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Abstract 
 

 

 

Fluorescein dyes are widely used in different branches of chemistry and related sciences, 

first of all owing to their unique fluorescent properties. Among these compounds, nitro 

derivatives are much less explored. This work aimed to disclose the main protolytic and spectral 

properties of these dyes in non-aqueous solutions. 

A series of nitrofluoresceins and several amino derivatives, 22 compounds in total, was 

studied in detail mainly by spectroscopic methods.  

The behavior of these compounds differs significantly from that of other fluorescein 

dyes, e.g., very popular halogen derivatives. The tautomeric equilibrium of the neutral forms of 

the dyes is pronouncedly shifted toward the lactone. The peculiar feature of the dyes bearing 

four NO2 groups in the xanthenes portion of the molecule is the formation of anionic lactones, 

caused by the pulling electron density away from the nodal carbon atom. Another feature is the 

ease of the rupture of the pyran ring in highly alkaline solutions.   

The apK  values of the dyes were determined by the spectrophotometric method in buffer 

solutions in DMSO and in several cases in acetonitrile that contains 4 mass % DMSO, at 25 oC.  

Interpreting the apK  values requires an understanding of the state of tautomeric equilibria. For 

instance, the difference between the apK  values of stepwise dissociation of the dyes, 

a2 a1p pK K− , in DMSO varies from 1.2 for 5'-nitrofluorescein to 7.6 to 4,5-dinito-2,7-

dibromofluorescein. The analysis of the absorption spectra in the visible region allows 

identifying the molecular and ionic structures of the dyes. The evaluation of the fractions of the 

tautomers made it possible to calculate the so-called microscopic equilibrium constants, 

describing the dissociation of single tautomers. The last-named coincide with those of model 

compounds: esters, ether, and sulfo analogues.  

A special study was devoted to revealing the transmittance of the electronic effects in 

the fluorescein molecule by examining the influence of NO2 and NH2 substituents in the 

phthalic acid residue on the apK s of the OH groups in the xanthenes part.  

The introduction of a nitro group in the phthalic part of fluorescein quenches the 

emission. Surprisingly, the dyes with four NO2 groups in the xanthenes part exhibit bright 

fluorescence in DMSO and other aprotic solvents. As result, a new pH-independent fluorescent 

indicator, methyl ester of 2,4,5,7-tetranitrofluorescein, very sensitive to the ability of the solvent 

to hydrogen bonding, is proposed. Also, the conditions of single- and double-charged anions of 

5'-aminofluorescein in solutions of different natures are elucidated.  

The study of a mixture of aprotic and hydrogen bond donor solvents with model 

compounds (BODIPY) will allow us to further study in more detail the mechanism of the effect 

of hydrogen bonds on fluorescein derivatives. 

Keywords: fluorogenic dyes, nitrofluorescein, tautomeric constant, BODIPY, dipolar 

aprotic solvents, H-bonding interactions, fluorescence 

  



 

3 

 

Résumé 
 

 

 

Les colorants à base de fluorescéine sont largement utilisés dans différentes branches 

de la chimie et des sciences connexes, d'abord en raison de leurs propriétés fluorescentes 

uniques. Parmi ces composés, les dérivés nitrés sont beaucoup moins étudiés. Ce travail a pour 

objectif d’étudier les principales propriétés protéolytiques et spectrales de ces colorants dans 

des solutions tampons non aqueuses. 

Une série de nitrofluorescéines et de plusieurs dérivés aminés, soit un total de 22 

composés, a été étudiée en détail principalement par des méthodes spectroscopiques. 

Le comportement de ces composés diffère significativement de celui d'autres colorants 

à base de fluorescéine, par exemple des dérivés halogénés très populaires. Le déplacement de 

l'équilibre tautomère des formes neutres des colorants est déplacé vers la lactone. La 

particularité de ces colorants, portant quatre groupes NO2 dans leur partie xanthène, est la 

formation de lactones anioniques, provoquée par l'éloignement de la densité électronique de 

l'atome de carbone nodal. Une autre de leurs caractéristiques est la facilité de rupture du cycle 

pyrane dans des solutions fortement alcalines. 

