fluorescence properties of several oxazolo[4,5-

b]pyridines including 2-(4'-N,N-diethylaminophenyl)oxazolo[4,5-b]pyridine 

(DEAPOP, Chart 3.1) and found that the dyes posses charge transfer character in the 

ground as well as the excited states. DEAPOP has oxazole ring instead of imidazole 

ring in DMAPIP-b. However, they did not observe dual emission from any of the 

molecules including DEAPOP, but their studies are restricted to nonpolar and polar 

aprotic solvents.7 They also studied the prototropic equilibria of DEAPOP and found 

two absorption bands due to the formation of two kinds of monocations. On the other 
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hand they reported only one fluorescence spectrum corresponds to one of the 

monocation. 

Therefore, the spectral characteristics of 2-(4'-N,N-dimethylaminophenyl) 

oxazolo[4,5-b]pyridine (DMAPOP) in solvents having different polarity and 

hydrogen bond capacity and at different pH in aqueous medium are investigated. The 

main objectives of the studies are to investigate (i) the effect of protic solvents on the 

fluorescence characteristics of DMAPOP and (ii) understand the excited state 

prototropic equilibria of DMAPOP. 

N N
H

N

N

CH3

CH3  N N

O

N

R

R  
DMAPIP-b R = CH3, DMAPOP 

R = C2H5, DEAPOP 
Chart 3.1. Structures of DMAPOP and related molecules. 

 

3.1.1. Solvent effect on absorption and fluorescence spectra 

The absorption and the fluorescence spectral data of DMAPOP are compiled 

in Table 3.1. Figure 3.1 depicted the fluorescence spectra of DMAPOP in different 

solvents. The fluorescence spectrum is structured in nonpolar solvents. Upon 

increasing the polarity and the hydrogen bonding capacity of the solvents, the 

vibrational progression becomes blurred with a little bathocromic shift. The 

bathochromic shift is more pronounced in DMAPOP than the corresponding 

imidazole derivative.82 For example from cyclohexane to methanol 22 nm shift in the 

absorption spectra and 43 nm shift in the fluorescence spectra are observed for 

DMAPOP (Table 3.1). On the other hand the bathochromic shifts are only 14 nm and 

35 nm in the absorption and fluorescence spectra of DMAPIP-b, respectively.82 In 

polar medium, the red shift is observed in the electronic transition of the type -* 

due to greater stabilization of * state by increase in intramolecular charge transfer. 

Therefore it is clear that the substitution of electronegative oxygen increases the 

charge flow from the dimethylamino group to the oxazolopyridine moiety. Further the 

absorption spectrum of DMAPIP-b in water was blue shifted with respect to that in 

methanol owing to greater hydrogen bonding tendency of water (than methanol) with 

dimethylamino nitrogen. But no such hypsochromic shift was observed in the 

absorption spectral maxima of DMAPOP, substantiates the increased charge flow 

from dimethylamino group to oxazolopyridine moiety. 
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Table 3.1. Longest wavelength absorption maxima (max
ab, nm), fluorescence emission maxima (max

em, nm), Stokes shift (nSS, 
cm-1), fluorescence quantum yield (Ff), lifetime (, ns), radiative rate constant (kr, s

-1) and nonradiative rate constant (knr, s
-1) 

of DMAPOP in different solvents. 

Solvents max
ab max

em nSS Ff  kr (108) knr (108) 

Hexane 341, 358 (sh) 364, 384, 407 (sh) 3284 0.96 1.2 8.1 0.4 
Cyclohexane 343, 360 (sh) 366, 386, 408 (sh) 3248 0.94 1.2 7.8 0.5 

Dioxane 354 404 3496 0.99 1.3 7.6 0.01 
Ether 352 397 3220 0.88 1.3 7.0 1.0 
DMF 362 424 4039 0.88 1.4 6.4 0.9 

Acetonitrile 358 418 4010 0.86 1.5 5.6 0.9 
Methanol 365 429 4087 0.60 1.1 5.2 3.6 
Ethanol 364 427 4053 0.83 1.5 5.6 1.1 

1-Propanol 366 425 3793 0.94 1.5 6.1 0.4 
2-Propanol 362 421 3871 0.99 1.5 6.4 0.1 

Butanol 364 420 3663 0.94 1.5 6.2 0.4 
Glycol 373 438 3979 0.51 1.0 4.9 4.7 

Glycerol 376 442 3971 0.90 1.5 6.2 0.7 
Water 365 448 5076     
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Figure 3.1. Normalized fluorescence spectra (exc = 350 nm) of DMAPOP in (a) 
hexane, (b) cyclohexane, (c) ether, (d) dioxane, (e) acetonitrile, (f) 2-propanol, (g) 
butanol, (h) dimethyl formamide, (i) ethanol, (j) 1-propanol, (k) dimethyl sulfoxide, 
(l) methanol, (m) glycol, (n) glycerol and (o) water. 
 

Multiple linear regression analysis proposed by Abraham et al. is preformed to 

identify the modes of solvation of the absorption and emission energies.199 The value of 

the solvent parameters were taken from the literature.200 The multiparametric approach 

separates the different solvent parameters. It also gives the information about specific 

contribution of each solvent parameter. Thus, the absorption and the fluorescence spectral 

data are analyzed using multiple linear regression method employing the following 

equation. 

E = E0 + s* + a + b       (3.1) 

where E is the absorption/fluorescence energy in cm-1, E0 is the value independent of 

solvent, * is the polarity/polarizability parameter of the solvents,  is the index of 

hydrogen bond donating ability of the solvent and  is the index of hydrogen bond 

accepting capacity of the solvent and s, a and b coefficients are the measure of the 

sensitivity to each individual contributing parameter. The positive sign indicates the 

destabilization and negative sign indicates stabilization of the system. The multiple linear 
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regression analysis using the absorption and fluorescence spectral data give following 

equations. 

E (A) = 29158 – 1131 * – 524  – 867      (3.2) 

E (F) = 25970 – 2192 * – 1029  – 498      (3.3) 

where E (A) and E (F) are absorption and fluorescence band maxima in cm-1 respectively. 

Good correlations are found for E (A) and E (F) with Taft’s π*, α and β values. The 

regression value obtained for absorption and fluorescence data were 0.97 and 0.99 

respectively. E0 values are also in good agreement with the experimental values obtained 

in nonpolar solvent. Negative values of *,  and  indicate all the three parameters 

contribute to the stabilization of both ground state and excited state of the molecule. A 

good linear variation is also observed between the fluorescence maxima and the ET(30) 

values201 (Figure 3.2). 
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Figure 3.2. Plot of nflu versus ET(30) parameters. 
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Figure 3.3. Lippert-Mataga plot for DMAPOP. 
 

The Lippert-Mataga plot202  was constructed (Figure 3.3) by using the relation 

nSS = [2(e - g)
2/hca3] f  + nSS

      (3.4) 

wherenSS is the Stokes shift, the superscript “º” indicates the absence of solvent, g and 

e are dipole moments in the ground state and the excited state, respectively, a is Onsager 

cavity radius. The orientation polarizability f is defined as 

f  = [( - 1) / (2 + 1)] – [(n2 – 1) / (2n2 + 1)]     (3.5) 

where  and n are solvent dielectric constant and refractive index respectively. The 

geometrical optimization of DMAPOP was done by DFT method using Gaussian 03 

software to calculate the g.
188 The e value was calculated from the slope of Lippert-

Mataga plot and using the g value 5.9 D, obtained from the DFT calculation. The e 

value thus obtained is 10.6 D. The value is little higher than 10.4 D reported for 

DEAPOP.7  

Fluorescence quantum yields of DMAPOP measured in different solvents are 

presented in Table 3.1 and the variation of quantum yield with solvent polarity parameter 

ET(30) is shown in Figure 3.4. It is clear from the plot that fluorescence quantum yield of 
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DMAPOP decreases with increase in polarity of the solvents and the decrease is less 

prominent in nonpolar and polar aprotic solvents. But in case of polar protic solvents the 

change is much prominent with steep slope. The significant decrease of quantum yield 

observed upon increasing the protic nature of medium suggests the differential 

contribution of charge transfer and hydrogen bonding interactions.203 Owing to greater 

viscosity of the solvent DMAPOP exhibits higher quantum yield in glycerol.   
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Figure 3.4. Variation of fluorescence quantum yield of DMAPOP as a function of 
solvent polarity parameter. 
 

Radiative (kr) and nonradiative (knr) rate constants are calculated from 

fluorescence quantum yields and lifetimes values of DMAPOP in different solvents to 

understand the effect of solvation on the dynamics of the excited state. The kr and knr 

values are tabulated in Table 3.1. Logarithm of (kr/knr) of DMAPOP is plotted against the 

solvent polarity parameter ET(30) (Figure 3.5). Two different straight lines are obtained, 

one for aprotic solvent and the other for protic solvents. In both cases upon increasing the 

polarity, the logarithmic ratio of radiative to nonradiative rate decreases but steeper slope 

is obtained in case of protic solvents. It indicates that the radiative and nonradiative rates 

are more sensitive toward protic solvents. It may be the hydrogen bonding interaction in 
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polar protic environments enhances the stabilization of the S1 state of DMAPOP as a 

result the nonradiative relaxation rate increases.203 
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Figure 3.5. Plot of log(kr/knr) versus ET(30) in various solvents. 

 

 Striking difference between DMAPOP and its imidazole analogue, DMAPIP-b is 

the absence of longer wavelength emission in protic solvents in DMAPOP. The single 

exponential decays in protic solvents further substantiate the presence of single excited 

state species in DMAPOP. Earlier studies indicate that the hydrogen bonding of the 

solvent with pyridyl nitrogen plays a major role in the formation of TICT state in 

DMAPIP-b.82 The present study suggests that ‘NH’ group of imidazole nitrogen may also 

play an important role in the formation of TICT state in DMAPIP-b. One possibility that 

comes in mind is the proton transfers from imidazole ‘NH’ nitrogen to pyridyl nitrogen 

coupled charge transfer. Yoon et al. proposed such a model to explain the formation of 

TICT emission in 4-(N,N-dimethylamino)salicylic acid in nonpolar solvent.204 Further 

investigations on dual fluorescence of DMAPIP-b are presented in the next section . 
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3.1.2. Prototropic equilibria 
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Figure 3.6. Absorption spectra of DMAPOP for neutral monocation equilibrium in 
water. 
 

Different possible cations those can be formed by the protonation of basic 

nitrogens in DMAPOP are presented in Scheme 3.1. Upon decreasing the pH two new 

bands appear in the absorption spectra of DMAPOP with two quasi isosbestic points at 

324 nm and 395 nm (Figure 3.6). This indicates the formation of two different kinds of 

monocations. The emission spectra are quite complicated. Excitation at 324 nm, 

isosbestic point resulted in a two band systems with a quasi isoemissive point at 412 nm 

(Figure 3.7a). This suggests an equibrium between the neutral and the monocation. On 

the other hand the fluorescence spectrum corresponds to the neutral molecule is 

predominantly observed when excited at the red side isosbestic point (λexc = 395 nm, not 

shown). The intensity of the neutral fluorescence band decreases with increase in acid 

concentration. However excitation at the red absorption band (λexc = 430 nm) produces an 

additional weak emission at 560 nm (Figure 3.7b). With decrease in pH, the intensity of 

the 560 emission also increases at the cost of the neutral emission. The spectral data are 

compiled in Table 3.2. This clearly establishes that two kinds of monocations are present 

in both ground and excited states.  
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Scheme 3.1: Prototropic reactions of DMAPOP. 
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Figure 3.7. Emission spectra of DMAPOP by (a) exc = 324 nm and (b) exc = 430 nm 
(the shoulder peak at 506 nm is due to water Raman) at different pH. 
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Table 3.2. Absorption band maxima (max
ab, nm), excitation band maxima (max

exc, 
nm) and emission band maxima (max

em, nm) for different prototropic species in 
water. 

Species max
ab max

exc max
em 

Neutral 365 366 447 
MC3 428 428 560 
MC1 306 308, 321 350, 365 
DC3  595 700 
DC2  360 480 
DC1 317, 331 319, 332 360, 375 
TC 325 327 354, 370, 384 
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Chart 3.2. Structures of monocations of DMAPOP and related molecules. 

 

Protonation of the dimethylamino nitrogen leads to blue shift and that of ring 

nitrogens leads to red shift. The shift is more prominent in case of protonation at pyridyl 

nitrogen than imidazole nitrogen.83,85,205,206 Therefore the blue shifted band at 308 nm in 

the absorption spectrum and the corresponding fluorescence spectrum at 350 nm can be 

assigned to the monocation formed by the protonation of dimethylamino nitrogen i.e. 

MC1 (Scheme 3.1). Based on the following facts the red shifted absorption and the 

fluorescence spectra are assigned to the monocation formed by the protonation of pyridyl 

nitrogen (MC3) rather than the oxazole nitrogen (MC2). (i) Due to higher charge transfer 

character, large Stokes shift is expected in the fluorescence spectrum of MC3 than MC2. 

The observed Stokes shift (5500 cm-1) for the monocation is more close to that of MC3 of 

DMAPIP-b rather than MC2 of DMAPIP-b and the Stokes shift is also much higher than 

that obtained for monocation formed by the protonation of azole nitrogen (1850 cm-1) in 

2-(4′-N,N-dimethylaminophenyl)benzoxazole (Chart 3.2).83,85,207,208 (ii) The pKa value 

TH-1229_08612203



 59 

(3.35) obtained for DMAPOP is higher than that of oxazole nitrogen protonation (2.35) in 

2-(4’-N,N-dimethylaminophenyl)benzoxazole.207 This is consistent with the fact that 

pyridyl nitrogen protonation has higher pKa value for the neutral-monocation equilibrium 

than that of azole nitrogen protonation.82,205-207  

 

Table 3.3: pKa values of neutral-monocation of different molecule along with site of 
protonation (see Chart 3.2 for monocation labelling). 

Molecule pKa Monocation formed 
2-(4′-N,N-dimethylamino 

phenyl)benzimidazolea 
5.60 MC2 >> MC1 

2-(4′-N,N-dimethylamino 
phenyl)benzoxazoleb 

2.35 MC1 > MC2 

DMAPIP-bc 5.40 MC2 > MC3 
DMAPOP 3.35 MC3 > MC1 

aRef. 206, bRef. 207, cRef. 82,83  
 

The results of neutral-moncation equilibrium of DMAPOP and other related 

molecules (Chart 3.2) from the literature are summarized in Table 3.3. In 2-(4′-N,N-

dimethylaminophenyl)benzimidazole due to increase in charge flow from dimethylamino 

nitrogen to azole nitrogen, protonation predominantly occurs at imidazole nitrogen and a 

small amount of protonation occurs at dimethylamino nitrogen.208 When the >NH group 

was replaced by oxygen, it reduces the charge density on azole nitrogen in 2-(4′-N,N-

dimethylaminophenyl)benzoxazole and protonation at the azole nitrogen decreases and 

that at the dimethylamino increases.207 On the other hand when nitrogen is substituted in 

benzene ring (DMAPIP-b), no protonation occurs at dimethylamino nitrogen and it 

occurs at the azole nitrogen with small amount at pyridyl nitrogen. In DMAPOP the 

pyridyl nitrogen is introduced in benzene ring and the >NH group was replaced by 

oxygen, the formation of MC2 (i.e. protonation at azole nitrogen) is completely 

terminated and the protonation at pyridyl nitrogen dominates over that at dimethylamino 

nitrogen (Chart 3.2). It appears that substitution of more electronegative oxygen 

decreases the electron density on the azole nitrogens. This is substantiated by the lower 

pKa values for the neutral-monocation equilibrium of oxazoles compared to those of 

imidazoles (Table 3.3). Since presence of pyridyl nitrogen also decreases the electron 

density on the azole nitrogen, azole nitrogen could not be protonated in DMAPOP. May 
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be due to higher electron density on diethylamino group (over dimethylamino group), in 

DEAPOP the protonation at diethylamino group was more facile than that at pyridyl 

nitrogen.7   

Decreasing the pH of solution below 2 causes a decrease in the absorbance of 

MC3 and the absorption spectrum of MC1 also undergoes bathochromic shift with 

increase in absorbance (Figure 3.8).  
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Figure 3.8. Absorption spectra of DMAPOP for monocation(s)-dication(s) 
equilibrium in water (Inset shows the expanded spectra). 
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Figure 3.9. Normalised emission spectra of DMAPOP for all three dications at pH 
0.18, (a) λexc = 316 nm (DC1), (b) λexc = 428 nm (DC2) and (c) λexc = 620 nm (DC3). 
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Figure 3.10. Normalised excitation spectra of DMAPOP at pH 0.18, (a) λem = 387 nm 
(DC1), (b) λem = 470 nm (DC2) and (c) λem = 710 nm (DC3). 
 

At pH 0.18, a clear structured band is observed at 317 nm with a long tailing on 

the red side. These changes are consistent with shifting of the equilibrium towards 

dication from monocation. The absence of isosbestic point shows the complicate nature 

of the equilibrium. Three distinguished fluoresence spectra were obtained at pH 0.18 

while exciting at 316 nm, 428 nm and 620 nm (Figure 3.9). In the absorption spectra of 

dications, though non zero absorbance is obtained at around 600 nm, no clear band is 

observed. However the excitation spectra recorded clearly shows a band at 595 nm 

(Figure 3.10). The excitation spectra of all the three emission bands at dicationic pH 

(0.18) are given in Figure 3.10. The fluorescence data along with respective excitation 

spectral data are compiled in Table 3.2. Three type of dications are possible (Scheme 

3.1). Large red shift in the excitation and the emission spectra shows that both ring 

nitrogens were protonated, therefore emission band at 702 nm and the corresponding 

excitation band at 595 nm can be assigned to DC3, which is formed from MC3. The 

excitation band at 360 nm and the fluorescence band at 480 nm are blue shifted with 

respect to those of MC3 and red shifted to those of MC1 and these bands can be assigned 

to DC2 formed by the protonation of both pyridyl and dimethylamino nitrogens. Last 
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excitation band at 319 nm and the emission band at 360 nm can be assigned to DC1 and 

as expected it is red shifted with respect MC1 and blue shifted compared to MC3 and 

other dications. The large shift in the emission spectrum of DC3 compared to other 

dication may be due to higher charge transfer in DC3, where both protonation occurred at 

the acceptor ring nitrogens and on the other hand the protonation at dimethylamino 

nitrogen (donor) will retard the charge transfer in DC2 and DC1. The fluorescence 

spectra of DMAPOP at pH lower than 0.18 are shown in Figure 3.11. The spectral 

changes indicate the shifting of equilibrium towards trication. In concentrated sulhphuric 

acid at H0 = -9.4, single excitation and single emission spectra were obtained (Figure 

3.12). These spectra confirm the formation of trication by protonation of all three 

nitrogens. For comparison purpose the fluorescence spectra of all the prototropic species 

of DMAPOP (Scheme 3.1) are complied in Figure 3.13. 
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Figure 3.11. Emission spectra for dication – trication equilibrium of DMAPOP (exc 
= 318 nm). 
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Figure 3.12. Normalised excitation and emission spectra of DMAPOP for trication 
(in conc. H2SO4), (a) λem = 370 nm and (b) λexc = 320 nm. 
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Figure 3.13. Normalised emission spectra for all the prototropic forms of DMAPOP. 
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3.1.3. Conclusion 

The emission characteristics of DMAPOP are significantly different from those of 

its imidazole analogue, DMAPIP-b, in protic solvents. DMAPOP emits single emission 

from the ICT state in both protic and aprotic solvents. No protic solvent induced dual 

emission is observed in DMAPOP. Multiparametric regression analysis suggested that all 

the three solvent parameters contribute to the stabilization of both ground and excited 

states. However the relative contribution of dipolar interactions and hydrogen-bond 

donating ability of the solvent enhanced in the excited state and while that of the 

accepting ability of solvents is reduced in the excited state. The quantum yield decreases 

in polar protic solvents due to increase in the nonradiative rate by hydrogen bonding 

interactions. DMAPOP also forms two kinds of monocations in the ground and the 

excited states. But unlike DMAPIP-b, monocations are formed by protonation of pyridyl 

and dimethylamino nitrogens. Although the dicationic equilibrium is dominated by DC1, 

other two dications DC3 and DC2 also exist in aqueous medium. 

 

3.2.0. Double proton transfer induced twisted intramolecular charge transfer 

emission in 2-(4'-N, N-dimethylaminophenyl)imidazo[4,5-b]pyridine  
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Chart 3.3. Structures of DMAPIP-b, PyN-Me, ImNH-Me and PIP. 
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As mentioned earlier, it was established that the hydrogen bonding of the solvent 

with pyridyl nitrogen plays a major role in the formation of TICT state in DMAPIP-b.82 

As discussed in the previous section (Section 3.1), studies on DMAPOP suggest that 

‘NH’ group of imidazole nitrogen may also have a role in the formation of TICT state in 

DMAPIP-b. Therefore, to understand the mechanism of dual emission of DMAPIP-b, the 

photophysical characteristics of related molecules (Chart 3.3) N,N-dimethyl-4-(4-

methyl-4H-imidazo[4,5-b]pyridin-2-yl)benzenamine (PyN-Me), N,N-dimethyl-4-(3-

methyl-3H-imidazo[4,5-b]pyridin-2-yl)benzenamine or 1-methyl-2-(4′-(N,N-dimetylamin 

ophenyl)imidazo[4,5-b]pyridine (ImNH-Me) and 2-phenylimidazo[4,5-b]pyridine (PIP) 

are investigated. 

 

3.2.1. Absorption spectra of methyl derivatives  

 

Table 3.4. Absorption band maxima (max
ab, nm), fluorescence band maxima 

(max
em, nm) of PyN-Me, ImNH-Me and DMAPIP-b1. 

