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1. Introduction 

Recently, fluorescence based techniques have developed rapidly and they have become 

essential tools in analytical chemistry as well as in optical imaging, due to their high sensitivity 

and selectivity. The key role of fluorescence methods in modern imaging has been recognized 

by two Nobel Prizes in Chemistry in the 21st century: in 2008 for the discovery and 

development of the green fluorescent protein, GFP,1 and in 2014 for the development of super-

resolution fluorescence microscopy.2a-c 

In the course of my PhD work, I studied the spectroscopic properties of five water 

soluble fluorescent probes, paying special attention to their acid-base equilibria. Three of the 

compounds studied, coumarin 102 (C102), 4'-diethylamino-3-hydroxyflavone (FET) and 

Brooker’s merocyanin (M1) are popular fluorescent probes. Their solvatochromic properties 

have been characterized in many publications and they have a variety of applications in 

materials science and cell biology. Yet, previous researches have paid little attention to the 

structures of C102 and FET in aqueous media, including their acid-base properties. The aim of 

my work has been to explore the structural and spectroscopic characteristics of C102 and FET 

in aqueous media and to characterize their acid-base features in their ground and excited states. 

Studies on the aqueous photophysics of Brooker’s merocyanin have been published and 

thus served as a reference compound in our work. We compared the properties of M1 with two 

new derivatives (M2 and M3). As a result, we found that the acid strength and complexing 

properties are differed from M1. 

A further aim of my research work was to demonstrate the potential analytical 

applications of these dye probes. My studies on FET were supplemented with the investigation 

of the fluorescence properties of the FET-ATP complex.  This was a contribution to the design 

of a new selective fluorescent ATP sensor. In addition, using M3, we prepared an indicator 

displacement assay which proved suitable for the selective detection of trimethyl lysine. 

2. Literature Overview 

2.1. Spectroscopic properties of Coumarin 102 in protic solvents 

C102 (Figure 1) is a versatile fluorescent dye probe. The fixation of its amino group to 

the benzene moiety prevents the excited molecule from being deexcited by the TICT 

mechanism (described as twisting of the amino group), resulting in a high fluorescence quantum 

                                                 
1 Shimomura, O.; Chalfie, M.; Tsien, R.Y. Nobel Lectures: Chemistry: 2006 – 2010 World Scientific Publishing 

Co. 2014, pp 124. 
2 (a) Betzig E. Angew. Chem. Int. Ed. 2015, 54, 8034.; (b) Hell S.W. Angew. Chem. Int. Ed. 2015, 54, 8054.;  

(c) Moerner W.E. Angew. Chem. Int. Ed. 2015, 54, 8067. 



yield in most of the solvents.3 As another advantage, its fluorescence properties are sensitive to 

the polarity and the hydrogen bond donor / acceptor ability of its local environment. 

The carbonyl and amino groups of C102 can form solute-solvent hydrogen bonds in 

protic solvents. Steady-state and time-resolved fluorescence studies showed that C102 forms 

stronger hydrogen bonds with aliphatic alcohols and with phenol4 in its excited state than in its 

ground state. However, time-resolved vibrational spectroscopic experiments indicated that the 

hydrogen-bonded phenol, aniline and water complexes of C102 split in a few hundred 

femtoseconds following excitation. Theoretical calculations indicated the strengthening of the 

hydrogen bond after excitation of the dye molecule.5 

 

Figure 1. Structure of C102 

The charge transfer following the excitation also changes the acid-base properties of 

102. In aqueous and ethanolic solutions, a proton transfer was observed between the excited 

state indicator and the solvent molecule.6 

 

2.2. Spectroscopic properties of 4′-diethylamino-3-hydroxyflavone in water and in 

acetone-water mixtures 

The FET (Figure 2), as many other 3-hydroxychromones, is capable of excited 

intramolecular proton transfer (ESIPT) process.7 Both the normal (N*) and the phototautomeric 

(T*) excited forms emit, so two bands appear in the fluorescence spectra. Following the N→N* 

excitation the dipole moment is largely enhanced,7 therefore, the position of the N* band is 

sensitive to the polarity of the environment. The dimethylamino derivative (FME) forms a 

complex with ATP and the reaction can be monitored with fluorescence measurements.8 

                                                 
3 Dobek, K.; Karolczak, J,; Kubicki, J.; Dyes Pigm. 2014, 100, 222. 
4 Chudoba, C.; Nibbering, E. T. J.; Elsaesser, T. J. Phys. Chem. A 1999, 103, 5625. 
5 Zhao, G.-J.; Han, K.-L. J. Phys. Chem. A 2007, 111, 2469. 
6 Campillo, A. J.; Clark, J. H.; Shapiro, S. L.; Winn, K. R.;Woodbridge, P. K. Chem. Phys. Lett. 1979, 67, 218. 
7 Klymchenko, A. S.; Demchenko, A. P. Phys. Chem. Chem. Phem. 2003, 5, 461. 
8 Yushchenko, D. A.; Vadzyuk, O. B.; Kosterin, S. O.; Duportail, G.;Mély, Y.; Pivovarenko, V. G. Anal. Biochem. 