Les valeurs des 𝑝𝐾𝑎 des colorants ont été déterminées par la méthode 

spectrophotométrique dans des solutions tampons dans du DMSO et dans plusieurs cas dans de 

l'acétonitrile contenant 4 % en masse de DMSO, à 25 oC. L'interprétation des valeurs des 𝑝𝐾𝑎 

nécessite une compréhension de l'état des équilibres tautomères. Par exemple, la différence 

entre les constantes de dissociation par étapes des colorants, apK , dans le DMSO, varie de 1,2 

pour la 5'-nitrofluorescéine à 7,6 pour la 4,5-dinito-2,7-dibromofluorescéine. L'analyse des 

spectres d'absorption UV-visible permet d'identifier les structures moléculaires et ioniques des 

colorants. L'évaluation des fractions des tautomères a permis de calculer les constantes 

d'équilibre, dites microscopiques, décrivant la dissociation des tautomères simples. Ces derniers 

coïncident avec ceux des composés modèles : les esters, l'éther et un analogue sulfo. 

De plus, une expérience visant à révéler la transmission des effets électroniques dans la 

molécule de fluorescéine en examinant l'influence des substituants nitro et amino dans le résidu 

d'acide phtalique sur le apK  des groupes OH dans la partie xanthène des systèmes a aussi été 

effectuée. 

L'introduction d'un groupe nitro dans la partie phtalique de la fluorescéine éteint 

l'émission. Étonnamment, les colorants avec quatre groupes NO2 dans la partie xanthènes 

présentent une fluorescence plus intense dans le DMSO et dans les solvants aprotiques. En 

conséquence, un nouvel indicateur fluorescent indépendant du pH est proposé : l'ester 

méthylique de la 2,4,5,7-tétranitrofluorescéine, très sensible à la capacité du solvant à former 

des liaisons hydrogène. En outre, les propriétés photophysiques des anions à charge simple et 

double de la 5'-aminofluorescéine dans des solutions de nature différente sont présentées. 

L'étude d'un mélange de solvants aprotiques et donneurs de liaisons hydrogène avec des 

composés modèles (BODIPY) nous permettra d'étudier plus en détail le mécanisme de l'effet 

des liaisons hydrogène sur les dérivés de la fluorescéine. 

 

 

Mots clés: colorants fluorogènes, nitrofluorescéine, constante tautomère, BODIPY, 

solvants dipolaires aprotiques, interactions de liaison hydrogène, fluorescence. 
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List of abbreviations  

 

 

e – elementary charge, C; 

𝑁𝑎 – Avogadro number, mol–1; NA 

R – universal gas constant, J·mol–1∙K–1; 

T – temperature, K; 

0  – permittivity of free space, 8.854×10–12 C2 J–1 m–1; 

r – relative permittivity of the solvent;  

eff  – effective relative permittivity of the space permeated by the electric field lines; 

r – distance between the dissociating group and the negatively charged substituent, nm; 

𝐸𝑇
𝑁  – normalized Reichardt’s parameter of polarity; 

n – refractive index of solvent;  

  –  viscosity, mPa·s; 

[i] – equilibrium concentration of the i-th particle; 

𝛼𝑏 – mole fraction of the corresponding form of substance b, %; 

M – mol·l-1; 

pH – index of the hydrogen ion activity; 

pHc = log[H ]+−  – index of hydrogen ion concentration 

+

*

H
pa  – index of the activity of H+ ions, referred to the standard state of the solvent; 

 𝑓𝑧 – ionic activity coefficients; 

I – ionic strength, M;  

z – charge of the ion; 

𝐾𝑎,𝑖 – thermodynamic constant of the i-th stage of dissociation; 

 𝐾𝑇 – tautomeric equilibrium constants; 

𝑘𝑖 – “microscopic” ionization constant characterizing the i-th equilibrium between individual 

tautomers; 

f

bK  – formation constants characterizing the homoassociation process of corresponding form 

of substance b; 

𝑐𝑏 – analytical concentration of the corresponding form of substance b, M; 

 - molar extinction coefficient, cm-1M-1 ; 



 

8 

 

𝑚𝑎𝑥   - molar extinction coefficient at the maximum of the spectrum, cm-1M-1 ; 