Solvents max
ab 

 
DMAPIP-b         PyN-Me     ImNH-Me 

max
em 

 
DMAPIP-b          PyN-Me            ImNH-Me 

Cyclohexane 336, 352  333, 349, 366 323,332 359, 379, 398 373, 393, 419 362, 381, 401 

Dioxane 340  346, 362 324,333 383 401 392 
DMF 346 347, 361 337 428 402 414 

DMSO  347, 362 339  403 421 
Acetonitrile 345 343, 358 331 407 395, 430 412 
Methanol 350 341, 355 335 414, 506 402 428 
Ethanol 350 343, 356 336 413, 494 397 421 

1-Propanol 349 343, 355 336 410, 486 398 418 
2-Propanol 346 343, 356 336 408 395 415 

Butanol 348 343, 357 336 407, 475 399 414 
Glycerol 360 343, 356 343 446 406 441 

1From ref. 82.  

 

To understand the role of pyridyl nitrogen and the imidazole >NH group in the 

dual emission of DMAPIP-b, the methyl derivatives, PyN-Me and ImNH-Me (Chart 3.3) 

were synthesized. The absorption spectral data of methylated derivatives in different 

solvents are compared with DMAPIP-b in Table 3.4. The absorption spectra of all three 

molecules are structured in nonpolar solvent. But in polar solvent the vibrational structure 

in the absorption spectra of ImNH-Me are blurred with a bathochromic shift, as that of 
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DMAPIP-b. However, in contrast to other two molecules, the absorption spectra of PyN-

Me is more structured in polar solvents also. The absorption spectra of PyN-Me is less 

sensitive towards the polarity of the environment (7 nm shift), whereas the 

solvatochromic shift in the absorption spectra of ImNH-Me is comparatively larger (20 

nm shift) than that of PyN-Me and comparable to that of DMAPIP-b (24 nm shift). The 

Structureless absorption band in polar solvent and the larger solvatochromic shift suggest 

the occurrence of charge transfer in ImNH-Me. On the other hand, the small 

solvatochromic shift and structured spectra indicate less charge transfer in PyN-Me. 

As discussed in the previous section (Section 3.1) that the multiparamateric 

approach separates the different solvent parameters 200 and it gives information about 

specific contribution of each solvent parameter. Thus, the spectral data are analyzed by 

using multiple linear regression analysis to identify the different modes of solvation and 

are compared with DMAPIP-b.  

The multiple linear regression analysis using the absorption spectral data reported 

resulted in following equations. 

E (DMAPIP-b) = 29860 - 966 * - 900  + 84  (r = 0.98)    (3.6) 

E (ImNH-Me) = 31150 -731 * - 418  - 802  (r = 0.96)   (3.7) 

E (PyN-Me) = 28721 + 474 * + 540  - 271  (r = 0.96)   (3.8) 

A good linear correlation is obtained for all the molecules (regression 0.96). The value 

of E0 obtained from this approach is also very good agreement with that of the 

experimental value in nonpolar cyclohexane. As expected due to charge transfer 

character, the polarity/polarizability parameter stabilizes DMAPIP-b and ImNH-Me. In 

addition, the hydrogen bond donating capacity of the solvent also stabilizes both 

DMAPIP-b and ImNH-Me. On the other hand, in PyN-Me where the pyridyl nitrogen is 

blocked and not available for hydrogen bonding, the coefficient of  becomes positive. 

Therefore, it is clear that the hydrogen bonding of the protic solvent with pyridyl nitrogen 

stabilizes the molecule more than that with the imidazole nitrogen. Large negative values 

of “s” and “a” for DMAPIP-b indicate that the dipolar interaction and hydrogen bond 

donating ability of the solvent contribute more for the stabilization of DMAPIP-b than 

ImNH-Me.  
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3.2.2. Fluorescence spectra of methyl derivatives  
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Figure 3.14. Normalised emission spectra of PyN-Me in different solvents: (1) 
cyclohexane, (2) 2-propanol, (3) 1-propanol, (4) butanol, (5) dioxane, (6) ethanol, (7) 
DMF, (8) methanol, (9) DMSO and (10) glycerol. 
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Figure 3.15. Normalised emission spectra of ImNH-Me in different solvents: (1) 
cyclohexane, (2) dioxane, (3) 2-propanol, (4) DMF, (5) ethylene glycol, (6) n-
propanol, (7) ethanol, (8) DMSO, (9) methanol and (10) glycerol. 
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Like DMAPIP-b, in methyl derivatives also, the emission bands are structured in 

nonpolar solvents and upon increasing the polarity of the medium it becomes 

structureless with a red shift (Figures 3.14 and 3.15). The spectral shift of ImNH-Me is 

higher (60 nm, Table 3.4) and is comparable to that of shorter wavelength emission of 

DMAPIP-b (67 nm, Table 3.4). From this it can be inferred that like in DMAPIP-b the 

locally excited state of ImNH-Me also has charge transfer character. On the other hand, 

the bathochromic shift is small in the fluorescence spectra of PyN-Me (13 nm, Table 3.4) 

which indicates that PyN-Me is less sensitive towards the polarity of the medium. 

The fluorescence spectral data are also analyzed using the SCM approach, which 

results in the following equations.   

E (DMAPIP-b) = 26900 - 2628 * - 836  - 593  (r = 0.93)  (3.9) 

E (ImNH-Me) = 26453 - 2547 * - 1922  + 377  (r = 0.98)  (3.10) 

E (PyN-Me) = 25210 - 318 * + 561  - 476  (r = 0.67)   (3.11) 

The fluorescence spectral analysis also shows linear correlation in all the molecules and 

the values of E0 also match well with the values in nonpolar solvent. As expected, the 

contribution from * is also high for ImNH-Me and comparable to that of DMAPIP-b. 
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Figure 3.16. Lippert-Mataga plot for ImNH-Me (●) and PyN-Me (■). 
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Table 3.5. DFT optimized parameters of DMAPIP-b, ImNH-Me, PyN-Me and PIP. 
Molecules Ground state 

Energy (eV) 
Excitation 

energya (eV) 
Emission 

energya (eV) 
g (D) 1

b 2
b 

DMAPIP-b  -20707.0821 3.82 (3.69) 3.57 (3.27) 5.07 2.54 (0.11) 6.77 
(3.23) 

ImNH-Me -21776.7682 3.88 (3.84)  3.53 (3.25) 4.77 29.3 (0.53) 7.70 
(4.32) 

Py-Me  -21776.5134 3.16 (3.56)  3.09 (3.16)  2.64 0.00 (0.01) 0.04 
(0.04) 

PIP  -17061.3840 4.23 (4.04)  3.83 (3.65) 1.74 2.28 (0.02)  

aValues in parentheses are experimental values in cyclohexane. bValues in parentheses are 
those of excited state. 1 - the torsional angle of phenyl ring with the imidazopyridyl ring.  
2 - the torsional angle of dimethylamino group with the phenyl ring. 
 

The Lippert-Mataga plot202 was constructed for ImNH-Me and PyN-Me (Figure 

3.16). The excited state dipole moments are estimated from the slope and the ground state 

dipole moment (Table 3.5) calculated by DFT method. The excited state dipole moment 

thus obtained for ImNH-Me and PyN-Me are 11.24 D and 5.99 D, respectively. The 

excited state dipole moment of ImNH-Me is comparable to that of DMAPIP-b (12.20 D, 

small difference in excited state dipole moment of DMAPIP-b with earlier value82 is 

because of the small difference in the ground state dipole moment predicted by ab initio 

and DFT calculations).  

 

Table 3.6. Fluorescence quantum yield (Ff) and lifetime (τf, ns) of methyl 
derivatives.  

Solvent Ff 

 
       PyN-Me            ImNH-Me 

τf  
 

       PyN-Me           ImNH-Me 

Cyclohexane  0.819 1.22  1.17 
Dioxane 0.385 0.896 1.27 1.42  
Ethylacetate 0.343 0.291 1.28 1.31  
DMF 0.453 0.931 1.41  1.61  
DMSO 0.278 0.733 1.05  1.63  
Acetonitrile 0.369 0.883 1.42  1.74  
Methanol 0.472 0.223 1.78  0.57  
Ethanol 0.453 0.808 1.67  1.87  
1-Propanol 0.469 0.921 1.62  1.81  
2-Propanol 0.433 0.917 1.58  1.87  
Butanol 0.479 0.980 1.60  - 
Glycerol 0.469 0.275 1.54  1.10  
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The fluorescence quantum yields and the lifetime of methylated molecules are 

compiled in Table 3.6 and the variation of quantum yield with the ET(30) parameter is 

shown in Figure 3.17. The fluorescence quantum yield of PyN-Me varies very little with 

the nature of the environment, whereas the fluorescence quantum yield of ImNH-Me 

were reduced in protic solvents and is lowest in methanol. The fluorescence lifetime also 

attenuated in methanol (Figure 3.18 and Table 3.6). The same behavior is observed for 

DMAPIP-b, whose shorter wavelength emission decay time is very low in methanol (0.31 

ns) compared to other solvents (1.50 ns in acetonitrile).82 However, the fluorescence 

lifetime of PyN-Me in methanol is comparable to those in other solvents and that of 

ImNH-Me in methanol is less compared to those in other solvents. From this, it can be 

inferred that the hydrogen bonding of the solvent with pyridyl nitrogen leads to 

fluorescence quenching. 
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Figure 3.17. Plot of quantum yield versus ET(30) parameters for ImNH-Me (●) and 
PyN-Me (♦). 
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Figure 3.18. (a) The instrument response function and the fluorescence decays of (b) 
ImNH-Me and (c) PyN-Me in methanol along with fitted curves and residue plot. 
 

Interestingly, both methyl derivatives exhibit single emission not only in aprotic 

solvents but also in protic solvents. However, DMAPIP-b emits dual emission in protic 

solvents.82 In PyN-Me, the pyridyl nitrogen is prevented from hydrogen bonding. On the 

other hand, in ImNH-Me, the imidazole >NH group is substituted by >N-Me and 

therefore the >NH group is not available for hydrogen bonding. The absence of dual 

emission in PyN-Me and ImNH-Me shows that both pyridyl nitrogen and the >NH group 

are vital for the dual emission of DMAPIP-b in protic solvents. One such possibility is 

transfer of a proton from the >NH group to pyridyl nitrogen to form a tautomer (Scheme 

3.2). Such solvent assisted intermolecular proton transfer in the excited state occurs in 

several molecules.209-211   
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Scheme 3.2. Solvent assisted proton transfer. 
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3.2.3. Spectral characteristics of 2-phenylimidazo[4,5-b]pyridine  

 

Table 3.7. Absorption band maxima (max
ab, nm) and fluorescence band maxima 

(max
em, nm) of PIP. 

Solvent max
ab max

em 
Cyclohexane 307, 321 324, 340, 358, 374 
Dioxane 308, 321 328, 344, 360, 377 
Ethylacetate 306, 320 326, 341, 357, 378 
Ether 298, 307, 320 324, 340, 357, 374 
DMF 308, 321 328, 343, 358, 377 
Acetonitrile 307, 319 328, 343, 359, 378 
Methanol 307, 320 328, 343, 358, 378 
1-Propanol 306, 320 328, 343, 359, 378 
2-Propanol 307, 320 327,341,359,378 
Butanol 307, 321 328, 343, 358, 377 
Glycerol 312, 322 332, 348, 362, 382 
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Figure 3.19. Normalised emission spectra of PIP in different solvents: (1) 
cyclohexane, (2) dioxane, (3) ether, (4) ethyl acetate, (5) DMF, (6) acetonitrile, (7) 
methanol, (8) 1-propanol, (9) 2-propanol, (10) butanol and (11) glycerol.  
 

To verify the proton transfer hypothesis, the spectral characteristics of PIP (Chart 

3.3), the molecule without a charge donor dimethylamino group, are investigated (Table 

3.7). The absorption and the fluorescence band maxima are blue shifted compared to 
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DMAPIP-b and the methylated derivatives due to the absence of charge donating 

dimethylamino group. The solvatochromic shift is also very small compared to other 

molecules and the fluorescence spectra also possess well resolved vibrational structure 

(Figure 3.19). Markedly, no dual emission is observed in any solvent including protic 

solvents such as methanol. Despite the fact that both pyridyl nitrogen and the >NH group 

are freely available for hydrogen bonding, PIP exhibits single emission. Therefore, it can 

be concluded that the electron donating group is absolutely necessary for the dual 

emission in protic solvents and the longer wavelength emission originates from the 

charge transfer state. Further, strong positive solvatochromic behavior of the longer 

wavelength emission of DMAPIP-b and the higher dipole moment of its emitting state 

(section 3.2.5) also substantiate the conclusion that the state is a charge transfer state.  

 

3.2.4. Effect of deprotonation of >N-H proton 
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Figure 3.20. Absorption spectra of DMAPIP-b for neutral-anion equilibrium. 
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Figure 3.21. Normalised emission spectra (exc = 349 nm) of DMAPIP-b for neutral-
anion equilibrium. 
 

To get further insight about the role of >NH proton in the dual emission, the 

neutral-anion equilibrium of DMAPIP-b was investigated. At pH 9.0, the molecule is in 

neutral form.82 Upon increasing the pH, the absorption spectrum is blue shifted with a 

hyperchromic effect (Figure 3.20). DMAPIP-b has only one acidic proton (>NH). The 

spectral changes are consistent with the deprotonation of the >NH group to form an 

anion. The blue shift is also observed in absorption spectra of similar molecules when the 

imidazole >NH group is deprotonated.205,206 The effect of pH on the fluorescence spectra 

is shown in Figure 3.21. The fluorescence spectrum of DMAPIP-b has an emission band 

in water at 451 nm with a long tail. With increasing pH of the solution, the normal 

emission band is blue shifted and a band emerges at the longer wavelength side. 

However, the most interesting change is the emergence of longer wavelength emission 

upon deprotonation. At higher pH, two different lifetimes are observed for DMAPIP-b 

when monitored at 425 and 545 nm (Table 3.8). Compared to shorter wavelength, when 

monitored at longer wavelength, the relative amplitude of the short lifetime species 

decreases, while that of the long lifetime species increases. This indicates that the longer 

wavelength emitting state has a longer lifetime and the shorter wavelength emitting 
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species has a shorter lifetime. This is consistent with the lifetimes of the neutral form of 

DMAPIP-b.82 The observation of clear dual emission in an anion suggests that the 

deprotonation may be one of the important steps in the formation of the longer 

wavelength emitting state in DMAPIP-b.  

 

Table 3.8. Fluorescence lifetime (τ, ns) of the monoanionic form of DMAPIP-b and 
the values in parenthesis are relative amplitude. 

Monitoring 
wavelength (nm) 

τ1  τ2  2 

425 0.37 (30.44) 2.79 (69.56) 1.05 
545 0.39 (20.14) 2.81 (79.86) 0.95 

 

3.2.5. Double proton transfer induced TICT emission 

 

N
N

N

N

CH3

CH3 N
N

N

N

CH3

CH3

 
Scheme 3.3. Resonance stabilization of the anionic form of DMAPIP-b. 

 

 The studies suggest that both pyridyl nitrogen and the imidazole >NH group play 

an important role in the dual emission of DMAPIP-b in protic solvents. The charge donor 

is absolutely essential and the longer wavelength emission is from the ICT state. The 

dipole moment of the longer wavelength fluorescence emitting state was estimated by 

both solvatochromic (24.6 D) and thermochromic (25.5 D) methods.212 The value is 

much higher than that of the shorter wavelength emitting state (12.2 D). On the basis of 

the theoretical calculations, it was reported in the literature that the dipole moment of the 

TICT state is much higher than the planar ICT state.17 Very high dipole moment of the 

longer wavelength emitting state of DMAPIP-b clearly suggests that the ICT state is a 

TICT state. The enhanced dual emission in the anion reveals that the formation of the 

TICT state in protic solvent involves the deprotonation of an imidazole >NH proton. On 

the basis of these results, it is hypothesized that the formation of the TICT state is 

induced by solvent assisted (double) proton transfer from imidazole >NH to pyridyl 

nitrogen. The dissociation of a proton from the >NH group will produce a negative 
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charge on the pyridyl nitrogen by resonance (Scheme 3.3); abstraction of a proton by 

pyridyl nitrogen results in proton transfer. It is reported that the excited state 

intramolecular proton transfer is accompanied by a torsional rotation of the tautomer, 

leading to the formation of a twisted charge transfer state in number of molecules.213-216 

However, in contrast to DMAPIP-b, the formation of a tautomer in those systems is an 

intramolecular process and torsional motion of the tautomer directs to a nonemissive 

charge transfer state. 
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Scheme 3.4. Energy level diagram of DMAPIP-b and its tautomer (the cross 
indicates that the path is energetically not favored). 
 

To verify the hypothesis, the structures of methanol-DMAPIP-b complexes are 

optimized and the energy level diagram was constructed (Scheme 3.4). The energy level 

diagram shows that the excited state energy of the planar tautomer is less than that of the 

normal form. The TICT state can be formed by rotation of either the dimethylamino 
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group or the dimethylaminophenyl ring. The calculations indicate that the energy of the 

dimethylaminophenyl ring twisted state is higher than that of the planar state and the 

energy of the twisted state is even higher than that of the locally excited state. Therefore, 

the formation of the TICT state by twisting of the dimethylaminophenyl ring is not a 

favored process. On the other hand, the energy of the dimethylamino group twisted state 

of the tautomer is lower than that of the planar state. This suggests that the TICT state is 

formed by the twisting of the dimethylamino group rather than the dimethylaminophenyl 

ring. The experimental emission energy of the longer wavelength fluorescence (2.46 

eV)82 is in better agreement with the emission energy predicted from the twisted state 

(2.66 eV) than the predicted energy from the planar state (3.12 eV).82 This supports the 

proposed mechanism. Yoon et al. reported that the excited state proton transfer promotes 

the formation of the TICT state in 4-N,N-dimethylaminosalicylic acid and 4-

aminosalicylic acid which has a weak electron donating group also emits TICT emission 

due to formation of a phototautomer.204,217 They also demonstrated that the TICT 

emission of 4-N,N-dimethylaminosalicylic acid is enhanced inside the cyclodextrin cavity 

due to enhancement in the intramolecular hydrogen bond which favors the formation of 

phototautomer. Recently, Guchhait et al. also proposed such proton transfer assisted 

charge transfer in some photochromic Schiff bases.218 Nonetheless, in DMAPIP-b, the 

formation of a tautomer is a double proton transfer process assisted by a protic solvent 

molecule not an intramolecular process.  

 

3.2.6. Conclusion 

Both PyN-Me and ImNH-Me exhibit single emission not only in aprotic solvents 

but also in protic solvents. The absence of dual emission in PyN-Me where pyridyl 

nitrogen is prevented from hydrogen bonding with protic solvents emphasizes that the 

hydrogen bonding with pyridine nitrogen is crucial for the dual emission of DMAPIP-b 

in protic solvents. On the other hand, the absence of dual emission in ImNH-Me suggests 

that the hydrogen bonding with hydrogen of the imidazole >NH group is also playing an 

important role in the process. The absence of dual emission in PIP substantiates the 

conclusion that the longer wavelength emitting state is an ICT state. The higher dipole 

moment indicates that the ICT emitting state is the TICT state. The enhancement of 
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longer wavelength emission at higher pH illustrates that the formation of a charge 

transfer state involves the deprotonation of imidazole >NH hydrogen. The dual emission 

of DMAPIP-b in protic solvents is due to formation of the TICT state that is induced by 

double proton transfer. The energy level diagram obtained by theoretical calculation 

supports the hypothesis. 
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Chapter 4 

Photoinduced intramolecular charge transfer in trans-2-[4'-

(dimethylamino)styryl]imidazo[4,5-b]pyridine 
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4.0. Introduction 

In chapter 3, it is illustrated that the TICT emission of DMAPIP-b is induced 

by double proton transfer followed by charge transfer process. The process is assisted 

by protic solvent molecules and the hydrogen bonding at both pyridyl nitrogen and 

the imidazole >NH group are prerequisite for the stabilization of the TICT state in 

DMAPIP-b. Therefore, no TICT emission is observed when >NH is replaced by 

oxygen. Herein, the study was extended to a newly synthesized molecule trans-2-[4'-

(dimethylamino)styryl]imidazo[4,5-b]pyridine (t-DMASIP-b, Chart 4.1). The main 

objective of the study is to examine the effect of introducing ethylenic double bond 

between donor and acceptor on the TICT emission and other spectral characteristics 

of the molecule. The trans and cis forms of DMASIP-b are shown in Chart 4.1. 

(a) 

N
N
H

N N

CH3

CH3

 

(b) 

N

NH

N

N

H3C
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Chart 4.1. Structures of (a) trans-DMASIP-b and (b) cis-DMASIP-b. 
 

4.1. Absorption spectra 

 

Table 4.1. Longest wavelength absorption maxima (max
ab, nm), fluorescence 

maxima (max
em, nm), Stokes shift (SS, cm-1) and fluorescence quantum yield 

(f) of t-DMASIP-b in different solvents. 
Solvent max

ab max
em 

SS 
f 

1. Cyclohexane 375, 394 (sh) 415, 438, 453 3836 0.026 
2. Dioxane 381 450 4024 0.038 
3. Ether 375 449 4395 0.030 
4. Ethylacetate 380 459 4529 0.019 
5. 1-Butanol 390 479 4767 0.036 
6. 1-Propanol 391 485 4957 0.031 
7. Ethanol 391 489 5175 0.028 
8. Acetonitrile 384 492 5716 0.031 
9. Methanol 391 500 5575 0.030 
10. Glycerol 403 513 5321 0.790 
 

The UV-visible absorption spectra were recorded in different solvents and the 

data are compiled in Table 4.1. In cyclohexane the absorption spectrum of t-
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DMASIP-b is broad and less structured with respect to well resolved structure of 

DMAPIP-b (Figure 4.1). This suggests that t-DMASIP-b has higher conjugation than 

DMAPIP-b. The spectral band maxima of t-DMASIP-b are also largely red shifted 

(40 nm) in all the solvents compared to those values of DMAPIP-b. On increasing 

solvent polarity absorption spectrum of t-DMASIP-b undergoes a red shift with 

complete loss of vibrational structure. This feature is same as observed in DMAPIP-

b.82 
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Figure 4.1. Absorption spectra of (a) DMAPIP-b and (b) t-DMASIP-b in 
cyclohexane. 
 