2007, 369, 218. 



 

Figure 2. Photochemical cycle of 4′-diethylamino-3-hydroxyflavone (FET) with excited state 

intramolecular proton transfer (ESIPT). 

Our research group was involved in a project which aimed to develop a new 

hydroxyflavone-based fluorescent ATP sensor with better selectivity compared to FME and 

FET. As a part of this project, we investigated the photophysical properties of FET in aqueous 

media. Detailed studies on the solvatochromic properties of FET have been published, 

comparing spectras measured in a variety of organic solvents. However, little information was 

available on the fluorescence behavior of the dye in aqueous solution, which were needed to 

the design of the ATP sensor. 

 

2.3. Brooker’s merocyanine 

Brooker’s merocyanin (M1 in Figure 3) is a pyridinium phenolate dye characterized by 

a strong negative solvatromism.9 The solvatromic behavior can be qualitatively explained by 

the fact that in ground state the merocyanin has a more polar structure than in the excited state. 

Therefore, the energy of the ground state solvated molecule decreases and through that the 

excitation energy increases with the polarity of the solvent. Theoretical calculations have shown 

that the solvochromic property of M1 is influenced not only by the polarity of the environment 

but also by the hydrogen donor ability of the solvent.10 

                                                 
9 Jacques, P. J. Phys. Chem. 1986, 90, 5535. 

10 Murugan, N. A.; Kongsted, J.; Rinkevicius, Z.; Aidas, K.; Agren, H. J. Phys. Chem. B 2010, 114, 13349. 



 

Figure 3. The phenolate and phenol forms of Brooker’s merocyanine. The phenolate is a hybride 

of a zwitterionic and a neutral mesomeric structure 

Utilizing the high sensitivity of Brooker’s merocyanin to the local environment, it is 

often used as a solvatochromic dye probe. 

With its aromatic rings and oppositely charged ends, zwitterionic M1 can coordinate to 

macrocyclic receptors in multiple ways. Its complexation with cyclodextrins was studied by 

absorption and fluorescence spectroscopy.11 It was found that the complex of M1 with β-

cyclodextrin is more stable than its comlpexes with α-CD (smaller cavity) and with γ-CD (larger 

cavity). 

The cucurbit[8]uril has a much larger cavity size, allowing it to accomodate two M1 

molecules which are aligned head-to tail in the macrocycle cavity.12 

In my PhD research work, I investigated the complexes of M1 and its two derivatives, 

M2 and M3, with carboxylato pillar[6]arene (WP6). It was expected that relatively strong 

complexes will be formed due to the opposite charges of the components, and that the complex 

formation of the strongly solvatromic dyes will be indicated by large spectral changes. 

Therefore, it seemed possible to create a displacement sensor from a Brooker-type merocyanin 

and WP6. 

  

                                                 
11 Nicolini, J.; Venturini, C. G.; Andreaus, J.; Machado, C.; Machado, V. G. Spectrosc. Lett. 2009, 42, 35. 
12 Kang, Y.-T.; Tang, X.-Y.; Yu, H.-D.; Cai, Z.-G.; Huang, Z.-H.; Wang, D.; Xu, J.-F.; Zhang, X. Chem. Sci. 2017, 

8, 8357. 



3. Experimental methods 

The fluorescent dye C102 was a commercial product, FET, M1, M2 and M3 were 

synthesized by István Bitter and Márton Bojtár at the Department of Organic Chemistry and 

Technology of our university. 

Absorption and stationary fluorescence spectroscopic experiments were performed at 

the Department of Physical Chemistry and Materials Science of our university. Time-resolved 

fluorescence experiments were carried out using a time-correlated single-photon counting 

system at the Research Center for Natural Sciences. 

The experimental work was supported by theoretical calculations performed by Mihály 

Kállay, Bence Hégely and Dávid Mester. 