𝑏   - molar extinction coefficient of solution under complete conversion of the dye into the 

corresponding form b; cm-1M-1  ; 

𝜈   – wavenumber, nm-1; 

𝜈𝑚𝑎𝑥   – wavenumber at the maximum of the spectrum, cm-1; 

 – wavelength, nm; 

𝑚𝑎𝑥  – wavelength at the maximum of the spectrum, cm; 

ΔνStokes – Stokes shift, cm-1; 

𝐴 – absorbance at a current +H
pa

 value; 

𝐴𝑏 – absorbance of solution under complete conversion of the dye into the corresponding form 

b; 

  – fluorescence quantum yield, % (𝑠𝑎𝑚𝑝𝑙𝑒
𝑓𝑙𝑢𝑜

) ; 


𝑠𝑡

 – fluorescence quantum yield of a standard(reference) substance (𝑟𝑒𝑓
𝑓𝑙𝑢𝑜

); 

𝐼𝑠𝑎𝑚𝑝𝑙𝑒
𝑓𝑙𝑢𝑜

  – fluorescence intensity investigated solution; 

𝐼𝑟𝑒𝑓
𝑓𝑙𝑢𝑜

 – fluorescence intensity of a standard(reference) substance; 

kA→B – A→B rate constant, s–1; 

𝑘𝑟𝑎𝑑   and 𝑘𝑛𝑜𝑛𝑟𝑎𝑑 – radiative and nonradiative rate constants; 

𝐼𝑅𝐹(𝑡′) – instrument response function; 

t – time, s; 

𝜏𝑖  – lifetimes of 𝑖-th exponential component, ps; 

H𝑚R𝑙 – ionic and molecular forms of dyes (m is the number of protons capable of participating 

in acid-base transformations, l is the particle charge); 

H2L – lactone; 

H2Q – quinone; 

H2Z
± – zwitter-ion; 

DBU – diazabicyclo[5.4.0]undec-7-ene; 

p-TSA – p-Toluenesulfonic acid; 

DMSO – dimethyl sulfoxide;  

AN – acetonitrile; 

BuOH – butanol-1; 

BODIPY – boron-dipyrromethene (4,4-difluoro-4-bora-3a,4a-diaza-s-indacene.
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Introduction 

 

 

Fluorescein, the progenitor of one of the most popular classes of organic dyes, has been 

synthesized as early as 1871 by Adolf Baeyer [1–3]. The excellent fluorescence of this 

compound and its numerous derivatives and analogues is considered in detail [4–7]. In the 

1920s, some studies aimed to understand the structure in solution [8] and absorption spectra in 

the visible region [9] appeared. The history of the issue can be found in ref. [10].  

More recent research of the molecular structure in solid state [11] and solutions [12–14] 

allowed clarifying the principal features of the dyes, whereas new studies of the dyes’ 

fluorescence [15–17] demonstrated the rich possibilities and promise of this class of 

compounds.  

Of course, the above-cited publications are only typical examples from a much larger 

body of literature. Some important papers are also considered in Chapter 1.  

Though the first representative of nitrofluoresceins, 2,4,5,7-tetranitrofluorescein, was 

already prepared by Baeyer [2], this branch of the fluorescein family was much less studied. 

The sole exception is the so-called eosin bluish, the dinitrodibromo derivative of fluorescein. A 

paper devoted to the synthesis of several new nitrofluoresceins was published in 1999 [18]. 

This publication was followed by studies of the spectral and acid-base properties of the 

synthesized compounds [19, 20]. Some of them turned out to be fluorescent in non-aqueous 

media [20].  

Therefore, the present study aimed to disclose the main parameters of absorption and 

fluorescence as well as the protolytic (acid-base and tautomeric) properties of a series of 

nitrofluorescein dyes. As it was shown recently [21], aminofluoresceins bearing the NH2 group 

in the phthalic acid residue also exhibit bright emission in some organic solvents, such as 

dimethylsulfoxide (DMSO) and acetonitrile (AN), though previously they were considered as 

extremely weak luminophores basing on the data in water and alcohols. Therefore, some of the 

aminofluoresceins were also involved in this study.  