4.2. Fluorescence spectra 

The emission spectra of t-DMASIP-b in few selected solvents of different 

polarities are shown in Figure 4.2 and data from all the solvents are compiled in 

Table 4.1. In cyclohexane the emission spectrum is sharp and has well resolved 

vibronic structure compared to that of absorption spectrum. Such less structured 

absorption spectrum and well structured sharp emission spectrum were also found in 

DMAPIP-b.82 The vibrational frequency observed for t-DMASIP-b (1276 cm-1) is also 

close to that of DMAPIP-b and other 2-phenyl substituted benzazoles.219  All these 

spectral characteristics indicate the structural similarities of t-DMASIP-b with 2-

phenyl substituted benzazoles. The vibrational structure diminishes with a red shift on 

increasing polarity of the solvent. The fluorescence spectrum of t-DMASIP-b (same 

as DMAPIP-b)82 is independent of exc in all solvents. It supports the theoretical 

predictions (see Section 4.4) that t-DMASIP-b is present in only one isomeric form 

(isomer I, Chart 4.2). This can be explained by the repulsive effect of lone pair of 

electrons in imidazole and pyridyl nitrogens. 
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Figure 4.2. Normalized fluorescence spectra of DMASIP-b in (a) cyclohexane, (b) 
dioxane, (c) ethylacetate, (d) n-butanol, (e) acetonitrile, (f) methanol and (g) 
glycerol. 
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Figure 4.3. Lippert-Mataga plot of t-DMASIP-b (■) and DMAPIP-b (●, data 
from ref 82 and only shorter wavelength emission band maxima is used for 
calculating Stokes shift in protic solvents). 
 

The significant difference between the emission spectra of DMAPIP-b82 and t-

DMASIP-b is the single emission band of t-DMASIP-b in protic solvents. Other 

striking difference is found in the Lippert plot (Figure 4.3). The Lippert-Mataga 

plot202 (equation 3.4) was constructed as explained in Section 3.1.1. Attempt to 
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construct a single straight line for t-DMASIP-b using data from all the solvents 

resulted in poor fit. However, very good fit was found for separate plot with nonpolar 

(r = 0.99) and polar (r = 0.98) solvents (Figure 4.3). 

The Lippert-Mataga plot in polar solvents is much steeper (20485 cm-1) than 

that for the same in nonpolar solvents (3380 cm-1), indicating a large dipolar change 

between ground and excited states in polar solvent than in the nonpolar solvent. On 

the other hand, in the case of DMAPIP-b single straight line is good enough to show 

the linear correlation (r = 0.99) for the same set of solvents. Using 6.2 Ǻ for the 

Onsager radius of t-DMASIP-b, the Lippert-Mataga plot gives the difference in dipole 

moments between the two states in nonpolar and polar solvents as 8.8 D and 22.5 D 

respectively. Considering the ground state dipole moment as 6.1 D (obtained by DFT 

calculation)188 the excited state dipole moments were found to be 14.9 D and 28.6 D 

in nonpolar and polar media, respectively. All these results reveal that in polar 

solvent, the excited state from which t-DMASIP-b emits is different from the one 

from which it emits in nonpolar solvents. High dipole moment for the emitting state in 

polar solvents suggests that it is having appreciable charge transfer character than the 

emitting state in nonpolar solvents.  

 

4.3. Nature of the emitting states 

Since the size of t-DMASIP-b and DMAPIP-b are different, it is difficult to 

compare the charge transfer between the two fluorophores. Higher dipole moment of 

t-DMASIP-b may be due to large charge separation or more charge transfer character. 

The solvent polarity parameter * will be a very good indication. To get a clear idea 

about the individual contribution of solvent effects the multiple linear regression 

analysis199 (equation 3.1, Section 3.1.1) using the absorption and fluorescence 

spectral data were performed and represented below. 

E (A) = 26884 - 217 * - 268  - 1250  (r = 0.76)   (4.1) 

E (F) = 23006 - 2472 * - 1250  - 166  (r = 0.97)   (4.2) 

The E0 values obtained from multiple liner regression approach are nearly same with 

the experimental values obtained in cyclohexane. The above equations illustrate that 

all the three parameters *,  and  contribute to the stabilization of both ground state 

as well as excited state. The stabilization by hydrogen bond donating capacity of the 

solvent () is more in DMAPIP-b in the ground state (equation 3.6, Section 3.2.1), 
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however in the excited state, it is more in t-DMASIP-b. But the contribution from the 

polarity/polarizability parameter * is maximum for DMAPIP-b in both ground and 

excited state and the value is higher in the excited state. This indicates the 

contribution from the dipolar interaction in DMAPIP-b is more enhanced in the 

excited state. This is a clear indication of increase in ICT in the excited state. The 

contribution of * is less in the stabilization of t-DMASIP-b compared to the 

contribution of same in the stabilization of DMAPIP-b in both ground state and 

excited state (Section 3.2). The lower negative value of * in t-DMASIP-b compared 

to that in DMAPIP-b indicates that the ICT from donor to acceptor in t-DMASIP-b is 

lesser than that in DMAPIP-b. From this, it may be concluded that the charge transfer 

character is less in t-DMASIP-b. In addition no dual emission is observed from t-

DMASIP-b in any solvent including protic solvents. The solvatochromic shift for t-

DMASIP-b between cyclohexane and methanol is 2830 cm-1 and for DMAPIP-b 

between cyclohexane and methanol 2230 cm-1 (normal emission) and is 6620 cm-1 

(TICT emission).82 Therefore, it is clear that the emitting state in polar solvent has 

appreciable charge transfer character; but unlike DMAPIP-b in protic solvent, it is not 

a TICT state.  

In donor-acceptor systems, upon excitation, transfer of an electronic charge 

from a donor to an acceptor leads to a charge separation that results in an ICT state. In 

the planar ICT model, the highly dipolar planar quinoid structure is formed in the 

emitting state.220,221 Cogan et al.17 predicted that in many cases the planar 

conformation of ICT excited state is lower in energy than that of the locally excited 

state and fluorescence can be observed from planar structures. Though the dipole 

moment of the planar ICT state is lesser that that of TICT state, it is higher than that 

of normal excited state. The higher excited state dipole moment observed for t-

DMASIP-b in polar solvents suggests that the molecule is emitting from the ICT state. 

The emission of DMAPIP-b in nonpolar solvents can be assigned as the emission 

from the normal excited state. 

Since the emitting state in polar solvent has different origin, the dipole 

moment in the excited state for polar solvents can be calculated using the fluorescence 

data from the following equation 4.3,1 

f = f
0 - [2e(e - g)/hca3] f      (4.3) 

f = [( - 1) / (2 + 1)] – (1/2)[(n2 – 1) / (2n2 + 1)]   (4.4) 
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wheref is the fluorescence maximum, all other parameters have same meaning as 

defined earlier in Section 3.1.1. The linear fit (r = 0.93) thus obtained (Figure 4.4) 

gives the excited state dipole moment 27.4 D for the ICT state. 
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Figure 4.4. The plot of fluorescence maxima (cm-1) against solvent polarity 
parameter f′. 
 

4.4. Computational calculations 
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E = - 838.3723 a. u. 

g = 6.1 D 
Isomer I 

E = - 838.3653 a. u. 
g = 8.3 D 
Isomer II 

Chart 4.2. Structures of the isomers of t-DMASIP-b. 
 

Computational calculations have been performed to further rationalize the 

experimental results. Two isomeric forms are possible for t-DMASIP-b (Chart 4.2). 

DFT calculations predict that isomer I is more stable than isomer II in any solvent. 

However isomer II is more polar than isomer I (Chart 4.2). But the relative 

population of isomer II is less than 2% even in polar solvents (calculated using 

Boltzmann distribution law). Thus isomer II was not considered for any further 

discussion. The optimized parameters of the ground state and the excited state are 

compiled in Table 4.2. The calculations predict that the structure of t-DMASIP-b is 

also nearly planar like DMAPIP-b,82 with small dihedral angle of 6 between 
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dimethylamino group and the phenyl group. The theoretical excitation and emission 

energy obtained by TDDFT is in good agreement with the experimental values (Table 

4.2). 

Table 4.2. Optimized molecular parameters of t-DMASIP-b. 
 Ground State Excited state 
Energy (a. u.) -838.372 -838.250 
Phenyl/dimethylamino 
dihedral angle (o) 

6.0 0.05 

Phenyl/ethylenic group 
dihedral angle (o) 

0.6 0.02 

Imidazopyridine/ ethylenic 
group dihedral angle (o)  

0.6 0.01 

Theoretical transition 
energy1 (nm) 

372 (375) 408 (415)   

1Values in parentheses are experimental values in cyclohexane. 
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Scheme 4.1. Energy level diagram of t-DMASIP-b and its tautomer (the cross 
indicates the path is energetically not favored). 
 

As in DMAPIP-b (Section 3.2.5), the structures of methanol-t-DMASIP-b 

complexes are optimized and the energy level diagram was constructed (Scheme 4.1). 
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But, unlike DMAPIP-b, the excited state of the normal form is more stable than the 

planar tautomer. The energy of the twisted tautomers are further higher than the 

planar tautomer. The normal planar form is more stable than its twisted form. 

Therefore, neither normal form of the complex nor the tautomeric form of the 

complex emits TICT emission. Lesser hydrogen bond accepting capacity of the 

solvent with t-DMASIP-b (-166) in the excited state than that with DMAPIP-b (-593) 

might have contributed to the absence of double proton transfer in t-DMASIP-b. 

 

4.5. Fluorescence quantum yield and isomerization 

The fluorescence quantum yield of t-DMASIP-b is low in non-viscous solvent 

and is very high in viscous solvent glycerol (Table 4.1). The quantum yield of t-

DMASIP-b in glycerol was found to be ~26 times greater than that of non-viscous 

solvent such as methanol. In the literature similar type of viscosity effect on the 

fluorescence quantum yield is reported for other push-pull styryl molecules.148,154 This 

is attributed to the restriction on twisting of the olefinic double bond that leads to 

isomerization. Therefore, the effect of viscosity will be much higher on the twisting of 

carbon-carbon double bond222 that decreases the photoisomerization and increases the 

fluorescence quantum yield. To identify the isomerization path of t-DMASIP-b the 

potential energy surface for the isomerization was theoretically constructed by 

rotating the ethylenic double bond (Figure 4.5). The result indicates that the 
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Figure 4.5. Potential energy surfaces simulated for photoisomerization of t-
DMASIP-b in different electronic states. 
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photoisomerization occurs via phantom state in a nonradiative way and there is a very 

small barrier for the rotation of the trans isomers to reach the phantom state and a 

very little or no barrier for the cis isomers to reach the perpendicular geometry. 

For further confirmation, the irradiation experiments have been carried out 

(using cut-off filter 420 nm) in nonpolar solvent dioxane, polar aprotic solvent 

acetonitrile, polar protic solvent methanol and polar viscous solvent glycerol. The 

reaction was followed by UV-visible absorption spectra (Figure 4.6). In all the 

solvents, upon irradiation hypochromic effect is observed in the absorption spectra 

and spectral shifts occur at the shorter wavelength. In addition, a clear isosbestic point 

is observed. Such a blue shift and hypochromic effect are due to the formation of cis 

isomer.157 The present study, depicted that in all the solvents media upon irradiation 

the trans isomer is converted to its cis isomer and the presence of the isosbestic point 

suggests the existence of 1:1 equilibrium between the trans and the cis isomers. In all 

the solvents the photostationary state was reached within a minute. 
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Figure 4.6. Irradiation (using 420 nm cut-off longpass filter) of t-DMASIP-b in 
(a) dioxane, (b) acetonitrile, (c) methanol and (d) glycerol (followed by UV-
visible spectra). 
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It is observed that the content of trans isomer is more in dioxane and 

methanol. The difference in behavior observed is either real or due to the spectral 

shifts that results in the change in the incident light excitation-ratio of the two 

isomers. Thus the absorbance ratio of the sample after reaching the photostationary 

state (after irradiation i.e. Aai) to that of trans isomer (before irradiation i.e. Abi) at 

max
ab were calculated. and Aai/Abi ratio follows the order: methanol (0.59) < 

acetonitrile (0.70) ~ glycerol (0.71) < dioxane (0.78). However, the absorption 

maxima of the trans isomer of t-DMASIP-b in the above solvents follows the order: 

dioxane (380 nm) < acetonitrile (385 nm) < methanol (392 nm) < glycerol (403 nm). 

Hence, it may be depicted that due to solvent effect, the amount of trans isomer 

present in dioxane and methanol at photostaionary state is more. 

 

4.6. Effect of temperature on the spectral characteristics of t-DMASIP-b 

The rate constant for the formation of the ICT state is mainly depends on 

temperature due to the vibronic coupling.1 On the other hand, it is shown that the 

solvent parameters such as viscosity and polarity and the solute parameters such as 

twist angle of ground state, rotating volumes, molecular shape and electronic nature 

are established to determine the rate for this process.1 With rise in temperature, the 

intensity of the ICT emission is expected to increase due to the enhancement in the 

formation of the ICT state. However, rise in temperature favors the 

photoisomerization also.141,142 Hence the increase in photoisomerization quantum 

yield leads to decrease in fluorescence quantum yield as it competes with the ICT 

process. 

The effect of temperature on the spectral characteristics of t-DMASIP-b is 

investigated in a few selected solvents (Figure 4.7 and Figure 4.8). The absorption 

spectra show hypochromic effect and hypsochromic shift upon increase in 

temperature in all the solvents except glycerol and quasi-isosbestic point is observed 

(Figure 4.7 for dioxane is shown as representative). However in glycerol the 

absorption maximum remains almost unaffected. 

The steady state emission spectra of t-DMASIP-b were also recorded as a 

function of temperature (Figure 4.8). The fluorescence spectrum undergoes a blue 

shift with increase in temperature in solvents like dioxane, acetonitrile and methanol, 

whereas bathochromic shift was observed in glycerol. 
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Figure 4.7. Absorption spectra of t-DMASIP-b at different temperature in 
dioxane. 
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Figure 4.8. Fluorescence emission spectra (λexc = 400 nm) of t-DMASIP-b at 
different temperatures in (a) dioxane, (b) acetonitrile, (c) methanol and (d) 
glycerol. 
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Figure 4.9. Temperature dependence of fluorescence quantum yield (f) of t-
DMASIP-b in different solvents. 
 

The steady state emission spectra of t-DMASIP-b were also recorded as a 

function of temperature (Figure 4.8). The fluorescence spectrum undergoes a blue 

shift with increase in temperature in solvents like dioxane, acetonitrile and methanol, 

whereas bathochromic shift was observed in glycerol. Upon increasing the 

temperature, the fluorescence quantum yield decreases continuously in all the solvents 

(Figure 4.9). Same behavior was observed for trans-stilbene and its analogues due to 

enhanced isomerization.154,141,142,222-229 Upon increasing the temperature the 

movement of the molecule becomes more facile so that the nonradiative decay route 

through rotation of double bond i.e. the isomerization is more favorable. In summary, 

the fluorescence quantum yield decreases with increase in temperature, whereas it 

increases with increase in viscosity. Thus it is attributed that in highly viscous solvent 

like glycerol, both fluorescence and isomerization processes are coupled with 

changing temperature.142,222,224 

The increase in temperature (T) leads to decrease of the permittivity  and the 

refractive index n of the solvent as given by the empirical formulas.230 

(T) = 0(T0) - (T-T0) - (T-T0)
2 - (T-T0)

3     (4.5) 

n(T) = n0(T0) - a(T-T0) - b(T-T0)
2      (4.6) 
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where the parameters , ,  as well as a and b are solvent dependent constants. This 

explains the hypsocromic effect observed in dioxane, acetonitrile, methanol and 

glycerol. On contrary, bathochromic shift is observed in glycerol. It may be due to the 

fact that the solvent reorientation around the dipole becomes more facile due to 

reduced viscosity of the solvent at higher temperature. 

 

4.7. Effect of pH 
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Chart 4.3. Structures of possible monocations of t-DMASIP-b. 
 

Upon increasing the acid concentration protonation takes place at imidazole 

nitrogen and dimethylamino nitrogen of DMAPIP-b to form two kinds of 

monocations in both ground state and first excited state.82,83 Alike DMAPIP-b, t-

DMASIP-b also has three basic centers where protonation can take place. Protonation 

at dimethylamino nitrogen, imidazole nitrogen and pyridyl nitrogen are labeled as 

MC1, MC2 and MC3, respectively (Chart 4.3). Since the introduction of double bond 

in DMAPIP-b affected its spectral characteristics, it will be quite interesting to study 

the effect on the prototropic equilibrium. 

As mentioned in Section 3.1.2 that the formation of MC2 and/or MC3 will 

cause red shift as it will increase the conjugation of the system by increasing the 

withdrawing nature of the acceptor group and MC3 is expected to produce more red 

shift than MC2. But formation of MC1 causes a blue shift in the spectrum as it 

decreases the conjugation of the system, as upon protonation the lone pair electron of 
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dimethylamino nitrogen will be no longer easily available for stabilization by 

resonance.148,154,205,206,231-233 
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Figure 4.10. UV visible spectra of t-DMASIP-b for neutral - monocation 
equilibrium in aqueous medium (the spectrum at pH 4.0 is shown as dotted line). 
 

Figure 4.10 shows the effect of pH on the absorption spectrum of t-DMASIP-

b. It is observed that upon increasing the acid concentration, the absorbance of the 

original band appears at 375 nm decreases monotonically with appearance of a new 

band at the red side of the original band at 432 nm. No isosbestic point is observed in 

the absorption spectra indicating that the prototropic equilibrium is not exactly one to 

one conversion and there may be more than one new species is formed. It is observed 

that the new band obtained at 432 nm increases up to pH 4.1. Upon further addition of 

acid the absorbance of the monocationic band decreases. 

The results indicate that in the ground state upon increasing the acid 

concentration, protonation takes place at the ring nitrogen and no protonation takes 

place at the dimethylamino nitrogen. The pKa value is calculated for the neutral-

monocation equilibrium using Henderson–Hasselbach equation from the absorption 

spectral data and is found to be 5.2 (plot is not shown). The pKa value obtained for t-

DMASIP-b is close to the value obtained for DMAPIP-b (5.4)82 for the neutral 

monocation equilibrium. 

Upon increasing the acid concentration, the intensity of the fluorescence band 

decreases with a bathochromic shift (Figure 4.11). The results indicate, same as in the 

ground state, in the excited state also, protonation takes place at ring nitrogen but not 
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at dimethylamino nitrogen. For further confirmation of the monocation formation is 

MC2 and/or MC3, emission spectra were recorded at cationic pH (pH 4.1), 

monitoring at various wavelengths. The spectral shift occurs from 530 nm to 554 nm 

(Figure 4.12). 
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Figure 4.11. Emission spectra (exc = 428 nm) of t-DMASIP-b in aqueous medium 
for neutral-monocation equilibrium at pH range 9.0 to 4.0. 
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Figure 4.12. Normalised emission spectra of t-DMASIP-b in aqueous medium at 
cationic pH (4.1): (a) exc = 440 nm, (b) exc = 460 nm and (c) exc = 480 nm. 
 

It is already stated earlier that both MC2 and MC3 (Chart 4.3) will cause 

bathochromic shift and the shift is more pronounced upon protonation at pyridyl 

nitrogen than at imidazole nitrogen due to increase in conjugation. Therefore, it can 

be concluded that both MC2 and MC3 are formed. The pKa
* was calculated using 
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fluorimetric titration method and was found to be 4.36 that is less than that of pKa 

(5.2). This indicates that in the excited state the monocation becomes more acidic and 

proton dissociation takes place from monocation at lower pH which shifts the 

equilibrium. 

 

4.8. Conclusion 

 Presence of carbon-carbon double bond in t-DMASIP-b strongly perturbs the 

photophysics of the molecule. In contrast to DMAPIP-b, t-DMASIP-b emits single 

emission in all solvents including protic solvents. However, the emitting states of t-

DMASIP-b in nonpolar and polar solvents are different. From the solvatochromic 

approach it is observed that among the three solvent parameters the maximum 

contribution of stabilization arises from the dipolar interaction in the excited state. 

The emitting state in polar solvents is a planar ICT state and not a TICT state. 

Theoretical calculations further substantiates the energy of the TICT state is higher 

than planar states. Both experimental and theoretical results also indicate that 

introduction of the olefinic double bond hinders not only the stabilization of the TICT 

state, but also the solvent assisted proton transfer process. The trans-cis 

photoisomerization competes with the fluorescence process in both nonpolar and 

polar solvents. Reasonably very high fluorescence quantum yield obtained in glycerol 

is due to hindrance of isomerization by the restricted twisting motion of the olefinic 

double bond. The isomerization of t-DMASIP-b occurs via a nonadiabatic path. The 

irradiation experiments suggest that the photostationary state is solvent dependent and 

further studies are required to understand the solvent dependence of 

photoisomerization. Temperature effect studies reveal that upon increase in 

temperature the quantum yield decreases due to increase in the competing 

nonradiative processes. The effect of introduction of olefinic double bond affects the 

prototropic equilibrium also. Unlike in DMAPIP-b, in t-DMASIP-b protonation takes 

place at imidazole nitrogen (MC2) and pyridyl nitrogen (MC3). 
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Chapter 5 

Spectral characteristics of 

2-(4′-N,N-dimethylaminophenyl)imidazo[4,5-b]pyridine in 

aerosol OT reverse micelle  
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5.0. Introduction 

Surfactant molecules, dissolved in nonpolar solvents in the presence of water 

form aggregates known as reverse micelle.234-236 It is spherical in shape and the 

arrangement of the polar head group and nonpolar tail are opposite to that of micelle. 