 

4. Results 

4.1. Solvation and protonation of coumarin 102 in aqueous media 

The absorption and fluorescence spectra of C102 recorded at different pH values are 

displayed in Figure 4. In addition to the neutral molecule, protonated coumarin also shows 

fluorescence, with the band appearing at 493 nm and at 532 nm, respectively. The acid 

dissociation constant was determined from the pH-dependent experimental spectra, pKa = 1.61 

was obtained from the absorption spectra and pKa,F = 2.19 from the fluorescence spectra. This 

suggests that C102 is more basic in the excited state than in the ground state. 
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Figure 4. Absorption (a) and fluorescence (b) spectra of C102 measured in acidic aqueous 

solutions. The red traces are the spectra of protonated C102 obtained by least-squares fitting. 

To investigate the kinetics of protolysis, I recorded the fluorescence decay curves in 

samples of different pH, detecting the emission at 465 nm and 625 nm (Figure 5.). Based on 

the reaction scheme shown in Fig. 6, I determined the rate constants for the deactivation of 

neutral and protonated C102 (𝑘𝑑𝑒𝑐
𝑛 , 𝑘𝑑𝑒𝑐

𝑝𝑟
), for the protonation of excited the excited species and 



for the reverse process (𝑘𝑝𝑟, 𝑘𝑑𝑝𝑟) by fitting the decay data. Based on the results of the kinetic 

analysis, both the excited state protonation and deprotonation are relatively fast reactions and 

the excited state lifetimes are relatively long, so in strongly acidic solutions, the excited proton 

transfer becomes a quasi-equilibrium reaction. 

 

Figure 5. Fluorescence decay curves of C102measured at λem = 465 (a) and 625 nm (b) 

 

 

Figure 6. Scheme of excitation and protonation reactions of C102 

The ratio of the protonation and deprotonation rate coefficients gives the equilibrium 

constant of the excited state protonation, yielding 𝐾𝑝𝑟
∗ =

𝑘𝑝𝑟

𝑘𝑑𝑝𝑟
= 117 M−1. This is in good 

agreement with the value of 𝐾𝑎,𝐹 = 155 M−1, confirming that the fluorescence spectra of C102 

in strongly acidic solutions reflect the equilibrium concentrations in the excited state. 



The experimental results were also analyzed on the basis of quantum chemical 

calculations. The calculations suggested that in aqueous media, a complex of ground state C102 

dominates in which the water molecule is hydrogen bonded to the carbonyl group of the dye. 

In the excited state, this complex decomposes. The structure of the protonated form can be 

deduced by comparing the calculated and experimental spectra. It is likely that the protonation 

occurs at the amino group of ground state C102, and in contrast, at the carbonyl group of the 

excited state molecule. This structural change may be the cause of the unusually large Stokes 

shift exhibited by protonated C102. 

 

4.2 Spectroscopic properties of 4′-diethylamino-3-hydroxyflavone in water and water-

acetone mixtures 

The subject of the section of my dissertation is the fluorescence behavior of FET in 

aqueous solutions, involving the acid-base equilibria of FET and the photophysical and 

thermodynamic properties of the water complex of the dye. The variations of the absorption 

spectra of FET in acidic and basic solutions are shown in Figure 7. A fitting to the spectra with 

the acidic dissociation constants as parameters yielded pKa1 = 4.50 and pKa2 = 9.70 for the 

dissociations of the protonated amino group and the hydroxyl group, respectively. The quantum 

yields and lifetimes of the protonated, neutral and anionic species were determined. The value 

of the acidic dissociation constant of excited state FET was estimated by Förster cycle, the result 

was pKa2 * = 8.05, so the acidity of the phenolic hydroxy group is stronger in the excited state. 
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Figure 7. Absorption spectra of FET in (a) acidic and (b) basic aqueous solutions 

The properties of the FET-water complex was investigated in acetone-water solvent 

mixtures (Figure 8.). At low water concentrations, the fluorescence intensity grows rapidly, due 

to the formation of a FET-water complex, the water molecule of which does not interact with 

other water molecules. At higher water concentrations, the FET solute interacts with the 

hydrogen-bonded clusters of water molecules and this leads to quenching. The association 



constant and the fluorescence quantum yield of the FET:H2O complex were determined from 

the spectra in Figure 8, yielding the values of K=4,5·10-2 M-1 and ΦFET∙H2O=0,45, the latter is 

about two magnitude higher than the quantum yield in neat water, ΦFET∙(H2O)n 0,001. 
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Figure 8. Fluorescence spectra of FET in acetone-water mixtures 

The ESIPT reaction in the free FET molecule, FET-acetone and FET-water complex 

was investigated by theoretical calculations. The ESIPT process was found energetically 

favorable in all the three model systems, but the energy decrease was lower in the water 

complex than in the acetone complex or the in the free FET molecule. Furthermore, in the 

excited state FET-water complex the intramolecular hydrogen bond is weaker and the 

intermolecular hydrogen bond is stronger than in the ground state complex. Both effects work 

against the ESIPT process. 