The study of a mixture of aprotic and hydrogen bond donor solvents with model 

compounds (BODIPY) will allow us to further study in more detail the mechanism of the effect 

of hydrogen bonds on fluorescein derivatives. 
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Organization of the thesis 
 

 

This thesis presents an investigation of the main parameters of absorption, fluorescence, 

and protolytic (acid-base and tautomeric) properties of a series of nitrofluorescein dyes in 

aprotic solvents and their mixtures. It is organized in the following way. 

A short literature review of stepwise acid-base dissociation of nitro derivatives of 

fluorescein in solution is presented in Chapter 1. The problem about anions with a lactone 

structure of amino and nitro derivatives is described in this chapter. In Chapter 2, we present 

the objects of the study, and their main characterizations, and justify the choice of research 

methodology. First of all, the origin of the dye samples and the synthesis of new compounds 

are presented, as well as solvents and other materials. The equipment used in the study is also 

specified. 

The apK  values of the dyes were determined in Chapter 3 by the spectrophotometric 

method in buffer solutions in DMSO and acetonitrile-DMSO mixtures. Interpreting the apK  

values requires an understanding of the state of tautomeric equilibria. The analysis of the 

absorption spectra in the visible region and evaluation of the tautomerization constants made it 

possible to calculate the so-called microscopic equilibrium constants of the stepwise 

dissociation.  

In Chapter 4 we examined the influence of the substituents in the phthalic residue on the 

dissociation of the hydroxy group of the compound. This can shed some light on the 

transmittance of the electronic effects between the two parts of the fluorescein molecule.  

The fluorescent properties of amino and nitro derivatives of fluorescein in aprotic 

solvents were described in Chapter 5. This finding seems to be important for understanding the 

emission processes in fluorescein series in the case of the introduction of electron-donating 

groups, such as NH2, and acceptor groups, such as NO2, in the phthalic residue. Based on the 

results of the previous chapters and comparing fluorescence data with literature value for 

alcohol and water solutions and DFT calculation it is possible to put forward an assumption 

about the effect of hydrogen bonds on the fluorescence of nitro- and aminoderivatives of 

fluorescein. 

The effect of mixture compositions of aprotic (or hydrogen bond donor) solvent on the 

steady-state properties like absorption and emission maxima, Stokes shift and relative quantum 

yield of BODIPY dyes is described in Chapter 6. Analysis of the influence of the mixture on 

the model compounds will help to further interpret the results for the nitro- and amino 

derivatives of fluorescein. Finally, conclusions, summarizing the key findings of the work, and 

future perspectives are outlined. 
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Chapter 1  
 

 

Derivatives of fluorescein in solution 
 
 

Nowadays, fluorescein dyes are widely used in different branches of chemistry and 

related sciences, first of all owing to their unique fluorescent properties. The general 

dissociation and tautomerization scheme is well developed and works well for fluorescein and 

its numerous derivatives and analogous, first of all, the halogen derivatives. Among these 

compounds, nitro derivatives are much less explored. However, new compounds of this family 

exhibit new types of behavior in solution.  

This chapter reviews the tautomeric form of the most studied fluorescein derivatives. 

Analysis of the literature convincingly shows that, despite the presence of a series of 

publications, a general picture of the nitrofluoresceins equilibrium in solution is still absent. 

Compounds containing nitro groups in the xanthene part of the molecule are of particular 

interest. This requires additional thorough study. 
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1.1 Introduction  

 

 

The hydroxyxanthene compounds of the fluorescein family belong to the oldest, most 

studied, and widely used organic dyes [1]. Nevertheless, the investigation of the various 

properties of these important compounds is continuously ongoing [2–5]. For example, now they 

are used in microscale thermophoresis [6], for creating functionalized luminescent materials [7] 

and studying surfactant micelles of different types [8, 9]. Fluorescein is used as a platform for 

finely tunable fluorescence probes [10], whereas many fluorescein dyes are applied as 

fluorescent indicators for intracellular pH [11], chromogenic and fluorogenic probes [12], for 

manufacturing sensors in marine systems [13], as biological probes [14], etc.  