In reverse micelle the hydrophilic head group projects towards the core whereas the 

hydrophobic chain projects towards the nonpolar oil phase (Figure 5.1). Hence, 

reverse micelle is also known as inverted micelle. The size of a reverse micelle is 

measured in terms of molar ratio of added water to surfactant (w0 = 

[water]/[surfactant]). Upon increasing the w0 value the polarity as well as the average 

aggregation number of the surfactant increases whereas the microviscosity of the 

solubilized water decreases. It is reported in literature that in aerosol OT (AOT)/n-

heptane/water reverse micelle, the radius of water nanopool is approximately 

2w0.
237,238 In reverse micelles, the water nanopool exists in two different forms, bound 

water and free water. In the water nanopool the peripheral water surrounded by the 

polar head group is known as bound water or confined water, whereas the water 

molecule present at the central position or inner core remains apart from the polar 

head group, known as free water.238,239 The properties of bound water and free water 

are different from bulk water. The confined water pool mimics water inside protein, 

biomembranes, enzymes etc.240-242 This is due to the presence of localized charged 

boundaries surrounding the confined water. Hence reverse micelles are one of the 

rudimentary models of such confined water.243-246 

 
                    Figure 5.1. Structure of reverse micelle 
 

Reverse micelles are also widely used to modulate the photophysics of the 

fluorophores. To get a broad idea on the effect of the surfactant-water interaction on 

the structure and dynamics of the encapsulated water molecules, the effect of reverse 
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micelles is extensively studied.247-257 The spectral characteristics of ICT molecules are 

also widely studied in reverse micelles97-105,258-262 which serve as models for biological 

membrane. Study of p-N,N-dimethylaminobenzoic acid in cationic CTAB reverse 

micelle and anionic AOT reverse micelle suggests that the molecule remains at the 

reverse micelle-water pool interface with its diemethylamino group resides near the 

hydrocarbon chains and the carboxylic group reside near the polar head group and 

interacts electrostatically.260,261 The ICT emission of p-N,N-dimethylaminobenzoic 

acid in AOT reverse micelle was found to be weaker than that obtained in CTAB 

reverse micelle. The lifetime of 1-anilino-8-napthalenesulfonate in AOT reverse 

micelle was found to be longer than that in bulk aqueous medium.262 In AOT reverse 

micelle, the ICT emission of p-N,N-dimethylaminobenzoic acid is less than that of 

DMABN.102 This was attributed due to the increase in the nonradiative rate from the 

hydrogen-bonded ICT complex of p-N,N-dimethylaminobenzoic acid. The ICT 

process of nile red is reduced due to lower polarity of the reverse micellar water 

pool.100 

Proton transfer exhibiting molecules are also widely studied in the reverse 

micellar environment.263-266 Double proton-transfer reaction between the 7-

hydroxyquinoline and water molecule is studied in the AOT reverse micellar 

enviornment.244 The excited state intramolecular proton transfer (ESIPT) in AOT 

reverse micelle was controlled by core solvents.267 In the presence of aprotic solvent 

such as acetonitrile, the intermolecular hydrogen bonding of 3-hydroxyflavone-AOT 

complex become more prominent that reduced the ESIPT. However in the presence of 

protic solvent like methanol or water, extensive solvation of the AOT head group 

takes place, thus the intermolecular hydrogen bond between 3-hydroxyflavone and 

AOT is disrupted, resulting enhancement of the ESIPT process.268 The rate of proton 

transfer from the photoacid 8-hydroxy-1,3,6-pyrenetrisulfonic acid to water was 

found to depend on the size of the reverse micelle.269 

Among the reverse micelles, AOT reverse micelle is most widely used as it 

can solubilize more water. As mentioned in the previous chapter, the longer 

wavelength emission of DMAPIP-b is due to double proton transfer induced charge 

transfer process which requires assistance of protic solvent molecule. Both proton 

transfer and ICT process strongly depend on the nature of the protic solvents. Since 

the water pool in reverse micelle is different from bulk water, it is interesting to study 

this proton transfer induced charge transfer process in reverse micelle. Therefore, the 
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photophysics of DMAPIP-b is explored in the most common AOT/n-heptane/water 

reverse micelle to find how confined water affects the proton transfer induced charge 

transfer process of DMAPIP-b. Such a study will also be useful to understand the 

properties of confined water in biological system. 

 
5.1. Absorption spectra 
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Figure 5.2. Normalised absorption spectra of DMAPIP-b in AOT (0.1 M)/n-
heptane as a function of added water (w0). 
 

The anionic reverse micelle is formed by adding water to the surfactant AOT 

solution in n-heptane. Figure 5.2 shows the absorption spectra of DMAPIP-b in AOT 

reverse micelle as a function of w0 and the data are compiled in Table 5.1. It is 

observed that at w0 = 0 the absorption spectrum is structured and upon increasing the 

w0 values it becomes structure less with a bathochromic shift from 339 nm to 352 nm 

(Figure 5.2). This indicates the interaction of the dye molecule with the environment 

and it makes the system more stable. In addition to the main band at 339 nm, a band 

emerges near 400 nm (marked as * in Figure 5.2). The absorbance of the 400 nm 

band increases with initial addition of water and reaches the maximum at w0 = 6.2. 

With further increase in water amount, its absorbance reduces and at higher w0 value 

the band is not observed. From these results it may be concluded that at lower water 

content a species is present in addition to the neutral form of DMAPIP-b. The 

decrease in absorbance of the 400 nm band with increase in w0 value specifies that the 

species absorbing at 400 nm is affected by the increase in size of the water nanopool. 
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Table 5.1: Absorption maxima (λmax
ab, nm), emission maxima (λmax

em, nm), and 
fluorescence lifetime (nsof DMAPIP-b in AOT reverse micelle at various w0. 

em = 400 nm em = 515 nm 
w0 λmax

ab  λmax
em  

 2  2 

0 339, 351 382 
1.13 (59.1) 
1.64 (40.9) 

1.08 
1.74 (48.7) 
2.56 (51.3) 

1.03 

1.8 339, 351 389 
0.96 (65.2) 
1.53 (34.8) 

1.18 
0.80 (16.3) 
2.27 (83.7) 

1.00 

3.1 343, 351 394 
0.76 (69.7) 
1.40 (30.3) 

1.19 
0.52 (9.4) 

1.91 (90.6) 
1.08 

6.2 346, 351 403 
0.57 (74.5) 
1.07 (25.5) 

1.09 1.32 1.12 

8 348 408 
0.51 (73.2) 
0.95 (26.8) 

1.09 
0.57 (8.5) 

1.26 (91.5) 
1.14 

12 351 413 
0.47 (79.9) 
0.88 (20.1) 

0.9 
0.90 (14.1) 
1.10 (85.9) 

1.07 

15 351 415 
0.46 (85.1) 
0.90 (14.9) 

0.97 
0.77 (31.4) 
1.14 (68.6) 

1.09 

18 351 418 
0.43 (72.1) 
0.71 (27.9) 

0.95 
0.59 (15.2) 
1.04 (84.8) 

1.13 

24 352 420 
0.41 (82.8) 
0.79 (17.2) 

1.05 
0.76 (66.5) 
1.29 (33.5) 

1.23 

36 352 421 
0.41 (88.1) 
0.88 (11.9) 

1.01 
0.77 (84.1) 
1.62 (15.9) 

1.13 

 

5.2. Fluorescence spectra 
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Figure 5.3. Fluorescence spectra of DMAPIP-b in AOT (0.1 M)/n-heptane as a 
function of added water (w0) (exc = 327 nm). 
 

The emission spectra of DMAPIP-b in AOT reverse micelle at different w0 are 

recorded by exciting at different wavelengths. The emission spectra at exc = 327 nm 
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is shown in Figure 5.3. It is found that at w0 = 0, the band is appeared at 380 nm with 

a long tail. Upon increasing the water amount a bathocromic shift is observed. 

However upon increasing the size of water pool the fluorescence intensity decreases 

continuously and the effect is more significant up to w0 = 8. Although the intensity 

decreases continuously with further increase in the pool size, the effect is very less 

significant in compared to initial addition of water. The red shift is also more 

pronounced for the initial increase in water pool size and is less for further additions. 

At w0 = 0, there is a very less restriction on surfactant’s rotational mobility present in 

the solution.175,270 Upon continuously increasing the water amount, it becomes 

solubilized inside the core region and also the water pool size of the reverse micellar 

system increases. Thus the polarity of the medium increases upon increasing the w0 

value and hence causes the bathochromic shift of the spectra. Although no clear dual 

band is observed in the emission spectra only a long tail is present at the longer 

wavelength. Very small increase in fluorescence intensity is observed at the tail for 

initial additions of water in the reverse micellar system. On further increase in water 

content, the change in intensity is negligible, but the relative intensity at longer 

wavelength emission is enhanced. However, the longer wavelength emission with 

respect to the shorter wavelength emission is more prominent at lower water content 

upon exciting at longer wavelengths. The emission spectra obtained by exciting at 402 

nm at different w0 are shown in Figure 5.4. 
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Figure 5.4. Fluorescence spectra of DMAPIP-b in AOT (0.1 M)/n-heptane as a 
function of added water (w0) (exc = 402 nm). 
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The excitation spectra recorded at different wavelengths have same features as 

those of the absorption spectra i.e. appearance of a band at 400 nm in addition to the 

main band. The 400 nm band is more prominent when monitored at 550 nm (Figure 

5.5). The intensity of the band obtained at 400 nm increases up to w0 = 3.1 and upon 

further increase of the water amount, the band intensity gradually diminishes. 
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Figure 5.5. Excitation spectra (em = 550 nm) of DMAPIP-b in AOT/n-heptane/ 
as a function of added water (w0). 
 

Bathochromic shifts are observed in the absorption and fluorescence spectra of 

DMAPIP-b upon protonation of ring nitrogen. According to pseudophase ion-

exchange model,175,85 the cations and the protons tend to concentrate near the polar 

head group of the anionic micelle. Since AOT is an anionic micelle, it is more facile 

to protonate the molecule at the micelle phase due to the presence of protons near the 

anionic head group. The pKa value of DMAPIP-b in anionic micelle, SDS is found to 

be more than that in aqueous medium.85 Therefore, the 400 nm band can be assigned 

to the formation of monocation by the protonation of ring nitrogen. The absorption 

maximum of the monocation of DMAPIP-b in aqueous medium is 386 nm.82,85 The 

red shift observed in AOT reverse micelle is due to the presence of anionic polar head 

group present near the fluorophores. This stabilizes the monocations more by 

electrostatic interaction. Such interactions between the anionic head groups of the 

micelles and the monocations of DMAPIP-b were observed in anionic SDS micelle. 

The band maximum observed at 394 nm for the monocationic form of DMAPIP-b in 
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SDS micelle is in close agreement with present band maximum. The formation of 

monocation even at w0 = 0 suggests the presence of trace amount of water in AOT 

reverse micelle even before the initial addition of external water. This trace amount of 

water may be from the AOT or the hydrocarbons. Other groups also found the 

presence of trace amount of water droplet in AOT and presence of such water in trace 

amounts was indeed suggested as a prerequisite for the formation of aggregates in 

organic solvents.271-275 The polarity of the reverse micelles increases with increase in 

water amount. Despite that, the intensity of the monocationic band decreases at higher 

water content shows the decrease in the relative population of monocation at higher 

water amount. One reason could be smaller dipole moment of the monocation formed 

by the protonation of imidazole nitrogen than the neutral form of DMAPIP-b.83 Other 

reason is due to different location of the fluorophores (See Section 5.4). 

To verify the presence of the TICT emission, the intensity ratio plot of the 

longer wavelength to shorter wavelength emission is constructed as a function of w0 

(Figure 5.6). From the plot it is clear that upon increasing the water content (w0) the 

intensity ratio increases. Although protonation takes place at lower amount of water, 

the rate decreases at higher quantity of water. Nevertheless, the relative intensity of 

the longer wavelength emission increases with increase in w0, even after complete 

shrinking of monocatonic band. Therefore, it is clear that DMAPIP-b emits from 

TICT state also. The lifetime data further supports the occurrence of TICT emission in 

AOT reverse micelle (see later). 

 
Figure 5.6. The intensity ratio of longer wavelength to shorter wavelength 
emission in AOT/n-heptane as a function of added water (w0). 
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5.3. Quantum yield and lifetime 

The variation of quantum yields with w0 values are plotted in Figure 5.7 (the 

refractive indices for AOT reverse micelle at different w0 values are interpolated using 

the literature276 values). With increase in water content there is a very sharp decrease 

in quantum yield of the shorter wavelength emission. But the longer wavelength 

emission is affected less with variation in water content. The sharp decrease in 

quantum yield indicates that the environment of the fluorophore is changing upon 

increasing the size of the water nanopool. 

 
Figure 5.7. Plot of quantum yield () as a function of w0 (● and ■ indicate the 
quantum yield of the normal and the TICT bands respectively, the error in 
calculation of quantum yield is upto 10%). 
 

Fluorescence lifetime is a very good method to explore the position of the 

molecule inside the reverse micellar environment.192,277-280 The lifetime data 

monitoring at two different wavelengths (400 nm and 515 nm) are compiled in Table 

5.1. Monitoring at the shorter wavelength band maximum, two different lifetimes 

observed in all the solutions. The lifetime of both components are shortened upon 

increasing the water content. Upon monitoring at the longer wavelength (515 nm), it 

is observed that the lifetime as well as the relative amplitude of the shorter lifetime 

component decreases up to w0 = 3.1 and at w0 = 6.2, the lifetime for the shorter 

lifetime component is not at all observed. Further addition of water results in 

biexponenital decay again. From the result it is inferred that from the beginning the 

shorter lifetime arises due to the monocation and the other lifetime is due to the 

normal emission. Decrease in relative amplitude of the shorter component indicates 

that the cationic form gradually decreases and is not observed at w0 = 6.2. Further 
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addition of water gives dual emission, which arises from the TICT state and the 

locally excited state. 

 

5.4. Location of the fluorophore 

The fluorophore can locate in reverse micelle in any of the three regions; 

organic phase, micellar phase or water nanopool. The location of the fluorophore 

depends on factors such as structure of the micelle, water content in the solution and 

micropolarity. From the absorption and fluorescence spectral characteristics it can be 

inferred that the microenvironment around DMAPIP-b is changed with the addition of 

water content. This observation indicates that water is accessible to the fluorophore 

and suggests that the molecule resides either in the water nanopool or the micellar 

phase near the water pool. The fluorescence quantum yield of DMAPIP-b decreases 

steeply up to w0 = 6.2 and upon further addition of water, it gradually decreases in the 

microemulsion (Figure 5.5). It is reported that the fluorescence quantum yield for the 

normal emission decreases steeply for the initial addition of water when the molecule 

is present in the water pool of the reverse micelle.270 All these facts indicate that 

DMAPIP-b is present in the surfactant-water interface in the bound water region of 

the reverse micelle and upon addition of water the fluorophore moves towards core of 

the water nanopool. This was substantiated by the presence of monocation at lower w0 

values and its absence at higher w0 values. For initial addition of water only bound 

water is formed,244 so the absorbance of the monocation band increases due to 

increase in proton concentration near the polar head group. Upon further addition of 

water, the pool size increases as a result free water starts to form. The fluorophore 

moved away from the polar head group towards the water pool and the monocation-

neutral equilibrium shifted toward the neutral form. This was substantiated by the 

decrease in the absorbance at 400 nm with increase in water quantity in reverse 

micelle and the bathochromic shift of normal emission band. Similar bathochromic 

shifts were observed in other molecules also when they shift towards the free water 

pool.259,281 The absence of monocation at higher w0 suggests that the free water of the 

anionic reverse micelle is less acidic than the bound water. 

The normal emission maximum in reverse micelles, are nearly 30 nm 

hypsochromically shifted than that in neat water (Table 5.1). This suggests that 

polarity of the water in nanopool of the reverse micelle is less than that of bulk water 

and is same as that of methanol-water mixture. 
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It is well known from the literature82,83,85,205-208,270 and also explained in earlier 

chapters that protonation and/or hydrogen bond formation at dimethylamino nitrogen 

results blue shift of the spectra and that of ring nitrogens causes red shift. Both 

absorption and fluorescence spectra of DMAPIP-b are bathochromically shifted in 

AOT reverse micelles with increase in w0 value. Thus, it can be inferred that ring 

nitrogens are involved in hydrogen bonding. It is also found that in cyclodextrin83 and 

normal micelle,85 the dimethylamino group of DMAPIP-b was oriented towards the 

hydrophobic region and the imidazopyridine ring prefers the hydrophilic region. 

Similar orientation is expected in AOT reverse micelle at lower w0 values, where the 

imidazopyridine ring resides near the polar head group and water and the 

dimethylamino group projects towards the hydrophobic chain in the nonpolar solvent. 

However, at higher w0 value, the fluorophore is fully entrapped in the water nanopool 

as the size increases. As mentioned earlier, DMAPIP-b acts as an inhibitor for aurora 

kinases.159 It is reported that the pyridyl nitrogen and imidazole >NH group play an 

important role in the binding interaction with aurora-A kinase through hydrogen 

bonding. Moreover, as mentioned in Chapter 3, the hydrogen bonding of the protic 

solvents with pyridyl nitrogen and imidazole >NH are crucial for TICT emission. The 

observation of TICT emission shows that in confined water also, hydrogen bonding 

takes place. Thus, alike in neat protic solvent, in confined water also double proton 

transfer followed by charge transfer takes place. 

 
5.5. Conclusion 

In AOT/n-heptane/water reverse micelle DMAPIP-b exists both in neutral and 

monocationic form at lower w0 values and resides in the micellar phase near the polar 

head group. The presence of two forms depends upon the size of the water pool. Upon 

addition of water, the fluorophore shifts towards the core and at large pool size the 

neutral-monocation equilibrium shifts towards neutral form. At higher w0, DMAPIP-b 

present only in neutral form. This suggests that the bound water of the AOT reverse 

micelle is more acidic than the free water. Although, the polarity of the reverse 

micelle increases with increase in w0, even at w0 = 36, the polarity of the confined 

water in nanopool is less than that of bulk water and is same as that of methanol-water 

mixture. DMAPIP-b emits dual emission in reverse micelle due to double proton 

transfer induced TICT emission. Both normal and TICT emission are quenched by 

water. 
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Chapter 6 

Interactions of a few dimethylaminophenyl substituted 

azoles with bovine serum albumin: role of heteroatoms 
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6.0. Introduction 

Serum albumins are globular proteins found abundant in plasma.168,282,283 They 

bind  to  a  variety  of  bioactive  molecules  by  hydrophobic,  hydrophilic  and  ionic 

interactions  which  help  them  to  carry  steroids,  fatty  acids  and  thyroid  hormones. 

Among them BSA  is  the most studied model protein because of  its easy availability 

and structural homology with human serum albumin.284 BSA is a heart shape protein 

(Figure 6.1).  The  tertiary  structure  of  BSA  has  three  domains  I,  II  and  III,  each 

domain is divided into two sub domains IA, IB; IIA, IIB and IIIA, IIIB respectively. 

Site-I is situated in the hydrophobic core of sub domain IIA, whereas site-II is situated 

near the sub domain IIIA.168,285 The specific physiological activity of the ligands upon 

binding  with  serum  albumin  originates  from  the  presence  of  two  major  and 

structurally selective binding sites, namely site-I and site-II and site-I is influenced by 

strong  hydrophobic  interactions  whereas  site-II  involves  hydrophobic,  hydrogen 

bonding and electrostatic  interactions.286 Besides these structural demarcations, BSA 

has two tryptophan units namely Trp-158 and Trp-237. Trp-158 residue is located in 

the  hydrophilic  subdomain  IB  near  the  surface  of  the  albumin  molecule,  thus 

subdomain  IB  is  exposed  to  solvent  environment.  Trp-237  is  located  deep  in  the 

hydrophobic cavity of subdomain IIA.  

 

 

Figure 6.1. Structure of BSA protein. 

 

TH-1229_08612203



  112 

Studies  on  interactions  of  small  organic  molecules  with  BSA  have  attracted 

much attention for understanding many biological systems as well as  immobilization 

of  proteins.  Such  studies  can  provide  useful  information  about  locations  and 

characteristics  of  different  binding  sites.  Therefore,  these  investigations  attracted 

many  researchers  to  employ,  fluorescence  spectroscopy  using  solvent  polarity 

sensitive  fluorescence  probes  to  understand  /  study  these  proteins.109,287-298  Easily 

handled  fluorescent  probes  showed  high  spectral  response  to  the  changes  in  the 

polarity of  their  local  surroundings and one  such  situation arises when  they  bind  to 

BSA.  Such  studies  also  give  crucial  information  about  ligand-protein  interactions 

which will have significant importance in pharmacology and drug discovery. 

The environment  inside  the proteins are quite different  from  that of  the bulk 

medium. The polarity, viscosity and hydrogen bonding capacity inside the protein are 

completely  different.  Thus,  studying  the  interaction  of  proteins  with  the  ligand 

molecules  is  an  interesting  research  area.  Few  studies  on  the  interactions  of  ICT 

fluorophores with serum albumin are reported in literature.110,299-301 Studies on series 

of  rigid  and  flexible  dipolar  molecules  demonstrated  that  the  enhancement  in 

fluorescence of the flexible systems is more than the rigid system due to reduction in 

the internal motion of the flexible systems.295 The interaction between few pyrrolizine 

derivatives and BSA were investigated.302 The study revealed that the substituents on 

the benzene  ring  influence  the  binding affinity of pyrrolizine derivatives with BSA. 