We investigated the possibility of using FET as a nucleotide sensor. When ATP was 

added to the aqueous solution of FET, a new band appeared in the excitation spectrum, and the 

intensity increased in the emission spectrum. Theoretical calculations raised the idea that the 

spectral changes may be caused by an excited-state intermolecular proton transfer from the 

hydroxy group of FET to the terminal phosphate group of ATP (Figure 9.). This hypothesis is 

supported by the increased acidity of the hydroxyl group of FET in the excited state dye 

(𝑝𝐾𝑎,2
∗ < 𝑝𝐾𝑎). 



 

Figure 9. Structure of ATP-FET complex in ground (a) and excited state (b) 

 

4.3 Complexes of carboxylato pillar[6]arene with Brooker-type merocyanines 

I determined the acidic dissociation constants of Brooker’s merocyanin and its two new 

derivatives (Figure 10.) and then studied their complex formation with the water-soluble 

pillararen macrocycle, WP6. First, absorption spectroscopy was used as an experimental 

method. It was expected that the phenyl substituents in M2 and M3 increase the affinity to form 

complexes, and due to the bromine substituents, M3 will be more acidic than M1 and M2. 

 

Figure 10. The structures of the merocyanine dye guests and the pillar[6]arene host 

The dye-macrocycle system can be described in terms of four equilibria, which form a 

cyclic scheme as shown in Figure 11. With the macrocycle WP6, both the phenolic (K4) and 

zwitterionic dye species form complexes (K2), furthermore, the phenolic hydroxy groups of the 

free dye (K1) and the complexed dye dissociate (K3). 



 

Figure 11. Scheme of reactions in merocyanine dye M – pillararene WP6 systems 

The absorption spectra of the M1-WP6 system are shown in Figure 12. 

350 400 450 500 550 600
0.0

0.1

0.2

0.3

0.4

0.5

A
b
s
 [
-]

wavelength [nm]

M1

pH 4.0 - 10.0 K1

350 400 450 500 550 600
0.0

0.1

0.2

0.3

0.4

0.5

A
b
s
 [
-]

wavelength [nm]

M1-WP6

0.2M NaOH WP6 K2

350 400 450 500
0.0

0.1

0.2

0.3

0.4

A
b
s
 [
-]

wavelength [nm]

M1-WP6

pH 6.50

WP6

K4

350 400 450 500 550 600
0.0

0.1

0.2

0.3

0.4

0.5

A
b
s
 [
-]

wavelength [nm]

M1-WP6

pH 9.0 - 12.0
K3

 

Figure 12. Absorption spectra characterizing the equilibrium reactions of the M1-WP6 system  

The spectra of the merocyanine-WP6 systems showed that the protonated species 

formed more stable complexes with the WP6 macrocycle than the zwitterionic merocyanins, 



the K4 binding constants were one order of magnitude higher than the respective K2 values. The 

pKa values of the complexes were 1-1.6 units higher than that the values of free merocyanines. 

The weakening of the acidity can be caused by the fact that in the complexes the positive charge 

of the electron-withdrawing pyridinium groups are screened by the multiply negatively charged 

pillararene. 

For the M3-WP6 system, the pKa value of the complex was close to the physiological 

value (pK3 = 5.99), thus, this system was chosen to be tested as an indicator displacement assay. 

Lysine (Lys) and its methyl-substituted derivatives (MeLys, Me2Lys and Me3Lys) were chosen 

as model analytes. Experiments showed that Lys and MeLys could not displace M3 from the 

macrocycle at all. Me2Lys diplaced M3 in a minor extent, whereas in the case of Me3Lys the 

change was much more pronounced and visible by the naked eye. The changes in the 

absorbance at the absorption maximum of the M3 are shown in Figure 13. 
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Figure 13. Variation of the absorbance of the M3-WP6 mixture as a function of analyte 

concentration 

For the M1-WP6 system, the absorption spectroscopic experiments were supplemented 

with fluorescence measurements. The values of the acid dissociation constants, pKa1 and pKa3 

as well as the values of the complex stability constants, K2 and K4, obtained from the 

fluorescence spectra, were similar to the respective values obtained from the absorption spectra. 