Recently, photoinduced proton transfer [15], oxygen- and pH-dependent photophysics 

[16], and mechanism for tuning of fluorescence [17] is explored for the dyes of fluorescein 

series. Of special interest is new research on the anions of fluorescein dyes in the gas phase 

[18]. However, the protolytic equilibria in liquid media have been studied in detail mainly for 

common representatives of this group of fluorophores, first of all for the mother compound [19–

23] and halogen derivatives [19, 20, 24–26]. 

In Figure 1.1, the molecular formulas of the neutral and anionic forms of fluorescein are 

demonstrated.  

 

O

O

OHHO

C O

2

45

7
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5/

O OO

COO

_

_

 

H2R        R2– 

Figure 1.1: Molecular structures of neutral and dianionic forms of fluorescein.  
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In the xanthenes portion of the R2–, the oxygen atoms are in an equal state, whereas the 

manner of the accepted representation is conventional.  

The study of the protolytic equilibria of dibenzofluorescein show that the p aK  values in 

water somewhat deviate from those of fluorescein [27]. It was also demonstrated that the 

introduction of the ethyl group in the 2 and 7 positions of fluorescein shifts the 2p aK  value 

toward the physiological pH region [28]. Recently, interesting properties of the new fluorescent 

probes – silicon-substituted fluorescein were reported [29]. The excited state proton transfer 

reactions in the hydroxyxanthene series were also studied [30, 31]. A detailed study of 

ionization and tautomerism of a series of fluorescein dyes in cetyltrimethylammonium chloride 

micellar solutions at a high ionic strength of the bulk phase was published recently [32].  

 

1.2 Ionic equilibria and tautomerism  

 

Fluorescein dyes are dibasic acids, which can also add a proton in solutions.  

+
3RH     ,H + RH +

2   a0K            (1.1) 

RH2     ,H + HR +−
  a1K      (1.2) 

−HR  ,H + R +2−
   a2K          (1.3) 

The cationic form can be represented as a carbenium cation:  

 

O OHHO

COOH

+

 

Figure 1.2: Molecular structure of fluorescein cation, H3Z
+.  

The neutral form of fluorescein is represented by the following structures: lactone, H2L, 

quinone, H2Q, and zwitterion, H2Z
± (Figure 1.3).    
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Figure 1.3: Molecular structures of the neutral form of fluorescein.  

While the lactone H2L is colorless, the other two tautomers absorb in the visible region. 

The fractions of these tautomers in water are 0.67, 0.11, and 0.22, respectively [20].  

The single-charged anion, or monoanion, of fluorescein has the HQ– structure in 

solution:  

_

O O

COO

HO

 

Figure 1.4: Fluorescein monoanion, HQ–.  

The spectra of the ionic forms of fluorescein are presented in Figure 1.5 (where  - the 

molar extinction coefficient, cm-1M-1). 

350 400 450 500 550 600 650
0

20

40

60

80

100

 
x

 1
0

-3
, 

cm
-1

 M
-1

Wavelength (nm)

1

2

3

  

Figure 1.5: Spectra of fluorescein ionic forms in 91 mass % aqueous dimethyl sulfoxide 

(DMSO): H3R
+ (1); HR– (2); R2– (3) [20].  
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It is firmly proved that the absorption bands of the H2Q and H2Z
± tautomers in the visible 

are analogous to those of the ions HQ– and H3Z
+, respectively. However, in the case of an 

ionized carboxylic group, the absorption maximum is somewhat bathochromically shifted [19, 

20, 24, 26, 32]. This shift is also in agreement with quantum-chemical calculations [33].  

The situation is different in the case of 2,4,5,7-tetrabromo and tetraiodo derivatives. 

Here, the monoanion appears as a “phenolate” tautomer, HX–, owing to the pronounced 

strengthening of the hydroxyl group acidity, Figure 1.6. The bathochromic shift of the HX– with 

respect to that of the quinonoidal dianion (Figure 1.1), designated as X2–, is also in line with the 

abovementioned theoretical calculations [33].  

O OO

COOH

Br Br

BrBr

_

 

Figure 1.6: The molecular structure of the eosin monoanion, HX–.  