Recent studies indicate that the presence and position of long alkyl chain on the ligand 

strongly affects the interaction of ligand with BSA.160 

Benzimidazoles  and  benzoxazoles  are  very  important  class  of  molecules 

having  wide  application  in  medicinal  chemistry.  Numerous  reports  are  available  on 

the  pharmaceutical  importance  of  these  azole  derivatives.  For  example  some  2-

[(benzotriazol-1/2-yl)methyl]benzimidazoles  and  2-arylbenzimidazoles  are  reported 

to  act  as  antiviral  and  antiproliferative.303-306  Niewiadomy  et  al.  developed  some 

biologically active benzimidazole deivatives and established the cytotoxicity  in vitro 

against  the  four  human  cancer  cell  lines  namely  rectal,  bladder,  lung  and  breast.307 

Some  benzimidazole  sugar  conjugates  show  anti-inflammatory  and  analgesic 

activities.308 Benzoxazole derivative, 1,3-benzoxazole-4-carbonitirle acts as a support 

for  β-1,6-glucan  synthesis  inhibitors  with  potent  antifungal  activity  against  candida 

species.309  Some  benzazole  derivatives  were  found  to  have  inhibition  potential 

towards  human  cyclooxygenase-2  enzyme.310  A  new  benzoxazole  derivative  was 
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reported  to act as anticancer and antichronic  inflammatory agents and specific anti-

breast  cancer  agent.311  Oxazole  derivatives  are  used  as  anti-inflammatories, 

analgesics,  anti-pyretics  and  antagonists.312-315  DMAPIP-b  and  some  other 

pyridoimidazole  derivatives  act  as  inhibitor  for  aurora  kinases.159  Hence,  it  will  be 

interesting  to  study  the  fundamental  interactions  between  those  benzazoles  and 

proteins. Hence a comparative study of the interaction between ICT emitting ligands 

DMAPBI, DMAPBO and DMAPOP (Chart 6.1) with BSA were performed. 

The  spectral  characteristics  of  DMAPBI  and  DMAPBO  are  reported  in 

literature206,207  and  that  of  DMAPOP  is  discussed  in  Section 3.1.  All  ligands  are 

highly  sensitive  to  the  environment.  The  interaction  of  BSA  with  DMAPIP-b  was 

already  studied  using  fluorescence  technique.160  Therefore,  the  interactions  of  BSA 

with  DMAPBI,  DMAPBO  and  DMAPOP  are  compared  with  that  of  DMAPIP-b. 

Since no molecular docking studies are carried out with any of these ligands including 

DMAPIP-b, the molecular docking studies are also performed with all four ligands for 

better understanding. 

 

X
N

Y

N

CH3

CH3   

X = CH, Y = NH, DMAPBI

X = N, Y = NH, DMAPIP-b

X = CH, Y = O, DMAPBO

X = N, Y = O, DMAPOP
 

Chart 6.1. Structures of DMAPBI and analogous molecules. 

 

6.1. Absorption spectra 

Absorption  spectra  of  DMAPBI,  DMAPBO  and  DMAPOP  are  recorded  in 

phosphate  buffer  of  pH  7.0  at  different  concentrations  of  BSA  (0-80  mM).  The 

absorption spectra of DMAPBI, DMAPBO and  DMAPOP show absorption  band at 

332  nm,  341  nm  and  368  nm  respectively.  Although  the  effect  of  BSA  on  the 

absorption  spectral  maxima  is  very  little  in  all  three  ligands,  with  increase  in  BSA 

concentration the absorbance of both DMAPBI and DMAPBO increases. On the other 

hand  for  initial  additions  of  BSA  till  22  mM  a  small  decrease  in  absorbance  is 

observed  in  the  spectrum  of  DMAPOP,  but  the  absorbance  increases  with  further 

addition of BSA. The results suggest the presence of some interactions between BSA 

and the ligands. 
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6.2. Fluorescence spectra 

0.0E+00

5.0E+05

1.0E+06

1.5E+06

340 390 440 490 540

Wavelength (nm)

In
te

n
s
it

y
 (

a
. 
u

.) 0 mM

80 mM

(a)

 

0.0E+00

5.0E+05

1.0E+06

1.5E+06

352 412 472 532

Wavelength (nm)

In
te

n
s

it
y
 (

a
. 

u
.)

0 mM

80 mM

(b)

 

0.0E+00

6.0E+05

1.2E+06

1.8E+06

375 435 495 555

Wavelength (nm)

In
te

n
s

it
y

 (
a

. 
u

.)

0 mM

80 mM

(c)

 

Figure 6.2. Emission spectra of the ligands as a function of BSA concentration: 
(a) DMAPBI (exc = 330 nm), (b) DMAPBO (exc = 342 nm) and (c) DMAPOP 
(exc = 365 nm). 
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Since the fluorescence spectra are more sensitive than the absorption spectra, 

to  investigate further  the nature of  interactions of these  fluorophores and BSA, were 

investigated using the fluorescence technique. The effect of BSA on the fluorescence 

spectra of  the  ligands are depicted  in Figure 6.2. In the absence of BSA, DMAPBI, 

DMAPBO and DMAPOP exhibit fluorescence bands at around 399 nm, 413 nm and 

451 nm respectively (Table 6.1). 

 

Table 6.1. Fluorescence band maxima (max
em, nm) in absence and presence of 

BSA and spectral shift.  

max
em Flurophores 

In buffer  In BSA (80 µM) 

Spectral shift (nm) 

DMAPBI 399  392  7 
DMAPBO 413  401  12 
DMAPOP 451  420  31 

 

Although  in  most  cases,  addition  of  BSA  results  in  enhancement  of 

fluorescence  intensity.  The  fluorescence  intensity  of  DMAPBI  decreases  with 

increase in concentration of BSA. On the other hand huge enhancement in intensities 

is observed in the fluorescence spectra of DMAPBO and DMAPOP with increase in 

concentration of BSA. But blue shifts are observed in the fluorescence spectra of all 

three  ligands.  As  mentioned  earlier  that  the  emitting  state  of  all  three  ligands  have 

substantial amount of ICT character, upon increasing the polarity of the environment 

bathochromic  shifts  were  observed  in  the  fluorescence  spectra  of  all  these 

ligands.206,207 The bathochromic shifts were observed due to stabilization of  the ICT 

emitting  state  through  dipolar  and  hydrogen  bonding  interactions.  The  observed 

hypsochromic  shifts  in  the  emission  spectra  of  the  ligands  in  presence  of  BSA 

indicate that the ligands are moving  into hydrophobic environment  from hydrophilic 

environment.  The  stronger  stabilization  of  the  ICT  state  by  dipolar  interaction 

decreases  the  energy  gap  between  emitting  state  and  low  lying  triplet  state  and/or 

ground  state.  By  energy  gap  law  decrease  in  energy  gap  increases  the  nonradiative 

decay.  Therefore,  all  these  ligands  have  weak  emission  in  water  due  to  stronger 

stabilization  of  ICT  state.  Upon  moving  from  hydrophilic  environment  (water)  to 

hydrophobic BSA,  the dipolar  interactions decrease which destabilize  the  ICT  state. 

This  increases the energy gap between ICT and low lying state. In other words, it  is 

expected to reduce the nonradiative decay and increase the radiative emission. Thus, 

the fluorescence intensities of DMAPBO and DMAPOP increase in presence of BSA. 
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The  decrease  observed  in  the  fluorescence  intensity  of  DMAPBI  with  increase  in 

concentration of BSA is unusual. 

Two  different  factors  affect  the  fluorescence  intensity  (i)  the  increase  in  the 

hydrophobicity  of  the  environment  (ii)  hydrogen  bonding  with  heteroatom.  As 

reported in the literature and explained earlier that the increase in the hydrophobicity 

decreases  the  nonradiative  decay  in  all  these  ligands.  On  the  other  hand,  hydrogen 

bonding with heteroatoms quenches the fluorescence.206 Inside BSA, these two factors 

are  opposing  each  other.  Since,  DMAPIP-b,  DMAPBO  and  DMAPOP  are  present 

much  deeper  inside  the  hydrophobic  pocket  as  suggested  by  spectral  shift,  the 

enhancement of  fluorescence  intensity due  to hydrophobicity predominates over  the 

fluorescence quenching by hydrogen bonding. On the other hand, the environment of 

DMAPBI is less hydrophobic as suggested by the spectral shift, therefore quenching 

owing to hydrogen bonding dominates over  the enhancement in  fluorescence caused 

by the hydrophobicity. Further, the change in the fluorescence intensity of DMAPBI 

is much smaller compared to those of its analogues. The binding location predicted by 

docking studies also supports the hypothesis. The different orientation of DMAPBI in 

BSA compared to its analogues (see later) might also have a role in this difference in 

behaviour. 

 

6.3. Binding constant 

To investigate the extent of binding of different ligands with BSA, association 

constant  or  binding  constants  are  calculated.  The  Benesi-Hildebrand  plot  was 

constructed  for  calculating  the  binding  constant  of  DMAPBO  and  DMAPOP  with 

BSA using the following equation.316 

   0 0 01 /  1 / {( – ) }   1 / ( – )I I I I K BSA I I          (6.1) 

where  I0  and  I  are  the  intensity  of  the  fluorophores  in  the  absence  and  presence  of 

BSA, respectively.  I    is the  fluorescence  intensity when all  the guest molecules are 

complexed.  K  is  the  binding  constant.  The  plot  for  DMAPOP  is  shown  as 

representative (Figure 6.3). 
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Figure 6.3. Benesi-Hildebrand plot for DMAPOP. 

 
Since, the fluorescence intensity of DMAPBI decreases with increase in BSA 

concentration, following equation is used to calculate the binding constant.193 

 1  s

I
K Q

I
 0

              (6.2) 

The plot thus obtained is shown in Figure 6.4 and the binding constants obtained for 

all three molecules are tabulated along with that of DMAPIP-b (Table 6.2). 

0.92

0.99

1.06

1.13

0 0.02 0.04 0.06

[BSA] mM

I 0
 / 
I

 
Figure 6.4. The binding constant plot for DMAPBI. 
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Table 6.2. The binding constant of ligands with BSA. 
Molecules Binding constant (K, M-1) 
DMAPBI  1.5 x 103 

DMAPIP-ba  4.3 x 103 

DMAPBO  7.5 x 103 

DMAPOP  13 x 103 

a The binding constant value was taken from ref 160 for comparison purpose 

 

The binding constants reveal  that  the oxazoles have stronger binding affinity 

than  the  imidazoles  (Table 6.2).  The  presence  of  extra  nitrogen  in  the  heterocyclic 

ring  enhanced  the  binding  affinity.  The  binding  constant  of  DMAPOP  is ~  2  times 

more  than  that of DMAPBO and  that of DMAPIP-b  is ~ 3  times  more  than  that of 

DMAPBI. On the other hand, DMAPBO binds 5 times more stronger than DMAPBI 

and DMAPOP binds ~ 3 times more stronger than DMAPIP-b.  

 

6.4. Molecular docking study 

To understand  more on  molecular binding, docking studies were carried out. 

As docking  studies of DMAPIP-b were  not performed earlier;  therefore,  those were 

also performed and compared with  the other  molecules.  It  is well known  that when 

the molecules bind at hydrophilic pockets of proteins no spectral shift were observed 

in  the  fluorescence  spectra.160,295  On  the  other  hand,  blue  shifts  are  observed  when 

molecules  enter  the  hydrophobic  pocket  of  proteins.160,295  The  fluorescence  studies 

clearly  indicate  the  ligands  are  in  the  hydrophobic  environment (Section 6.2).  This 

was substantiated by docking studies (Figure 6.5). 

It is observed that in DMAPBI, the dimethylamino group projects towards the 

hydrophobic core whereas in other three molecules, the projection is opposite to that 

of DMAPBI (Figure 6.5). This difference in orientations can be explained as follow. 

It  is  reported  in  the  literatures,  both  DMAPBI  and  DMAPIP-b  form  inclusion 

complexes  with  β-CD.208,83  In  both  inclusion  complexes,  the  dimethylaminophenyl 

group was present inside the hydrophobic basket and the heterocyclic ring was present 

outside the β-CD nanocavity. The azole nitrogen was located near the rim and forms 

hydrogen bond with rim hydroxyl group of the host and/or water present near the rim. 

Thus,  it  is  clear  that  the dimethylaminophenyl prefers  the  hydrophobic environment 

and  heterocyclic  ring prefers  the hydrogen  bonding environment. Therefore,  it  is no 

surprise that the dimethylaminophenyl ring of DMAPBI is present  inside the protein 

cavity and the heterocyclic ring  is projected outside (Figure 6.5a). BSA  is a protein 
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consists of  the amino acid residues, unlike  in β-CD cavity hydrogen bond  formation 

can  take  place  inside  the  protein  cavity  also.  DMAPBI  has  only  one  basic  center 

(azole  nitrogen)  in  its  heterocyclic  ring  to  accept  the  hydrogen  bond.  On  the  other 

hand,  DMAPIP-b  has  one  extra  heteroatom,  pyridyl  nitrogen  which  also  forms 

hydrogen bond with amino acid residue. This stabilizes  the presence of heterocyclic 

ring inside the cavity, in other word the opposite fashion of orientation of the ligand in 

BSA  (Figure 6.5b).  DMAPBO  is  also  orientated  with  heterocyclic  ring  inside  and 

dimethylaminophenyl  group  outside  (Figure 6.5c).  But  unlike  DMAPIP-b  no  extra 

pyridyl nitrogen is present in DMAPBO, but the >NH group of DMAPBI is replaced 

by  –O–.  The  more  electronegative  oxygen  forms  stronger  hydrogen  bond  than 

nitrogen  (see  later),  this might have given  the extra  stabilization  for  the presence of 

heterocyclic  ring  inside  in  the  BSA  cavity.  Same  orientation  of  DMAPOP  is 

consistent  with  the  argument  of  DMAPOP  and  DMAPIP-b  which  has  both  oxygen 

atom and pyridyl nitrogen (Figure 6.5d).  

 

 
(a)(a)

 
(b)(b)

 
 
(b)(c)(b)(c)

 
(c)(d)(c)(d)

 

Figure 6.5. Docking pose of (a) DMAPBI, (b) DMAPIP-b, (c) DMAPBO and (d) 
DMAPOP with BSA. 
 

The  ligands  interact  with  hydrophobic  and  polar  amino  acid  residues  via 

hydrogen  bonding  and  van  der  Waals  interaction.  DMAPBI  resides  at  the  site 

containing the residues Arg-218, Tyr-475, Asp-474, Leu-221, Arg-222, Trp-237, Ser-

225 etc. within 4 Å distance (Figure 6.6a).  
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(a)(a)

 

(d)(b)(d)(b)

 

(b)(c)(b)(c)

 

(c)(d)(c)(d)

 

Figure 6.6. Molecular docking analysis results: amino acid residues surrounding 
the ligands within 4 Å distance: (a) DMAPBI, (b) DMAPIP-b (c) DMAPBO and 
(d) DMAPOP. 
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DMAPIP-b resides near Arg-218, Trp-237, Asp-457 and Arg-459 etc (Figure 6.6b).  

DMAPBO  resides  at  the  site  containing  the  residues  Arg-218,  Arg-459,  Arg-222, 

Asp-474,  Tyr-475,  Trp-237  and  Cys-471  etc  (Figure 6.6c).  Similarly  DMAPOP 

resides at the site containing the residues Trp-237, Arg-218, Arg-459, Leu-475, Asp-

474 and Cys-471 etc within 4  Å distance  from  the  ligands (Figure 6.6d). DMAPBI 

forms one hydrogen bond with polar Arg-218 residue through the azole nitrogen (2.5 

Å, Figure 6.6a). On the other hand, DMAPIP-b forms two hydrogen bonds one with 

polar residue Arg-218 through the imidazole nitrogen (2 Å) and another one with the 

hydrophobic  residue  Trp-237  via  the  pyridyl  nitrogen  (2.5  Å,  Figure 6.6b).  Alike 

DMAPBI,  DMAPBO  forms  one  hydrogen  bond  with  the  polar  Arg-218  residue; 

however the distance is shorter than that of DMAPBI. The hydrogen bond formation 

takes place via azole oxygen (2 Å, Figure 6.6c). Alike DMAPIP-b, DMAPOP forms 

two  hydrogen  bonds  one  with  polar  residue  Arg-218  through  the  oxygen  atom  of 

azole  ring  (2  Å)  and  another  one  with  the  hydrophobic  residue  Trp-237  with  the 

pyridyl  nitrogen  (2.5 Å, Figure 6.6d). From  the  results  it  can  be  inferred  that BSA 

acts  as  hydrogen  bond  donor  and  the  ligands  acts  as  hydrogen  bond  acceptor  and 

oxygen forms stronger hydrogen bond than nitrogen. DMAPOP and DMAPIP-b enter 

more deeply into the hydrophobic pocket of BSA as it forms hydrogen bond with Trp-

237 residue which is present in the hydrophobic pocket of BSA and other two ligands 

are not forming the hydrogen bond with the Trp-237 unit. This result agrees well with 

the experimental result of higher spectral shift in DMAPIP-b160 and DMAPOP (Table 

6.1). 

 

Table 6.3. Change in free energy G (kcal/mol) and other energies obtained from 
docking studies (kcal/mol). The data obtained from the experiments are included 
in the parenthesis. 

Molecules G Eintermolecular Einternal Etorsional 

DMAPBI  -5.30 (-4.26)  -5.90  -0.25  0.6 
DMAPIP-b  -5.38 (-4.95)a  -5.97  -0.24  0.6 
DMAPBO  -5.65 (-5.28)  -6.25  -0.28  0.6 
DMAPOP  -5.77 (-5.45)  -6.37  -0.26  0.6 

aRef. 160  

The  different  energies  obtained  from  the  docking  study  of  protein-ligand 

interactions are presented in Table 6.3. The intermolecular energy (Eintermolecular) is the 

energy  obtained  by  interaction  of  the  ligand  with  the  protein  in  the  docked 

compounds.  It  is  directly  proportional  to  the  change  in  free  energy  of  binding.  The 
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internal energy (Einternal) of the ligand is defined as the sum of internal van der Waals 

and electrostatic energy. Torsional energy (Etorsional) mainly depends on the number of 

flexible bonds present in the ligand. Since the flexible bonds (number of torsions) are 

same for all four molecules the torsional energies obtained in all the cases are same. 

The  intermolecular  energy  and  torsional  energy  combined  together  results  the  free 

energy  of  binding.  As  the  torsional  energy  is  same  for  all  molecules,  thus  the 

difference in binding energies arises from the difference in the intermolecular energy. 

Thus,  from  the data obtained,  it  can  be depicted  that among  the  four molecules,  the 

binding interaction is maximum for DMAPOP and is minimum for DMAPBI (Table 

6.3). The change in free energy obtained from experiment  is also in good agreement 

with  the  predicted  energy.  Thus  both  from  experimental  and  docking  studies,  it  is 

inferred  that the strength of  ligand protein  interaction  follows the order DMAPOP > 

DMAPBO > DMAPIP-b > DMAPBI. 

 

6.5. Conclusion 

The  interaction  of  BSA  with  DMAPBI,  DMAPBO  and  DMAPOP  was 

investigated and compared with DMAPIP-b. The docking studies were performed for 

all four  ligand molecules. The fluorescence intensity of DMAPBI decreases in BSA. 

On  the  other  hand,  enormous  increases  in  fluorescence  intensities  are  observed  in 

those of DMAPBO and DMAPOP in BSA. This difference is mainly due to difference 

in  the  binding  locations  of  the  ligands  and  orientation  in  binding  location.  The 

hypsochromic shift  in the fluorescence spectra of all four  ligands suggests that these 

ligands bind in the hydrophobic pocket of BSA. From the study, it is inferred that the 

replacement of imidazole >NH group by oxygen atom increases the binding ability of 

the  fluorophore with BSA due to increase  in hydrogen bond accepting ability of  the 

oxygen.  Replacement  of  benzene  ring  by  pyridine  ring  also  increases  the  binding 

ability due to increase in hydrogen bond accepting nature of the ligand. Due to these, 

the  binding  constant  increases  in  the  order:  DMAPBI  <  DMAPIP-b  <  DMAPBO < 

DMAPOP  which  also  supports  the  argument.  Docking  study  also  substantiates  the 

experimental results. The studies reveal that BSA act as hydrogen bond donor and the 

hydrogen  bonding  also  plays  a  crucial  role  in  the  orientation  and  location  of  the 

molecular binding. 
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Chapter 7 

Sensing ability of a few dimethylaminophenyl substituted 

azoles toward metal ions: role of heteroatoms 

 

 

TH-1229_08612203



TH-1229_08612203



 125 

7.0. Introduction 

Sensing of metal ions by optical method is an active area of research. It has 

wide application in chemistry, biochemistry and environmental science.317-321 Among 

various optical methods fluorescence technique is mostly used due to high sensitivity, 

easy to handle, low cost and less time consuming. The complex formation between 

the ligand and metal cation is a lewis acid-base type reaction where metal ion acts as a 

lewis acid and ligand acts as a lewis base. As the complexed cation affects the 

efficiency of ICT, it is anticipated that the interaction of cations with the ICT ligand, 

changes the spectral characteristics of the ligand. Numerous works have been reported 

on the sensing ability of ICT molecules toward different metal cations.322-324 The 

interaction of two new cruciform chromophores with metal ion indicates the spectral 

properties of the cruciforms change via switching of the ICT band.322 Qian et al. 

developed an ICT based selective sensor for Cu2+ with 1,8-naphthalimide 

derivative.325 A novel ICT based dual emission of coumarin-alkyne derivative was 

rationally designed for the ratiometric detection of gold ion.326  

Previously in our group, the sensing ability of a dual ICT fluorophore 

DMAPIP-b in different metal cations is studied. It is found that DMAPIP-b acts as an 

excellent sensor toward Zn+2 where Zn+2 is coordinated with both pyridiyl and azole 

nitrogen.327 In order to find out the effect of heteroatom replacement on metal 

coordination and the sensing ability towards different metal cations of ICT sensors, in 

the present study the sensor molecules chosen are having same donor group like 

DMAPIP-b i.e. (dimethylamino group), but the acceptor moieties are different (Chart 

7.1). Thus, the effect of metal ion on the spectral characteristics of DMAPBI, 

DMAPBO and DMAPOP are studied and compared with DMAPIP-b to investigate 

the effect of hetero atom replacement.  