This indicates that the proton transfer between the merocyanin solute and water solvent, and 

the complexation of the merocyanin with WP6 are slow processes on the time scale of emission, 

the fluorescence spectra reflect the concentrations of the ground state species. The fluorescence 

intensity of M1 increases as a result of complex formation, therefore it may be worthwhile to 

design a fluorescent chemical sensor consisting of these types of components.  



5. Theses 

 

1. Based on absorption and fluorescence experiments, I found that the coumarin derivative 

C102 is more basic in its excited state than in its ground state, and that the Stokes shift of the 

protonated form is unusually large. Our theoretical calculations confirmed the photobasic 

character of C102 and pointed out that the large Stokes shift is due to a structural change: in the 

ground state the amino group of C102 is protonated, while in the excited state its carbonyl group 

is the site of protonation. [S3] 

2. Using time-resolved fluorescence measurements, the fluorescence lifetimes of the neutral 

and protonated forms of C102 and the rate constants of the protonation and deprotonation of 

the excited dye were determined. It was found that the excited state lifetimes of the neutral and 

protonated species are long and the proton transfer is fast in both directions, which means that 

the proton transfer in the excited state is a quasi-equilibrium process. [S3] 

3. I showed by fluorescence spectroscopic measurements that the conversion of the normal 

excited (N*) form of 4’-diethylamino-3-hydroxyflavone (FET) into the phototautomeric (T*) 

species by excited state intramolecular proton transfer (ESIPT) is prohibited in aqueous 

solution.  This result was confirmed by theoretical calculations which concluded that the ESIPT 

results in energy loss in the hydrated FET molecule, but the energy loss is lower than in case of 

the acetone solvated or free molecule. [S2] 

4. I found that in acetone-water mixtures, at low water concentrations, FET shows a strong N* 

fluorescence, whereas at higher water concentrations the fluorescence intensity is reduced. This 

can be explained in terms of the formation of a strongly fluorescent FET-water 1:1 complex at 

low water concentrations, where water molecules are largely dispersed, while at higher water 

concentrations, the FET solute interacts with water clusters and this leads to quenching. [S2] 

5. I demonstrated that FET forms a complex with ATP which can be monitored fluorimetrically. 

Theoretical calculations indicated that the changes in the fluorescence spectra of FET on the 

addition of ATP can be related to an excited proton transfer from the FET molecule to the ATP 

tetraanion. [S4] 

 

 



6. I proved by absorption spectroscopic experiments that both the protonated (phenolic) and 

zwitterionic (phenolate) forms of the Brooker-type merocyanines M1-M3 form complexes with 

the anionic pillararene macrocycle WP6. At physiological pH values, in M1:WP6 and M2:WP6 

mixtures, the protonated forms of the merocyanines and their complexes are dominant, while 

in the mixtures of the dibromo-substituted M3 and WP6, the zwitterionic forms of M3 and its 

complex predominate. The spectroscopic and protolytic properties of the M3:WP6 complex are 

favorable for its usage as an indicator displacement (ID) sensor. I demonstrated that the 

M3:WP6 complex acts as a colorimetric ID sensor which discriminates trimethyl lysine from 

other lysine derivatives. [S1] 

  



6. Potential applications 

 

Many coumarin-based compounds have a high fluorescent quantum yield and a large 

Stokes shift, making them popular fluorescent dye probes in analytical chemistry and optical 

imaging techniques. Our results on the structure of the protonated form of the coumarin 102 

and on the kinetics of its protolysis may contribute to the usage of this compound in a wider pH 

range in the future. 

 

The characterization of the inter- and intramolecular proton transfer reactions of 4’-

diethylamino-3-hydroxyflavone in aqueous solutions, contributes to a more accurate 

interpretation of the results obtained with 3-hydroxyflavone-based probes in biological and 

other aqueous systems. It was found that the fluorescence of this dye in acetone solution is 

strongly enhanced on the addition of water in low concentrions. Utilizing this observation, 

fluorescence sensors may be developed for the detection of water in aprotic polar solvents. 

 

The absorption and emission spectra of Brooker’s merocyanine and its derivatives are 

strongly dependent on the polarity of the medium. This exceptional property makes such dyes 

efficient indicators for the construction of displacement assays for the detection of non-

colored/non-fluorescent analytes. As an example for such potential applications, it was shown 

that the M3: WP6 complex functioned as a selective sensor for trimethyl lysine. 
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