This is also the reason for the negligible fraction of the zwitterions in the case of eosin 

and similar dyes. But even for fluorescein, this tautomer, H2Z
±, is observed only in water, not 

in organic solvents [19, 20, 22, 26, 32].  

The spectra of several halogen derivatives of fluorescein in 90 mass % aqueous acetone 

are exemplified in Figure 1.7.  

It is clearly seen, that the HR– ions of dyes with halogen substitution in the phthalic acid 

residue have the structure of HQ– type. For dyes with only two halogen atoms in the xanthene 

part, e.g., 2,7-dichlorofluorescein and 4,5-dibromofluorescein, the fractions of the HR– 

tautomer can be commensurable, depending of the solvent nature [20, 26, 32].  

The molar extinction coefficient of the R2– anions are rather high (for example, see 

Figure 1.7); in water, for fluorescein, eosin, and erythrosin they are 88.0×103, 96.7×103, and 

94.6×103 M–1cm–1 at λmax = 490, 515, and 525 nm, respectively.  
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Figure 1.7:  Absorption spectra of R2– (1–3) and HR– (1'–3') of 3',4',5',6'-tetrachlorofluorescein 

(1, 1'), 2,4,5,7-tetraiodofluorescein (erythrosin) (2, 2'), and 2,4,5,7-tetraiodo-3',4',5',6'- 

tetrachlorofluorescein (rose Bengal B) (3, 3') in 90 mass % aqueous acetone [34].  

 

Taking into account the above information about tautomerism, the detailed scheme of 

protolytic equilibrium can be represented in Figure 1.8 for the simplest case, i.e., for fluorescein 

and eosin.  

H2Q H2L

HQ HX

X

pk1,COOH pk1,OH

pk2,OH pk2,COOH

_ _

2
_

KT

 

Figure 1.8: Detailed scheme of protolytic equilibrium of hydroxyxanthene dyes in solution.  

 

From this scheme, the connection between the dissociation constants, Ka, and the so-

called microscopic constants, k, can be derived.  

For fluorescein:  

 

a1 1,COOH Tp p log(1 )K k K= + +     (1.4) 

a2 2,OHp pK k=        (1.5) 

For eosin:  
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a1 1,OH Tp p log(1 )K k K= + +      (1.6) 

a2 2,COOHp pK k=      (1.7) 

 

These equations were used for the interpretation of the pKas of dyes in different solvents 

[19, 20, 22, 26, 32]. An equation of the same type was used for the pKa0 value (see equation 

1.1).  

When the fluorescein dyes bear additional ionizing groups, e.g., COOH groups, the 

scheme of acid-base and tautomeric equilibria becomes much more complicated [35]. The same 

refers to the aminofluorescein dyes, which are often used in chemistry and related sciences. 

Two aminofluorescein dyes, namely, 4’- and 5’-aminofluorescein, were recently studied in 

water, aqueous ethanol [36], and in entire DMSO [37] (Figure 1.9). 

 

_
O OHHO

COOH

+

_

O O

COO

O

NH2
NH2

 

 

Figure 1.9: The structure of 4’- and 5’-aminofluoresceins in their cation and dianion forms.  

 

Here, the amino groups can add a proton, and for each dye four dissociation constants 

in water and aqueous ethanol were reported [36]. Whereas for fluorescein and eosin in water, 

the pKa0, pKa1, and pKa2 values are 2.14; 4.45; 6.80, and –2.0; 2.81; 3.75, respectively [20], for 

4'- and 5'-aminofluoresceins the pKa(–1), pKa0, pKa1, and pKa2 values were reported as 1.63; 2.46; 

4.48; 6.84 and 1.27; 1.93; 5.67; 6.60 [36].  

 

1.3 Hydroxyxanthene dyes that form anions-lactones: Amino- and nitrofluoresceins  

 

The above-detailed scheme of protolytic equilibria (Figure 1.6) acquires distinctive 

features in the case of dyes prone to the formation of lactone anions. For example, the 

monoanion HR– of 5'-aminofluorescein in DMSO (but not in water or aqueous ethanol) exists 

mainly as a lactone HL– [37], while the double-charged anion R2– of 2,4,5,7-
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tetranitrofluorescein in all solvent systems examined up now is present mainly as a lactone L2– 

(Figure 1.10). Contrary to other species of the lactoid type, this dianion is yellow due to the 

typical absorption of the nitrophenolate portions. These results are in line with quantum-

chemical calculations [38].   