 

X
N

Y

N

CH3

CH3  

X = CH, Y = NH, DMAPBI
X = CH, Y = O, DMAPBO
X = N, Y = O, DMAPOP
X = N, Y = NH, DMAPIP-b  

 
Chart 7.1. Structures of DMAPBI and analogous molecules. 

 

As mentioned in previous chapter, in all the three molecules, the emission occurs 

from the ICT state in polar solvents. However the studies of the metal sensing ability 

of these molecules are not yet explored. Although huge amount of works have been 
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reported on the sensing ability of the fluorescent molecules toward different metal 

ions, to obtain selective and sensitive fluorescent ICT molecule is still a challenge. 

Therefore, a comparative study may be useful for designing novel sensor for metal 

ions. 

 

7.1. Absorption spectra 

The absorption spectra of DMAPBI, DMAPBO and DMAPOP were recorded 

at various concentrations of different metal cations. Throughout the experiments, the 

concentrations of metal ions were considered up to 5 mM unless otherwise 

mentioned. 

 

7.1.1. Alkali and alkaline earth metal ions 

Except K+, addition of all other alkali and alkaline earth metal ions change the 

spectral characteristics of DMAPBI (Table 7.1). Upon increasing the concentration of 

Li+, Na+, Ba+2 and Ca+2, the absorbance of the fluorophore’s band at 331 nm 

decreases and a new band starts to appear at the red side around 377 nm with 

appearance of a quasi-isosbestic point. Even at higher metal ion concentration, the 

original band as well as the new red side band coexists. As a representative, effect of 

addition of Li+ ion on the absorption spectra of DMAPBI is shown in Figure 7.1a and 

plot of absorbance at both sides of the isosbestic point over concentration is shown in 

Figure 7.1b. 
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Figure 7.1 (a) Absorption spectra of DMAPBI in presence of Li+. (b) Plot of 
absorbance at maxima, ● 330 nm and ■ 379 nm. 
 

Addition of Mg+2 affects the spectral characteristics of DMAPBI more as 

compared to other alkali and alkaline earth metal ions. Alike observed in presence of 
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other alkali and alkaline earth metal ions, upon increasing the Mg+2 concentration, the 

absorbance of the original band at 331 nm decreases and a new band emerges at the 

longer wavelength side (370 nm) of the original band. The absorbance of the new 

band monotonically increases with appearance of a clear isosbestic point (Figure 

7.2a). However unlike other alkali and alkaline earth metal ions, at higher Mg+2 

concentration, the 331 nm band corresponds to the free molecule diminishes 

completely and at its expense the new band having band maxima at 377 nm reaches 

its maximum. Plot of absorbance at both sides of the isosbestic point over 

concentration is shown in Figure 7.2b. 
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Figure 7.2 (a) Absorption spectra of DMAPBI in presence of Mg+2. (b) Plot of 
absorbance at maxima, ● 330 nm and ■ 370 nm. 
 
 

However, the spectral characteristics of DMAPBO remain unaffected in the 

presence of alkali and alkaline earth metal ions except Li+. Addition of Li+ results in a 

very minor spectral change. At a very high metal ion concentration, small increase in 

absorbance is observed at a shorter wavelength (blue shift). However the band is not 

clearly visible. The result implies the existence of very weak interaction between the 

ligand and Li+. 

The spectral property of DMAPOP also remains almost unaffected except for 

a few exceptions discussed below. Alike in DMAPBO, addition of Li+ results in a 

very minor change of the spectra at a very high metal ion concentration. However 

unlike DMAPBO, the increase in absorbance is observed at longer wavelength side of 

the ligand band (430 nm). The result indicates a very weak interaction between 

DMAPOP and Li+. Very high concentration of Mg+2 results in a very small increase in 
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the absorbance at the red side indicating very weak interaction occurs between 

DMAPOP and Mg+2. 

 

7.1.2. Transition metal ions 

The effect of the transition metal ions such as Ag+, Co+2, Cd+2, Ni+2, Zn+2 and 

Cu+2 on the absorption spectral characteristics of all three molecules are investigated. 

The effect of Ag+ and Cd+2 ions on the absorption spectra of DMAPBI are similar to 

those observed upon addition of alkali and alkaline earth metal ions such as Li+, Na+, 

Ba+2 and Ca+2. i.e. upon increasing the Ag+ or Cd+2 ion concentration, the absorbance 

of the band corresponds to the free ligand decreases and a new band emerges at the 

red side with an isosbestic point. On the other hand, the effect of Co+2, Ni+2 and Zn+2 

are more significant on the absorption spectra of DMAPBI and are same as the effect 

of Mg+2. Upon increasing the concentration of these metal ion concentrations, not 

only the absorbance of the free ligand band decreases with emergence of a new band 

at the red side with appearance of a clear isosbestic point, but also the free ligand 

band diminishes completely at higher metal ion concentration. This indicates that 

DMAPBI has stronger affinity towards Co+2, Ni+2 and Zn+2 ions than Ag+ and Cd+2. 

The spectral changes observed with addition of Cu+2 (Figure 7.3a) is also similar to 

those of Mg+2, Co+2, Ni+2 and Zn+2 ions.  
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Figure 7.3 (a) Absorption spectra of DMAPBI in presence of Cu+2. (b) Plot of 
absorbance at maxima, ● 330 nm and ■ 370 nm. 
 

However, the ligand-metal complex formation is completed at a very lower 

metal ion concentration (~ 0.7 mM). Thus it can be stated that among these metal ions 

under investigations, the sensitivity of the absorption spectra of DMAPBI is 
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maximum towards Cu+2. Plot of absorbance at maxima over concentration is shown in 

Figure 7.3b. 

Addition of Co+2, Cd+2 and Zn+2 do not affect the spectral characteristics of 

DMAPBO even at very high concentration. The change in the spectral properties of 

DMAPBO is very less in presence of Ag+ and Ni+2 ions even at very high metal ion 

concentration. The new band is observed only at higher concentration of Ag+ and 

Ni+2. Addition of Ag+ results in the new band at the shorter wavelength side of the 

free ligand band, whereas upon addition of Ni+2 a new band appears at the longer 

wavelength side. But band was not very prominent in either case. This concludes a 

very weak interaction takes place upon addition of Ag+ and Ni+2 with DMAPBO.  
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Figure 7.4 (a) Absorption spectra of DMAPBO in presence of Cu+2. (b) Plot of 
absorbance at maxima, ● 340 nm, ♦ 280 nm and ■ 398 nm. 
 
 

Addition of Cu+2 causes a very significant change on the spectral properties of 

DMAPBO. Even at lower concentration, the spectral properties of DMAPBO changes 

drastically. Upon increasing the metal ion concentration, the absorbance of the free 

ligand band decreases with appearance of two new bands at both sides of the original 

band and the absorbance of the new bands increase monotonically with appearance of 

two distinct isosbestic points at 305 nm and 368 nm (Figure 7.4a). It is also observed 

that the complex formation is completed upon addition of ~ 17 mM of Cu+2. Plot of 

absorbance at maxima over concentration is shown in Figure 7.4b. Like DMAPBI, 

DMAPBO also shows higher sensitivity towards Cu+2
 than other metal ions. However, 

the sensitivity of benzoxazole derivative (DMAPBO) towards Cu+2 is less in 

comparison to the corresponding benzimidazole derivative (DMAPBI). 
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Very little change is observed in the absorption spectrum of DMAPOP upon 

addition of Ag+. Unlike DMAPBO, upon increasing the Ag+ concentration, a small 

decrease in the absorbance of the molecular band is observed with appearance of a 

weak band at the shorter wavelength side and broadening of the spectra occurs at the 

longer wavelength. Unlike the absorption spectrum of DMAPBO, the absorption 

spectrum of DMAPOP is affected by the addition of Cd+2 ions.  Addition of Cd+2 

produces two clear bands at both sides (295 nm and 398 nm) of the free ligand band. 

With increase in Cd+2 concentration, the absorbance of both new bands increase at the 

cost of free ligand’s absorption band with two clear isosbestic points (Figure 7.5a). 

Plot of absorbance at maxima over concentration is shown in Figure 7.5b. 
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Figure 7.5 (a) Absorption spectra of DMAPOP in presence of Cd+2. (b) Plot of 
absorbance at maxima, ● 357 nm, ♦ 395 nm and ■ 295 nm. 
 
 

The spectral properties of DMAPOP are affected upon addition of Co+2 and 

new band is obtained at the red side (398 nm) of the uncomplexed form. Ni+2 also 

produces a bathochromic shift and the absorbance of the new band increases with 

increase in concentration of Ni+2 with appearance of a quasi-isosbestic point. At 

higher metal ion concentration the original band diminishes completely. Like its other 

analogues, DMAPOP also has higher sensitivity towards Cu+2 which affects 

drastically the spectral characteristics of DMAPOP even at a very low concentration. 

Alike in DMAPBO, in DMAPOP also addition of Cu+2 ion results in decrease in the 

absorbance of the original band with appearance of two new bands obtained one at 

longer wavelength (427 nm) and other at shorter wavelength (308 nm) of the original 

band (357 nm) with two distinct isosbestic points and the complex formation saturated 
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at  8.4 mM (Figure 7.6a). Plot of absorption maxima at both sides of the isosbestic 

point over concentration is shown in Figure 7.6b.From the result it can be inferred 

that the sensitivity of DMAPOP toward Cu+2 is more than DMAPBO but less than 

DMAPBI. 
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Figure 7.6 (a) Absorption spectra of DMAPOP in presence of Cu+2. (b) Plot of 
absorbance at maxima, ● 357 nm, ♦ 307 nm and ■ 430 nm. 
 
 

The effect of Zn+2 on the absorption spectrum of DMAPOP is not only 

different from those of DMAPBI and DMAPBO; it is also quite different from the 

effect of other metal ions. For initial addition of Zn+2 a new band is observed at 435 

nm and it’s absorbance increases upto  1.4 mM concentration of metal ion. On 

further increasing the Zn+2 concentrations, a clear band emerges at 390 nm (Figure 

7.7a). Plot of absorbance at maxima over concentration is shown in Figure 7.7b. 
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Figure 7.7 (a) Absorption spectra of DMAPOP in presence of Zn+2. (b) Plot of 
absorbance at maxima, ● 357 nm and ■ 390 nm. 
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7.2. Fluorescence spectra 

7.2.1. Alkali and alkaline earth metal ions 
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Figure 7.8. Fluorescence spectra of DMAPBI in presence of Mg+2: (a) exc = 330 
nm and (b) exc = 370 nm. 
 

Insignificant changes are observed in the fluorescence spectra of DMAPBI in 

presence of Li+, Na+ and K+ ions 330 nm. But exciting at 370 nm results in a weak 

band emerges at 397 nm (figure not shown). This indicates that there is a very weak 

interaction of DMAPBI with Li+, Na+ and K+. However more significant changes are 
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obtained upon addition of Ba+2, Ca+2 and Mg+2. The effect of Mg+2 on the 

fluorescence spectra are shown in Figure 7.8 as representative. When excited at 330 

nm, a band is obtained at 380 nm (Figure 7.8a). Upon increasing the concentration of 

the metal ion the intensity of the original band decreases monotonically and at higher 

concentrations of Mg+2 the band broadens and shifted towards red side. This indicates 

the mixing of two bands. At very high concentration the original band diminishes and 

the new red shifted band become more prominent. But, when excited at 370 nm, the 

new red shifted band starts to appear even for the initial addition of metal ion and the 

intensity of the band increases with increase in metal ion concentration (Figure 7.8b). 

Although effect of other two alkaline earth metal ions are also same, but the 

magnitude is less. The change in the spectral intensity are in the order Ba+2 < Ca+2 < 

Mg+2. However, the alkali and alkaline earth metal ions fail to produce any significant 

change in the fluorescence spectra of DMAPBO and DMAPOP. 

 

7.2.2. Transition metal ions 

Addition of Ag+ ion in DMAPBI solution results in decrease in the emission 

intensity of the original band without any shift or appearance of new band by exciting 

at the ligand’s band maximum (λexc = 330 nm). However upon exciting at the longer 

wavelength (λexc = 370 nm), a new band arises at 410 nm. DMAPBI shows more 

sensitivity towards Ni+2, Co+2, Cd+2 and Zn+2 than alkaline earth metal ions and Ag+. 

Upon increasing the concentration of Ni+2, the intensity of the free ligand band at 380 

nm decreases and the spectra broadens and a new band emerges at 402 nm (figure not 

shown). The new band becomes more prominent with increase in Ni+2 concentration 

and the original band diminishes slowly. By exciting at 370 nm the appearance of the 

new band occurs and the intensity increases with increase in concentration. Similar 

behaviour is also found upon addition of Co+2, Cd+2 and Zn+2. However the saturation 

of the new band reaches at 3.6 mM, 1.1 mM and 0.9 mM concentration of Co+2, Cd+2 

and Zn+2 respectively. 

Same as in the absorption spectra, addition of Cu+2 affects drastically the 

fluorescence spectral characteristics of DMAPBI. Upon exciting at the isosbestic 

point (345 nm), the intensity of the molecular band at 380 nm decreases gradually and 

like in Co+2 and Cd+2, the spectra broaden and the band is shifted towards the longer 

wavelength (404 nm) upto addition of 8 mM of Cu+2. Upon further addition (> 8 mM) 
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of Cu+2, the intensity of the red shifted band increases and is saturated at 

concentration 50 mM (Figure 7.9a, inset). Upon exciting at 370 nm, the new red 

shifted band starts to appear even for the initial addition of Cu+2 and the intensity of 

the band increases with increase in metal ion concentration (Figure 7.9b). 
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Figure 7.9. Fluorescence spectra of DMAPBI in presence of Cu+2: (a) exc = 345 
nm and (b) exc = 370 nm. 
 

No significant change in the fluorescence spectra is observed upon addition of 

Ag+, Cd+2, Co+2 and Zn+2 to DMAPBO solution which indicates that there is 

negligible or no interaction of DMAPBO with these metal ions. However upon 

addition of Ni+2, the fluorescence intensity decreases and the quenching is observed 

without any shift or emergence of any new band. On the other hand, Cu+2 affects 

drastically the spectral properties of DMAPBO even at a very lower concentration. 

When excited at the blue side isosbestic point (305 nm), the intensity of the original 

TH-1229_08612203



 135 

band at 394 nm decreases with a hypsochromic shift. At 63 mM of Cu+2 the original 

band diminishes completely and the band at 368 nm is prominent and also got 

saturated (Figure 7.10a). Exciting at the red side isosbestic point (368 nm) resulted 

only in quenching of fluorescence without any shift or emergence of any new band 

(figure not shown). On addition of Cu+2, same as in the emission spectra, the intensity 

of the excitation spectra (obtained by monitoring at 450 nm) decreases gradually with 

a blue shift (Figure 7.10b). 
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Figure 7.10. (a) Emission spectra (exc = 305 nm) and (b) excitation spectra (em = 
450 nm) of DMAPBO in presence of Cu+2. 
 

The fluorescence intensity of DMAPOP decreases with addition of Ag+ when 

excited at 305 nm and 345 nm without appearance of any new band. However upon 

exciting at 390 nm, the ligand’s emission band at 420 nm decreases with emergence 

of a new band at the red side with appearance of a quasi-isoemissive point at around 
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434 nm (Figure 7.11a). Plot of emission intensity at maxima over concentration is 

shown in Figure 7.11b. 
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Figure 7.11 (a) Fluorescence spectra of DMAPOP in presence of Ag+ (λexc = 390 nm). 
(b) Plot of absorbance at maxima, ● 420 nm and ■ 450 nm. 
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Figure 7.12. Fluorescence spectra of DMAPOP in presence of Cd+2: (a) exc = 297 
nm and (b) exc = 385 nm. (c) Plot of emission intensity at maxima, ● 420 nm, ♦ 360 
nm and ■ 498 nm (exc = 297 nm). (d) Plot of emission intensity at maxima, ● 420 nm 
and ■ 470 nm (exc = 385 nm). 
 

Fluorescence titration of Cd+2 on DMAPOP is shown in Figure 7.12. When 

excited at 300 nm, the single emission band system is slowly replaced by two bands 
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system. Although, the red shifted band appears as a tail when excited at 300 nm 

(Figure 7.12a), it appears as a clear band upon excitation at 380 nm (Figure 7.12 b). 

The excitation spectra (not shown) behaviour also correlates well with the emission 

spectra. Plot of emission intensity at maxima over concentration is shown in Figure 

7.12c and Figure 7.12d. 

The effect of Ni+2 on DMAPOP is same as that on DMAPBO. The 

fluorescence spectrum is quenched with increase in concentration of Ni+2, without any 

spectral shift or appearance of new band (figure not shown). Co+2 also quenches the 

fluorescence spectra of DMAPOP without any shift (figure not shown). Upon 

increasing Zn+2 concentration, the intensity of the free ligand emission band decreases 

with emergence of a new band at the red side (498 nm). At higher Zn+2 concentration 

the intensity of the molecular band decreases drastically and the new band obtained at 

the red side becomes much more prominent (Figure 7.13a). Plot of emission intensity 

at maxima over concentration is shown in Figure 7.13b. 
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Figure 7.13 (a) Fluorescence spectra of DMAPOP in presence of Zn2+
 (exc = 390 

nm). (b) Plot of emission intensity at maxima, ● 420 nm and ■ 500 nm. 
 
 

The effect of Cu2+ on DMAPOP is same as that on DMAPBO. The 

fluorescence spectra obtained by exciting at both quasi-isosbestic points (323 nm and 

387 nm) in presence Cu2+ ion lead to quenching of the 420 nm fluorescence band of 

uncomplexed DMAPOP (Figure 7.14). However, a new band appears at 380 nm upon 

excitation at 323 nm (Figure 7.14a) and no such new band emerges upon excitation at 

the red side isosbestic point Figure 7.14b. 
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Figure 7.14. Fluorescence spectra of DMAPOP in presence of Cu+2: (a) exc = 323 
nm (Inset shows plot of emission intensity at maxima, ● 420 nm and ■ 365 nm 
(exc = 387 nm). 
 

7.3. Discussion 

7.3.1. Complex formation 

The absorption band maxima and fluorescence band maxima for all the three 

molecules in the presence of metal ions are compiled in Table 7.1. DMAPBI and 

DMAPBO have two basic centers i.e. azole nitrogen and dimethylamino nitrogen. In 

addition to azole nitrogen and dimethylamino nitrogen DMAPOP contains one more 

basic center i.e. pyridyl nitrogen. It is well established in the literature and also 

explained in previous chapters that the binding of cations (protons) through the 

dimethylamino group results in blue shift and those through ring nitrogens produce 

red shift.82,83,85,205-208 The bathochromic shift is more when cation binds at the pyridyl 

nitrogen than when it binds at the azole nitrogen. 

.  
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Table 7.1. Absorption maxima (max
ab, nm) and fluorescence maxima (max

em, nm) of DMAPBI, DMAPBO and DMAPOP in presence of a 
series of metal ions studied. 

DMAPBI DMAPBO DMAPOP Metal ion 

max
ab max

em max
ab max

em max
ab max

em 

No metal 330 379 340 394 358 420 
Li+ 378 410 298 (weak) 394 433 420 
Na+ 378 410 340 394 358 420 
K+ 330 410 340 394 358 420 

Ba+2 377 410 340 394 358 420 
Ca+2 377 410 340 394 358 420 
Mg+2 370 410 340 394 394 (weak) 437 
Co+2 370 410 340 394 399 420 
Cd+2 377 410 340 394 295, 395 370, 470 
Ag+ 370 410 308 (weak) 394 308 431 
Ni+2 370 410 379 (weak) 394 372 420 
Zn+2 370 410 340 394 390, 440 500 
Cu+2 370 403 298, 397 370 309, 430 379 
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Addition of metal ion causes bathochromic shift in both absorption and 

fluorescence spectra of DMAPBI’s band. This indicates that all the metal ions interact 

with DMAPBI through the azole nitrogen. As the charge flow from the 

dimethylamino group to the imidazole ring, the charge on the azole nitrogen 

increases. Thus, the coordination of metal ions occurs only through the azole nitrogen, 

but none of the metal ion interacts at dimethylamino nitrogen of DMAPBI due to less 

charge density at the dimethylamino nitrogen. 

As indicated by the absorption and fluorescence spectra, metal ions such as 

Na+, K+, Mg+2, Ca+2, Ba+2, Co+2, Cd+2  and Zn+2 do not interact with DMAPBO. The 

formation of blue shifted band at very high concentrations of Li+ and Ag+ implies 

weak interaction of the fluorophore with the metal ion via dimethylamino nitrogen. 

On the other hand, appearance of a weak red shifted band upon addition of Ni+2 in the 

absorption spectra suggests the binding of metal ion at azole nitrogen of DMAPBO. 

However, the quenching of fluorescence spectra results without any appearance of 

new band shows that the binding becomes weaker in the excited state. The quenching 

of the fluorescence is due to the interaction of ligand with the paramagnetic Ni+2 The 

formation of two new bands in the absorption spectra on addition of Cu+2suggests that 

the metal ion binds at both dimethylamino nitrogen and azole nitrogen to form two 

1:1 complexes with DMAPBO. 

The metal ions like Na+, K+, Ca+2 and Ba+2 do not bind with DMAPOP. 

Addition of Ag+ results a weak band at shorter wavelength side with broadening of 

the spectra at longer wavelength of the absorption spectra of DMAPOP with respect 

to the molecular band. However, no emission band is observed at the shorter 

wavelength side, but the longer wavelength band is appeared at higher concentration. 

This suggests that although in ground state DMAPOP interacts with Ag+ via both 

dimethylamino nitrogen and azole nitrogen, but in the excited state the dissociation of 

the dimethylamino coordinated complex takes place. The bathochromic shift is 

observed in the absorption spectra of DMAPOP upon complexation with Mg+2, Co+2 

and Ni+2 are more than that observed upon complexation with Li+. This shows that 

Mg+2, Co+2 and Ni+2 form complexes through azole nitrogen and complexation with 

Li+ occurs via pyridyl nitrogen. From the formation of two red shifted absorption 

bands upon complexation with Zn+2, it can be inferred that it forms two kinds of 1:1 

complexes by coordination through each ring nitrogen. Similarly, from the spectral 

shifts it can be inferred that Cd+2 and Cu+2 also form two 1:1 complexes, but in the 
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presence of Cd+2 binding occurs via dimethylamino and azole nitrogens, and in the 

presence of Cu+2 binding occurs via dimethylamino and pyridyl nitrogens, 

respectively. The binding sites of the metal ions with different fluorophores are 

summarized in Table 7.2. 

 

Table 7.2. The coordination site of different metal ions on DMAPBI, DMAPBO 
and DMAPOP.  

Metal 
ion 

DMAPBI DMAPBO DMAPOP 

Li+ Azole nitrogen Dimethylamino nitrogen 
(weak interaction) 

Pyridyl nitrogen (weak 
interaction) 

Na+ Azole nitrogen - - 
K+ Azole nitrogen - - 

Ba+2 Azole nitrogen - - 
Ca+2 Azole nitrogen - - 
Mg+2 Azole nitrogen - Azole nitrogen (weak 

interaction) 
Co+2 Azole nitrogen - Azole nitrogen 

Cd+2 Azole nitrogen - Dimethylamino nitrogen 
and Azole nitrogen 

Ag+ Azole nitrogen dimethylamino (weak 
interaction) 

Dimethylamino nitrogen 
and Azole nitrogen 

Ni+2 Azole nitrogen Azole nitrogen (weak 
interaction) 

Azole nitrogen 

Zn+2 Azole nitrogen - Azole nitrogen and Pyridyl 
nitrogen 

Cu+2 Azole nitrogen Dimethylamino nitrogen 
and Azole nitrogen 

Dimethylamino nitrogen 
and Pyridyl nitrogen 

 

The changes observed in the fluorescence spectral characteristics are more 

than those in the absorption spectral characteristics. However, in general, higher 

concentrations of metal ions were required to reach the saturation limit in the 

fluorescence spectra compared to the absorption spectra in all the fluorophores. The 

interaction becomes weaker in the excited state because of the difference in charge 

distribution in the excited state and the ground state. 

 

7.3.2. Comparative sensitivity 

From the results discussed above it can be depicted that the sensitivity of 

DMAPBI and its analogous are higher toward transition metal ions than alkali and 

alkaline earth metal ions. Among the three ligands, the sensitivity toward different 

metal cations is highest for DMAPBI and is lowest for DMAPBO. Again, unlike in 
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other molecules in DMAPBI, the metal ions are binding only at azole nitrogen and 

interact with almost all metal ions. The selectivity improves upon replacing the >NH 

group of the heterocyclic ring by oxygen. But, when electron withdrawing nitrogen 

was introduced in benzene of the benzoxazole the selectivity decreases. For examples, 

with Mg+2, Co+2 and Cd+2, DMAPBO did not interact but bind with DMAPOP. This 

difference in behaviour can be explained using ICT. Due to ICT the charge density on 

the dimethylamino nitrogen decreases and that on azole nitrogen increases which 

enhances the metal binding at azole nitrogen. Replacing the >NH group by electron 

withdrawing oxygen atom decreases the charge on azole nitrogen thereby decreasing 

its coordinating ability. Therefore, the binding ability of DMAPBO decreases and 

some metal ions also bind at dimethylamino nitrogen. When pyridyl nitrogen was 

substituted on benzene ring again ICT increases, as a result the binding ability of 

DMAPOP increases compared to DMAPBO. 

 

Figure 7.15. Histogram plot of the intensity ratio (I0 / I) of the three fluorophores 
to different metal cations (metal ion concentrations fixed at 100 mM). 
 

A set of experiments are carried out by considering the metal ion at 100 mM 

for all the three ligands with a series of metal ions studied in the present work. The 

histogram plot is constructed by considering the intensity ratios (I0 / I) (Figure 7.15). 

The change in fluorescence intensity ratio of DMAPBI is highest in presence of Zn+2 

followed by Cu+2. Whereas the change in fluorescence intensity ratios of both 
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DMAPBO and DMAPOP are highest in presence of Cu+2 and are negligible in 

presence of other metal ions. The intensity ratio of DMAPBI in presence of Zn2+ is 

104 and in presence of Cu+2 is 25. The intensity ratios of DMAPBO and DMAPOP in 

presence of Cu+2 are 193 and 60 respectively. 

 

7.4. Conclusion 

The sensing abilities of three ICT fluorophores DMAPBI, DMAPBO and 

DMAPOP toward a series of metal cations are investigated to understand the effect of 

heteroatoms. The studies revealed that benzimidazole derivative has higher binding 

affinity than the oxazole derivatives due to ICT from dimethylamino group to azole 

nitrogen. DMAPBI interacts with all the metal ions through azole nitrogen. Since, the 

charge of the azole nitrogen is decreased in DMAPBO, depending on the metal ion, it 

coordinates through azole nitrogen and/or dimethylamino nitrogen. When in benzene 

ring pyridyl nitrogen was substituted, the molecule interacts through azole nitrogen 

and/or pyridyl nitrogen. From the histogram plot it is found that the change in 

fluorescence intensity ratios of DMAPBI is highest in presence of Zn+2 followed by 

that of Cu+2. However in both oxazole derivatives change in fluorescence intensity 

ratios are more with Cu+2. 
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Chapter 8 

Effect of micelles on the prototropic equilibriums of a few 

push-pull styryl azoles 
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8.0. Introduction 

 

 

Figure 8.1. Structure of micelle. 

 

Micelles are studied as rudimentary models for biological lipid membrane 

systems.240,328 Surfactant molecules aggregate in the presence of water to form 

micelle. In micelle the hydrophobic long chain (tail) is projected towards the core and 

the polar head group projects outward and is in contact with the surrounding solvent 

molecule (Figure 8.1). Micelles are of two types i.e. ionic and nonionic. Core of the 

micelle is surrounded by a polar shell known as stern layer for ionic micelle and 

palisade layer for nonionic micelle. It is found that the thickness of the stern layer for 

cationic CTAB and anionic SDS is 6-9 Å and for nonionic TX-100 the palisade layer 

is about 20 Å.329,330 

Variation of viscosity and polarity of different micelles render them to use in 

many processes including ICT process. The photoinduced electron transfer from N,N-

dimethylaniline to coumarin dyes becomes much faster in CTAB micelle.331 As the 

hydrophobic interaction with the micelles increases the rates of the hydrolysis of p-

nitrophenyl esters are increased with alkyl chain length (of esters) in CTAB 

micelles.332 The oxidation of ethylenediaminetetraacetic acid by chromic acid shows 

the higher rate in the micellar pseudo-phase due to association of the reactants with 

the nonionic micellar head groups via hydrogen bonding.333 

Studying the spectral characteristics in micellar environment is also an active 

area of research.85,334-336 To analyze the ion distribution between bulk aqueous phase 

and interface, micelles have been used extensively. In micellar medium the molecule 
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experiences totally different environment than that of the bulk solvent in terms of 

polarity, viscosity etc. As ICT molecules are strongly influenced by polarity, 

viscosity, hydrogen bonding capacity and ionic character of the environments, thus 

the micellar medium will drastically affect the ICT process and are widely 

studied.85,91,92,175,337-340 As protonation results charged species, the ionic character 

or/and the polarity of the micelle control the prototropic equilibrium. It is well known 

that the pKa value of a molecule in anionic micelle is much higher than in aqueous 

medium, on the other hand the pKa value in cationic micelles are lesser than that in 

aqueous medium and the value obtained for non-ionic micelle is little higher than 

cationic micelle but less than in aqueous medium.85,175,338 In anionic micelle, the 

protons and the cations are concentrate in the Stern layer and suppress the release of 

protons, as a result the apparent pKa increases. The decrease in pKa in non-ionic 

micelle is due to decrease in dielectric constant of the medium. On the other hand, in 

cationic micelle positively charged species are repelled to the aqueous phase, hence 

the apparent pKa decreases.85,175,338 

On fluorophores having more than one basic center often protonation occurs at 

more than one basic center.82,83,85,205-207 Several interesting observations were reported 

about the role of solvent on the protonation of this multi basic sites.205,206 Owing to 

heterogeneity, micelles are much more interesting media to study the protonation of 

this multi basic sites. Nonetheless, although the effect of micelle on protropic 

equilibrium constantly received considerable attention, still the effect of micelle on 

the protonation site received less attention. Styryl based push-pull systems exhibit 

ICT emission. However, presence of ethylenic double bond makes the system 

hydrophobic in nature which increases its binding affinity with micelles. In addition, 

the length and the planarity of the molecule increases, which might make it to 

penetrate deeper inside the micelle. This leads to interesting effect on protonation. In 

trans-2-[4′-(dimethylamino)styryl]benzimidazole (t-DMASBI, Scheme 8.1) the 

protonation occurs only at azole nitrogen to form the monocation (assigned as MC2) 

in aqueous medium due to greater charge density in azole nitrogen of t-DMASBI.341 

In micelles, t-DMASBI is present in the micellar-water interface with limited 

exposure to water.342 Study on prototropic equilibrium of the molecule in micelles 

leads to an interesting observation. Alike in aqueous medium, in micelles upon 

protonation only MC2 is formed. The formation of monocation is completed in SDS 

and TX-100 micelles. On the other hand, in cationic CTAB micelle, for initial 
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addition of acid MC2 is formed, however at lower pH before the completion of 

monocation, dication formation starts to take place. 

Styryl dyes t-DMASBT, t-DMASIP-b and trans-2-[4′-(dimethylamino) 

styryl]imidazo[4,5-c]pyridine (t-DMASIP-c) (Scheme 8.1) also have interesting 

prototropic equilibrium. In aqueous medium upon protonation of t-DMASBT two 

kinds of monocations are formed: (i) protonation at dimethylamino nitrogen (assigned 

as MC1, Scheme 8.1) and (ii) protonation at azole nitrogen (MC2, Scheme 8.1).149,153 

On t-DMASIP-c, it is found that the protonation takes place at both azole nitrogen 

(MC2) and pyridyl nitrogen (assigned as MC3, Scheme 8.1).342 As discussed in 

Section 4.7, t-DMASIP-b also forms two kinds of monocations by protonation of the 

heterocyclic ring nitrogens. Therefore, it is interesting to find the effect of micelle on 

these systems. In this chapter, the effect of anionic micelle SDS, nonionic micelle TX-

100 and cationic micelle CTAB on prototropic equilibriums and protonation sites of t-

DMASBT, t-DMASIP-b and t-DMASIP-c are investigated. 
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Scheme 8.1. Structures of possible monocations of benzazole and pyridazole 
derivatives of push-pull styryl compounds. 
 

As mentioned in earlier chapters, it is well established in literature that the 

protonation of dimethylamino nitrogen causes a blue shift in the spectra with respect 

to the neutral band, as the lone pair of electrons on that nitrogen is no longer involved 

in conjugation. In contrast the protonation at electron withdrawing ring nitrogens will 

increase the conjugation that results in the red shift of the spectra.82,83,85,205-207 The 
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formation of MC1 produces a blue shift in the absorption and fluorescence spectra. 

On the other hand MC2 and MC3 causes a red shift in the absorption and fluorescence 

spectra and bathochromic shift is much more pronounced in MC3 than MC2 due to 

enhanced conjugation. 

 

8.1.0. Effect of pH on trans-2-[4′-(dimethylamino)styryl]benzothiazole in 

different micelles 

t-DMASBT is recommended as a good microsensor to study the biological 

functions and also biomimetic systems.154 t-DMASBT has been reported to act as an 

outstanding sensor for a variety of heterogeneous systems.155,156,343-347 It was used as a 

surface probe to monitor the premicellar aggregation in SDS, CTAB and TX-100343 

and brijs.344 Purkayastha et al. used t-DMASBT to study the ionic surfactant created 

at the peripheral of confined water around silver nanoparticle.156 The reliability of 

these works depends on the species present under the experimental conditions. Thus, 

the present study of the prototropic equilibrium of the system in micelles gains further 

importance. 

 

8.1.1. Effect of sodium dodecyl sulfate (SDS) 
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Figure 8.2. Absorption spectra of t-DMASBT in SDS at different pH. 
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In SDS micelle, with increase in acid concentration the absorbance of neutral 

band at 408 nm decreases and two new bands emerge on either sides of the original 

band with two quasi-isosbestic points at 360 nm and 467 nm (Figure 8.2). These 

spectral changes indicate that two new species are formed upon decreasing the pH and 

are in equilibrium with the neutral molecule. At pH ~ 3.7, the molecule completely 

exists in monocationic form and shows two distinct bands at 334 nm and 521 nm. The 

results obtained in SDS environment are quite similar with that obtained in aqueous 

medium.153 However the pKa obtained in SDS micelle is 5.5 which is higher than that 

obtained in aqueous medium (4.8).153 
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Figure 8.3. Normalised emission spectra of t-DMASBT in SDS: (a) MC1 (exc = 
330 nm), (b) Neutral (exc = 408 nm) and (c) MC2 (exc = 520 nm). 
 

The emission and excitation spectra were recorded at different wavelengths. 

When excited at the shorter wavelength isosbestic point (exc = 360 nm), at pH 10.2 

only one band appears at 513 nm and upon increasing the acid concentration, the 

intensity of the band decreases and one new band appears at the shorter wavelength 

side (411 nm) (figure not shown). Similarly; when excited at the red side isosbestic 

point (exc = 467 nm), upon increasing the acid concentration the intensity of the band 

appears at 513 nm decreases and at the expense, one new band arises at 585 nm 

(figure not shown). At cationic pH, different excitation and emission spectra were 

recorded which clearly shows that two different species one emitting at shorter 

wavelength and the other one at longer wavelength relative to the neutral band are 
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present. The normalized emission spectra for both the cations along with the neutral 

band are shown in Figure 8.3. From the spectral shift, the absorption band at 334 nm 

and the corresponding emission band at 411 nm can be assigned to MC1 and the 

absorption band at 521 nm and the corresponding fluorescence band at 585 nm can be 

assigned to MC2. From the above results and discussions it is inferred that alike in 

aqueous medium in anionic SDS micelle also dimethylamino nitrogen and azole 

nitrogen are protonated forming MC1 and MC2, respectively. However the relative 

ratio of MC2:MC1 obtained from the absorption spectral data in SDS is three times 

higher than that obtained in aqueous medium (Table 8.1). This clearly indicates that 

SDS micelle enhances the formation of MC2 than water. 

 

Table 8.1. Absorption band maxima (max
ab, nm) and fluorescence band maxima 

(max
em, nm) of neutral and monocationic form of t-DMASBT and the 

absorbance ratio of both the monocations (MC2:MC1). 

max
ab max

em t- DMASBT 

N MC2 MC1 N MC2 MC1 

MC2:MC1 
(Absorbance ratio) 

Watera 415 455 351 508 549 456 0.09 
SDS 408 521 334 513 590 411 0.30 

TX-100 410 522 334 513 587 407 0.06 
CTAB 413 530 345 524 590 400 0.05 

afrom ref. 153. 

 

8.1.2. Effect of triton X-100 (TX-100) 
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Figure 8.4. Absorption spectra of t-DMASBT in TX-100 at different pH (inset 
shows the magnified band appears at 522 nm). 
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The effect of pH on absorption spectra of t-DMASBT in TX-100 are similar to 

that in SDS (Figure 8.4). Upon increasing the acid concentration the absorbance of 

the neutral band decreases and bands of MC1 and MC2 starts to appear at both side of 

the neutral band. Two quasi-isosbestic points are obtained at 368 nm and at 476 nm. 

However unlike in SDS, the band of MC2 appears at 522 nm is not much prominent 

and hence the magnified spectra are shown in the inset of Figure 8.4. The absorbance 

ratio of MC2:MC1 obtained in TX-100 is approximately 5 times less than that 

obtained in SDS micelle. The results show that in TX-100 micelle, the formation of 

MC2 is higher than water, but less than SDS (Table 8.1). The pKa value for 

DMASBT in TX-100 micelle is found to be 2.2 which is lesser than that obtained in 

aqueous medium and in SDS micelle. 
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Figure 8.5. Normalised emission spectra of t-DMASBT in TX-100 at 
monocationic pH: (a) MC1 (exc = 330 nm) and (b) MC2 (exc = 520 nm). 
 

The emission and excitation spectra of t-DMASBT at different pH in TX-100 

were recorded. Upon exciting at 336 nm, it is observed that at pH 4.09 only single 

emission is observed at 513 nm and further decreasing the pH results in one new band 

at 407 nm at the expense of the original band. On the other hand exciting at 409 nm 

produces only the neutral species band (at 513 nm), but upon increasing the acid 

concentration, the intensity of the band decreases (figure not shown). However, 

though upon exciting at 520 nm no emission is observed at pH 4.09, a new band 
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appears at 587 nm and the band intensity increases by increasing the acid 

concentration. From the above results it is concluded that the absorption band at 344 

nm and the corresponding emission band at 407 nm are those of MC1, the absorption 

band at 410 nm and the corresponding emission band at 513 nm are those of neutral 

species and the absorption band at 522 nm and the corresponding emission band at 

587 nm are those of MC2, respectively. The normalized emission spectra at 

monocatinic pH are shown in Figure 8.5. 

 

8.1.3. Effect of cetyltrimethylammonium bromide (CTAB) 

The effect of pH on the absorption spectral characteristics of t-DMASBT in 

CTAB micelle are quite similar to those in TX-100. Therefore, the absorption spectra 

are not shown. In CTAB micelles also upon increasing the acid concentration, two 

quasi-isosbestic points are obtained at 369 nm and at 482 nm with two new bands at 

both the sides of the original band which corresponds to two monocations at lower 

pH. The absorbance ratio of MC2/MC1 obtained in CTAB is even lesser than that 

obtained in TX-100 and is approximately 6.2 times less than that obtained in SDS 

micelle (Table 8.1). 
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Figure 8.6. Normalised emission spectra of t-DMASBT in CTAB at cationic pH: 
(a) MC1 (exc = 355 nm) and (b) MC2 (exc = 535 nm). 
 

The fluorescence spectra obtained in CTAB micelle are also quite similar to 

those obtained in TX-100 micelle and the normalized emission spectra at cationic pH 

TH-1229_08612203



 155 

for both the monocations are shown in Figure 8.6. This is consistent with the 

formation of MC1 and MC2. 

The above results can be summarized as below: like in aqueous medium in 

micelles also both MC1 and MC2 are formed in the ground as well as excited states. 

MC1 dominates over MC2 in all the media. However compared with that in aqueous 

medium, the relative population of MC2 increases in SDS, but decreases in other two 

micelles and is least in CTAB. (see Section 8.5). 

 

8.2.0. Effect of pH on trans-2-[4′-(dimethylamino)styryl]imidazo[4,5-c]pyridine 

in different micelles 

As mentioned earlier, t-DMASIP-c also found to form two kinds of 

monocations in water.342 But unlike in t-DMASBT dimethylamino nitrogen is not 

protonated on t-DMASIP-c to monocation in aqueous medium. The monocation 

formed are by protonation at azole nitrogen and at pyridyl nitrogen resulting in MC2 

and MC3, respectively. 

 

8.2.1. Effect of sodium dodecyl sulfate (SDS) 

The absorption spectra of t-DMASIP-c in SDS at different pH are depicted in 

Figure 8.7. The band of the neutral species at 380 nm undergoes a bathochromic shift 

with increase in acid concentration. This suggests the formation of monocation by 

protonation at the ring nitrogen(s). 
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Figure 8.7. Absorption spectra of t-DMASIP-c in 50 mM SDS at different pH. 
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Figure 8.8. Emission spectra of t-DMASIP-c in 50 mM SDS at different pH (exc 
= 400 nm). 
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Figure 8.9. Normalised excitation spectra of t-DMASIP-c in SDS at cationic pH 
(7.54): (a) em = 480 nm, (b) em = 500 nm, (c) em = 520 nm, (d) em = 540 nm,  (e) 
em = 560 nm, (f) em = 580 nm, (g) em = 600 nm, (h) em = 620 nm, (i) em = 640 
nm, (j) em = 660 nm and (k) em = 680 nm. 
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Figure 8.10. Normalised emission spectra of t-DMASIP-c in SDS at cationic pH 
(7.54). (a) exc = 360 nm, (b) exc = 380 nm, (c) exc = 405 nm, (d) exc = 422 nm, (e) 
exc = 440 nm, (f) exc = 460 nm, (g) exc = 480 nm, (h) exc = 500 nm and (i) exc = 
520 nm. 
 