O
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O

OHO

NH2

O

C
O

O

OO

NO2NO2

NO2
O2N

_ _ _

 

Figure 1.10: Examples of anions with lactonic structure: HL– of 5'-aminofluorescein and L2– of 

2,4,5,7-tetranitrofluorescein.  

It should be taken into account, that on going from solutions to the gas phase, some 

properties of the dyes can change cardinally. For example, fluorescein monoanion in the gas 

phase appears as the HX– tautomer [39–41]. Therefore, the above-mentioned quantum-

chemical calculations were performed in vacuo, water, and DMSO [38].  

Analysis of the literature convincingly shows that, despite the presence of a series of 

publications, a general picture of the nitrofluoresceins equilibrium in solution is still absent. 

Compounds containing nitro groups in the xanthene part of the molecule are of particular 

interest. A set of such dyes was synthesized by Samoylov et al. [42]; shortly after, their acid-

base and tautomeric equilibria were studied in 50 mass % aqueous ethanol [43, 44]. The 

behavior of 2,4,5,7-tetranitrofluorescein in different solvents [25, 45, 46] and surfactant 

micelles [32] was investigated in subsequent studies, which also utilized various techniques 

such as X-ray analyses, electrospray spectroscopy, and NMR [45, 46]. In addition, a new dye 

4,5-dinitrosulfofluorescein was synthesized and its interaction with lysozyme was studied [47, 

48]. A dye 4,5-dibromo-2,7-dinitrofluorescein was studied at the water/air interface [49]; 

recently, a theoretical study of the structure of this dye was published [50]. A synthesis of 

2,4,5,7,4'-pentanitrofluorescein was reported by Negishi et al. [51].  

Therefore, it is necessary to systematically investigate the nitrofluoresceins bearing the 

NO2 group in the xanthene and phthalic portions of the fluorescein molecule. As a solvent, 

DMSO is worthwhile to use since it reveals molecular structures that are invisible in water and 

water-rich mixed solvents. For example, the HL– tautomer of 5'-aminofluorescein [37] and HX– 

tautomer of fluorescein [52] were observed just in DMSO.  
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The data concerning the dissociation constants of other fluorescein dyes available in the 

literature are given in Table 1.1.  

Table 1.1: Indices of the thermodynamic dissociation constants of dyes in DMSO [37] 

 

Compound 
1p aK
 2p aK

 

Fluorescein methyl ether 13.7  0.1 — 

Sulfonefluorescein  3.8  0.1 12.3  0.1 

Fluorescein  13.1  0.1  12.0  0.1 

5'-Aminofluorescein 11.0  0.2 13.9  0.3 

Erythrosin 5.6  0.1 10.6  0.2 

 

Data in DMSO-rich water–DMSO systems are also few [53, 54]. The choice of DMSO 

is also caused by the high acidity of nitrofluoresceins; the pKas are very low. Therefore, the 

quantitative study of the two-step dissociation was undertaken in entire dimethyl sulfoxide 

(DMSO).  

The fluorescence of the nitro and amino derivatives is another interesting issue. Whereas 

the beautiful bright emission of fluorescein is observed in any solvent, for 4'- and 5'-

aminofluoresceins it is possible only in aprotic solvents [55]. On the other hand, 2,4,5,7-

tetranitrofluorescein exhibits bright fluorescence only in the form of a single-charged anion, 

which, however, exists in a narrow pH range [45]. The double-charged anion, contrary to the 

behavior of other fluoresceins, forms a non-fluorescent lactone.  