The fluorescence emission spectrum (exc = 400 nm) of neutral species at 495 

nm slowly diminishes with emergence of a red shifted band at 562 nm and the 

intensity increases with increase in acid concentration (Figure 8.8). At pH 7.52, the 

495 nm band completely vanishes. As both absorption and emission spectra are red 

shifted corresponding to the neutral species, it can be concluded that in SDS micelle 

protonation takes place at the ring nitrogen(s). The excitation and emission spectra at 

monocationic pH were recorded at different emission and excitation wavelengths. The 

normalised excitation and emission spectra of t-DMASIP-c at pH 7.52 in SDS micelle 

are shown in Figure 8.9 and Figure 8.10, respectively. The emission spectrum shifts 

bathochromically (35 nm) when the excitation wavelength is shifted to longer 

wavelengths. Similarly, the excitation spectrum also shifted towards longer 

wavelength when monitored at longer wavelength. This illustrates the presence of 

more than one kind of monocation. Since all the spectra are red shifted with respect to 

those of neutral species, it clearly indicates the formation of two kinds of monocations 

and they are formed by the protonation of azole nitrogen and pyridyl nitrogen. In 

other words, both MC2 and MC3 are formed in SDS micelles. 
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8.2.2. Effect of triton X-100 (TX-100) 
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Figure 8.11. Absorption spectra of t-DMASIP-c in TX-100 at different pH. 
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Figure 8.12. Emission spectra of t-DMASIP-c in TX-100 at different pH (exc = 
402 nm). 
 

The effect of pH on the absorption spectrum of t-DMASIP-c in TX-100 is 

presented in Figure 8.11. Same as in SDS, in TX-100 upon increasing the acid 

concentration the absorbance of the neutral band decreases and a new band arises at 

the red side of the band of neutral species with a quasi-isosbestic point at 402 nm. The 
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effects on the fluorescence spectra of the molecule in TX-100 are also as same as that 

in SDS. On exciting at the quasi isosbestic point (exc = 402 nm), the fluorescence 

intensity of the neutral species decreases with the formation of a new band at longer 

wavelength with a quasi-isoemissive point (Figure 8.12). The fluorescence excitation 

and emission spectra of the fluorophore at cationic pH also undergo bathochromic 

shift when monitored and excited at longer wavelengths, respectively. From these 

spectral characteristics it can be inferred in TX-100 also both MC2 and MC3 formed 

and  formation of MC1 is ruled out. 

 

8.2.3. Effect of cetyltrimethylammonium bromide (CTAB) 
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Figure 8.13. Absorption spectra of t-DMASIP-c in CTAB at different pH. 
 

The prototropic equilibrium of t-DMASIP-c in CTAB micelle is quite 

different from other micelles and also different from the results obtained for t-

DMASBT in CTAB. The effect of pH on the absorption spectra of t-DMASIP-c is 

shown in Figure 8.13. At pH 8.84 only one band is observed at 383 nm. Upon 

increasing the acid concentration the absorbance of the neutral band decrease with a 

bathochromic shift and a weak band appears at the red side of the neutral species band 

and the absorbance increases up to pH 4.16. However, upon further decrease in pH, 

before complete conversion of neutral species to monocation, the absorbance of the 

red shifted band decreases and a new band starts to appear at shorter wavelength at 

319 nm. The band is also blue shifted relative to the band of neutral species. Initial red 
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shift shows the formation of monocation due to protonation of ring nitrogen(s). The 

blue shift indicates the formation of dication due to the protonation of dimethylamino 

group of the initially formed monocation. The absorption spectral changes suggest the 

shifting away from neutral-monocation equilibrium towards formation of dication 

before the completion of monocation. The changes in the fluorescence spectra are also 

substantiate this premature shifting of neutral-monocation equilibrium towards 

monocation-dication equilibrium. 
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Figure 8.14. Emission spectra of t-DMASIP-c in CTAB at different pH by 
exciting at the red side isosbestic point (exc = 405 nm). 
 

The fluorescence spectra obtained by exciting at 405 nm are depicted in 

Figure 8.14. At pH 8.84 a single band is observed at 479 nm and upon increasing the 

acid concentration the intensity of the band decreases and a new band starts to appear 

at 542 nm and it gains intensity till pH 4.16 (solid lines in Figure 8.14), but decreases 

with further decrease in pH (dotted lines in Figure 8.14). The characteristics of the 

fluorescence spectra are also consistent with the absorption spectra that the existence 

of neutral-monocation equilibrium till pH 4.16 and drifting away from the equilibrium 

for further decrease in pH. Thus, it is clear that unlike in other micelles and in 

aqueous medium, in CTAB micelles dication starts to appear before the completion of 

monocation formation. To confirm the formation of more than one monocation, 

excitation and emission spectra are recorded at different wavelengths. The excitation 

spectral shift occurs from 412 nm to 430 nm and the emission spectral shift occurs 
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from 533 nm to 564 nm. These results indicate that both MC3 and MC2 are formed 

(normalised emission spectra are shown in Figure 8.15). 
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Figure 8.15. Normalised emission spectra of t-DMASIP-c in CTAB at cationic pH 
(pH 3.0). (a) exc = 383 nm, (b) exc = 405 nm, (c) exc = 425 nm, (d) exc = 444 nm, 
(e) exc = 465 nm and (f) exc = 480 nm. 
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Figure 8.16. Normalised emission spectra of t-DMASIP-c in (a) neutral, (b) MC2, 
(c) MC3 and (d) dicationic form in CTAB. 
 

Table 8.2. Absorption band maxima (max
ab, nm), fluorescence band maxima 

(max
em, nm) of neutral and monocationic form of t-DMASIP-c in micelles (the 

values in aqueous medium are given for comparison). 

max
ab max

em Medium 

N MC N MC 
Water1 368 405 512 580 
SDS 380 424 495 562 

TX-100 386 418 483 542 
CTAB 383 438 479 542 

1from ref 342. 
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The normalised fluorescence spectra of all the species are shown in Figure 

8.16 and the absorption and fluorescence maxima of all the species are compiled in 

Table 8.2. In summary, alike in aqueous medium, t-DMASIP-c forms two 

monocations by protonation of ring nitrogens (MC2 and MC3) in all the micelles. 

Unlike in other micelles, in CTAB, dication formation starts before the completion of 

monocation, whereas, in SDS and TX-100 monocation formation is completed. 

 

8.3.0. Effect of pH on trans-2-[4′-(dimethylamino)styryl]imidazo[4,5-b]pyridine 

in different micelles 

Alike t-DMASIP-c, t-DMASIP-b also has three basic centers. The prototropic 

equilibrium of t-DMASIP-b in aqueous medium is described in Section 4.7. It is 

reported that t-DMASIP-b forms two kinds of monocations MC2 and MC3; and MC1 

is not formed in the aqueous medium. 

 

8.3.1. Effect of sodium dodecyl sulfate (SDS) 
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Figure 8.17. Absorption spectra of t-DMASIP-b in SDS at different pH. 

 

The absorption spectra of t-DMASIP-b in SDS micelle at various pH are 

shown in Figure 8.17. At pH 9.90 only one band is obtained at 385 nm and upon 

increasing the acid concentration the absorbance of the original band decreases and 

two new bands appear at both sides (308 nm and 458 nm) of the neutral band with 
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appearance of two quasi-isosbestic points at 317 nm and 415 nm. This indicates that 

in the ground state more than one new species are formed. However the absorbance of 

the shorter wavelength band is very less. 

Upon exciting at 385 nm, the intensity of the neutral band at 508 nm decreases 

with increase in acid concentration and two new bands appear on both side of the 

neutral band (Figure 8.18). The band emerges at the shorter wavelength is weak 

compared to that appears at longer wavelength. The presence of blue shifted 

absorption and emission bands clearly indicate the dimethylamino nitrogen is 

protonated. Thus, unlike in aqueous medium MC1 is formed in SDS. Like in aqueous 

medium (Section 4.7), the emission spectra of t-DMASIP-b in SDS at cationic pH 

undergo bathochromic shift upon excitation at longer wavelength (figure not shown). 

This suggests the existence of more than one kind of red shifted monocation i.e. MC2 

and MC3. However, unlike water all three monocations MC1, MC2 and MC3 are 

coexisting in SDS. 
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Figure 8.18. Emission spectra of t-DMASIP-b in SDS at different pH (exc = 385 
nm). 
 

8.3.2. Effect of triton X-100 (TX-100) 

The absorption spectra of t-DMASIP-b in TX-100 by varying pH are shown in 

Figure 8.19. The results obtained in TX-100 for t-DMASIP-b are different from that 

in SDS, but similar to those obtained for t-DMASIP-c in TX-100 micelles. i.e. 
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bathochromically shifted broad band is found upon addition of acid and it gains 

absorbance with decrease in pH with appearance of a quasi-isosbestic point. 
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Figure 8.19. Absorption spectra of t-DMASIP-b in TX-100 at different pH. 
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Figure 8.20. Normalised emission spectra of different species of t-DMASIP-b: (a) 
neutral, (b) MC2 and (c) MC3 in TX-100. 
 

Upon exciting at the quasi-isosbestic point a band appears at 493 nm and by 

increasing the acid concentration the intensity of the band decreases with appearance 

of a new band at 550 nm with a quasi-isoemissive point. The emission and excitation 

spectra at the cationic pH suggest that both MC2 and MC3 are formed. The 

fluorescence spectra of different species are depicted in Figure 8.20. 
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8.3.3. Effect of cetyltrimethylammonium bromide (CTAB) 

The absorption spectral changes of t-DMASIP-b in CTAB micelle at various 

pH are similar to those obtained for t-DMASIP-c in CTAB (Figure 8.21). i.e. the 

monocations are formed initial decrease in pH, but upon further lowering the pH, the 

formation of dication starts before completion of monocation formation. 
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Figure 8.21. Absorption spectra of t-DMASIP-b in CTAB at different pH. 

 

The emission and excitation spectral changes of t-DMASIP-b are in consistent 

with this observation. Alike t-DMASIP-c, t-DMASIP-b also forms MC2 and MC3 in 

CTAB. The emission spectra of different species are presented in Figure 8.22. 
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Figure 8.22. Normalised emission spectra of t-DMASIP-b in (a) neutral and 
monocationic ((b) MC2 and (c) MC3) and (d) dicationic forms in TX-100. 
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Table 8.3. Absorption band maxima (max
ab, nm) and emission band maxima 

(max
em, nm) of neutral and monocationic forms of t-DMASIP-b in the micellar 

media and the corresponding data of aqueous medium is given for comparison. 

max
ab max

em Medium 

N MC N MC 
Water 374 436 525 544 
SDS 385 308, 458  508 430, 550  

TX-100 393 455 490 550 
CTAB 391 464 493 550 

 

In summary, unlike in aqueous medium protonation takes places in all three 

basic center of t-DMASIP-b forms MC1, MC2 and MC3 in SDS. However, in TX-

100 and CTAB only MC2 and MC3 are formed. Like in t-DMASIP-c, t-DMASIP-b 

dication starts to appear before the completion of monocations formation. The 

monocation formations in all three micelles are summarized in Table 8.4. 

 
Table 8.4. Overview of formation of monocations in aqueous medium and in 
different micellar environments. 

t-DMASBT t-DMASIP-c t-DMASIP-b Medium 
MC1 MC2 MC1 MC2 MC3 MC1 MC2 MC3 

Water Yes Yes No Yes Yes No Yes Yes 
SDS Yes Yes No Yes Yes Yes Yes Yes 

TX-100 Yes Yes No Yes Yes No Yes Yes 
CTAB Yes Yes No Yes Yes No Yes Yes 

 

8.4. The effect of micelles on pKa 

The pKa values for neutral-monocation equilibrium in the ground state and the 

excited state of all three molecules in all the micelles are calculated and compiled in 

Table 8.5 along with the pKa value in aqueous medium. The observation of MC1 and 

MC2 in t-DMASBT and MC2 and MC3 in t-DMASIP-b and t-DMASIP-c can be 

explained as follows. Due to charge flow from dimethylamino group to heterocyclic 

ring the electron density on dimethylamino nitrogen decreases and that on 

heterocyclic nitrogen(s) increases. Hence, the protonation at heterocyclic ring 

nitrogen(s) becomes more probable than at dimethylamino nitrogen. This is supported 

by the fact that only azole nitrogen is protonated to form MC2 in benzimidazole 

analogue, t-DMASBI.341 Therefore, only heterocyclic ring nitrogens are protonated on 

t-DMASIP-b and t-DMASIP-c to form MC2 and MC3. The difference in behavior of 

t-DMASIP-b in SDS is due to anionic micelles effect and is discussed in next section. 

On the other hand in t-DMASBT, the >NH group is replaced with sulfur which has d-
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orbitals pull the charge towards itself, as a consequence, the charge density on the 

azole nitrogen decreases. Hence, both dimethylamino and azole nitrogens are 

protonated to form MC1 and MC2. The lower pKa of thiazole dyes compared to that 

of imidazole analogues substantiates it. 

 

Table 8.5. Ground state and excited state pKa values of t-DMASBT, t-DMASIP-c 
and t-DMASIP-b in water and micelles. 

Water SDS TX-100 CTAB Molecules 
pKa pKa

* pKa pKa
* pKa pKa

* pKa pKa
* 

t-DMASBTa 4.8 8.5 (-1.7) 5.5 13.3(-5.3) 2.2 9.8 (-9.0) 1.5 8.8 (-10.1) 

t-DMASIP-c 6.9 11.1 9.2 14.6 5.7 10.3 5.0 10.9 

t-DMASIP-b 5.2 8.3 7.3 12.5 4.1 9.8 3.4 9.4 
ain parenthesis indicates the pKa

* value for MC1 

 

The apparent pKa value obtained in different media are in the order SDS > 

water > TX-100 > CTAB and are consistent with the results obtained for other 

dyes.85,175,231,338,348 This can be explained by pseudo-phase ion-exchange (PIE) 

model.85,231,232 According to the model, the apparent pKa values of the acids increase 

in the anionic micelles and decrease in the cationic micelles compared to those in 

aqueous medium. The decrease in apparent pKa value in nonionic micelle TX-100 has 

been ascribed to the smaller effective dielectric constant of the micelles compared to 

water.85,175,338,348 Due to cationic head group in CTAB micelles, the positively charged 

protons are repelled to the aqueous phase and that also contribute to the decrease in 

apparent pKa. 

On the basis of the PIE model, in anionic micelle the protons and the cations 

are likely to concentrate in the Stern layer and hence suppress the release of protons 

from the molecule, ensuing in an increase in apparent pKa of the equilibrium. 

However, the apparent increase in pKa value of the present dyes can not be explained 

merely by involving the dielectric constant and the surface potential. The distribution 

of the neutral and cationic species in the aqueous phase and in the micellar phase also 

plays a major role.349 To understand whether the increase in apparent pKa is because 

of change in dielectric constant and potential (0) at the surface or any other factor 

also play some role, the following equation is used.350 

pKa
obs = pKa

i – (e0 / 2.303kbT)     (8.1) 

where pKa
obs and pKa

i are the apparent pKa value at the charged surface and for the 

interface when surface potential is zero respectively and e, kb, and T are charge on the 
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electron, Boltzmann constant and temperature in Kelvin, respectively. Considering the 

highest value of surface potential as -140 mV for SDS,348,349 pKa
i as the apparent pKa 

obtained in TX-100, the pKa
obs in SDS are calculated and compiled in Table 8.6. The 

difference in the apparent pKa values obtained in SDS micelle and the value predicted 

by PIE model for all the three molecules are complied in Table 8.6. The different in 

pKa suggests that apart from dielectric constant and electrostatic potential, some 

specific interactions also exist between the dye and the surfactant. Same behavior for 

other imidazole derivatives in SDS micelle is reported in literature.85,175,338,348,349 

 

Table 8.6. Observed pKa values in SDS, pKa value calculated using PIE model 
and the difference in pKa of t-DMASBT, t-DMASIP-c and t-DMASIP-b. 

Molecules SDS (pKa) PIE model (pKa) Difference (pKa) 
t-DMASBT 5.5 4.6 0.9 
t-DMASIP-c 9.2 8.1 1.1 
t-DMASIP-b 7.3 6.5 0.8 

 

The excited state pKa (pKa
*) for neutral-monocation equilibrium were 

calculated using Forster cycle method (Table 8.5).351 Same as in the ground state the 

pKa
* obtained for t-DMASIP-c is highest. The positive value of pKa

* are obtained for 

the ring nitrogen(s) protonation in all the three molecules in all media including water. 

This suggests that the basicity of the ring nitrogen(s) of these molecules increases in 

the excited state due to more charge flow from the dimethylamino group. This is also 

supported by the negative value of the pKa
* obtained for the protonation of 

dimethylamino nitrogen of t-DMASBT (Table 8.5). In other words, MC1 will be a 

stronger acid in the excited state than in the ground state. 

 

8.5. Orientation of the fluorophore inside the micelles 

The present studies revealed that the micelles not only affect the pKa but also 

the site of protonation on the dyes. The location and orientation of the dye is primary 

responsible for this difference in behavior. Protonation occurs on all the dyes in all 

three micelles. This indicates that the dyes are located near water accessible stern 

layer but not deeper inside the hydrophobic core of the micelles. It also appears that 

the heterocyclic ring is present inside the micelles near the stern layer and the 

dimethylamino group is projected towards the aqueous phase (Figure 8. 23).  
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Figure 8.23. Orientation of the fluorophore inside the micelles. 
 

The relative population of MC2 of t-DMASBT is less than its MC1 in all 

environments and this is due to presence of sulfur atom as explained earlier. 

Compared to those in aqueous medium, the relative population of MC2 increases in 

SDS and decreases in other two micelles. Since, SDS is anionic micelles it attracts the 

positively charged protons and it is also responsible for the increase in pKa value of 

the dyes as explained in previous section. The azole nitrogen is present in the stern 

layer. Therefore, formation of MC2 in SDS is more favored in compared to all other 

micelles and water. However, in general the cation penetration is less in micelles due 

to hydrophobicity of the environment as a result protonation of azole nitrogen 

decreases in other micelles. In CTAB, protonation of the azole nitrogen becomes 

much more difficult owing to repulsion of proton by the positively charged trimethyl 

ammonium cation. 

As mentioned earlier, the protonation of pyridyl nitrogen produces greater red 

shift than the protonation of azole nitrogen. Since, the fluorescence spectra of both 

MC2 and MC3 are bathochromically shifted and are not resolved; it is difficult to find 

the relative population of monocatonic form of t-DMASIP-c and t-DMASIP-b. Upon 

monocation formation, the bathochromic shift in the absorption spectra is higher in t-

DMASIP-b (Table 8.3) than in t-DMASIP-c (Table 8.2). It appears that the relative 

protonation of pyridyl nitrogen over azole nitrogen is more for t-DMASIP-b than t-

DMASIP-c. The occurrence of dication before completion of monocation in CTAB is 

again due to repulsion of proton by the positively charged polar head group. Since the 

heterocyclic ring is present inside the micelle, it is very difficult to protonate them. 
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Therefore, higher acid concentration is required which is sufficient to protonate the 

dimethylamino nitrogen of the monocation which is projected in the aqueous phase. 

This results in dication formation. The dimethylamino nitrogen of t-DMASIP-b is 

protonated only in SDS to form monocation, because of the anonic nature of the 

micelle. This makes it easy to protonate the dye. No such protonation of 

dimethylamino nitrogen occurs on t-DMASIP-c and this can be explained as follows. 

Due to charge flow from dimethylamino nitrogen, the charge on the dimethylamino 

nitrogen decreases therefore requires a higher concentration of acid to protonate the 

amino nitrogen. The protonation of t-DMASIP-c occurs at comparatively lower 

concentration of acid which is not sufficient to protonate the dimethylamino nitrogen. 

On the other hand the protonation of t-DMASIP-b and t-DMASBT occurs at 

relatively lower pH. This hypothesis is supported by the higher pKa of t-DMASIP-c 

than t-DMASIP-b and t-DMASBT. 

 

8.6. Conclusion 

The effects of anionic, cationic and nonionic micelles on the prototropic 

equilibriums of t-DMASBT, t-DMASIP-b and t-DMASIP-c were studied. In t-

DMASBT, alike in aqueous medium in micelle also the azole nitrogen and the 

dimethylamino nitrogen are protonated to form both MC1 and MC2. Though, same as 

in water the relative population of MC1 is higher than MC2 in micelles also, their 

relative ratio varies with nature of the micelle. The relative population of MC2 

increases in anionic micelles compared to that in water. On the other hand it decreases 

in nonionic and cationic micelles. Same as in water, only the ring nitrogens of 

imidazopyridine derivatives (t-DMASIP-b and t-DMASIP-c) are protonated to form 

monocations in micelles except on t-DMASIP-b in SDS micelle which forms MC1 in 

addition to MC2 and MC3. The relative populations of MC2 and MC3 depend on the 

position of the pyridyl nitrogen and the relative population of MC3 is more in t-

DMASIP-b than in t-DMASIP-c. The monocation formations of imidazopyridine 

derivatives are completed before further protonation in anionic and nonionic micelles, 

but not completed in cationic micelle due to repulsion of proton by the cationic head 

group. Therefore, the dimethylamino nitrogen of monocationic form of t-DMASIP-b 

and t-DMASIP-c are also protonated to form dications before the completion of 

monocation formation. This is attributed to the orientation of the fluorophores inside 

the micelles. All the fluorophores have same orientation inside the micelles. The 
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heterocyclic ring projects towards the micellar core and the dimethylamino group 

projects towards the bulk water. The molecules are not fully entrapped by the micelle 

but remain at the interface region. 
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