Previously, an attempt was made to obtain a stable, pH-independent fluorescent 2,4,5,7-

tetranitrosubstituted hydroxyxanthene by replacing the 2'-carboxylic group with the SO3H 

group [48]. Although the xanthene part remained the same, the resulting dianion was unable to 

close into a lactone-like, i.e., sultone ring. Surprisingly, no fluorescence was observed, 

presumably due to the specific influence of the SO3– group. Therefore, a part of our work aimed 

to obtain a fluorescent 2,4,5,7-tetranitrofluorescein anion that would be stable within a wide pH 

range. This was done, and the fluorescence of the dye appeared to be dependent on the hydrogen 

bonding ability of the solvents. 
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1.4 Conclusions  

 

 

1. Though fluorescein dyes belong to the oldest and most used and investigated dyes, new 

representatives with interesting properties permanently appear. First of all, this refers to 

dyes with wonderful fluorescent properties.  

2. The general dissociation and tautomerization scheme is well developed and works good 

for fluorescein and its numerous derivatives and analogous, first of all, the halogen 

derivatives. However, new compounds of this family exhibit new types of behavior in 

solution. This requires additional thorough study.  

3. First of all, it deals with anions with a lactonic structure. This is already observed for 

amino and nitro derivatives. However, many features are still unexplored here.  

4. Therefore, the present study is devoted to this problem. As the main solvent, the highly 

polar dimethyl sulfoxide (DMSO) is chosen. In this solvent, some quantitative results 

have already been published in the literature.  

5.  Also, the fluorescence properties of these dyes are an interesting issue. Many of them 

emit weakly. However, some of the compounds exhibit intensive fluorescence, 

depending on the solvent. Relevant research should also be the subject of this 

dissertation. 
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2.1 Introduction 

 

 

In this Chapter, we present the objects of the study, their main characterizations, and 

justify the choice of research methodology. First of all, the origin of the dye samples and the 

synthesis of new compounds are presented, as well as solvents and other materials. The 

equipment used in the study is also specified.  

Then, the primary characterization of the dyes in a solid state and solution is presented. 

The X-ray analysis of two pentanitrofluoresceins discloses some features of their structure. On 

the other hand, the analysis of the 13C NMR spectra proves the structure of the other two new 

tetranitrofluorescein compounds in the solution.  

The next part of this Chapter presents the primary overview of the absorption spectra of 

the anionic forms of the dyes of interest in the visible region. In this case, the aim is to 

understand the concentration region of the further working solutions. Then, the procedure of 

the pKa determination in DMSO and acetonitrile with 4 mass % DMSO is described. One of 

the problems is the homoassociation of the components of the buffer systems.  

 

2.2 Materials  
 

2.2.1 Dyes  

 

The samples of 4,5-dinitrofluorescein, 2,4,5,7-tetranitrofluorescein, and 4,5-dinitro-2,7-

dibromofluorescein were kindly put to our disposal by Dr. Denis Samoylov, Saint-Petersburg 

State University of Technology and Design, Russia. Some properties of these dyes were already 

studied [1–5]. 4,5-Dinitrosulfofluorescein and 4,5-dinitrofluorescein methyl ether were 

synthesized by S. V. Shekhovtsov; the details, including identification of the compound, have 

been published [6–8]. The isomers 4′- and 5′-aminofluorescein (98% main compound) were 

purchased from Sigma-Aldrich and were used as received. 5′-Nitrofluorescein was synthesized 

according to the recently published procedure [9] and purified by the accepted method using 

diacetate [10, 11]. The methyl ester of 4,5-dinitrofluorescein was prepared and described 

previously [12].  

The synthesis of 2,4,5,7,4-pentanitrofluorescein was described by Negishi et al.[13]; 

here, another procedure was used. The syntheses given below were made by S. V. Shekhovtsov 

and included in the paper mentioned above.   
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2,4,5,7,4-pentanitrofluorescein, 3',6'-dihydroxy-2',4',5,5',7'-pentanitro-3H-

spiro[isobenzofuran-1,9'-xanthen]-3-one. To 2,4,5,7-tetranitrofluorescein (5.12 g, 10 

mmol) 50 mL of 95% sulphuric acid was added. The mixture was heated to 80 oC and stirred 

until a clear solution. After cooling to +10 oC, fuming nitric acid (2 mL, 48 mmol) was added 

dropwise. The reaction mixture was heated to 60° C for 2 hours and then poured onto 150 g of 

cracked ice. The crude nitration product was filtered and washed with 25 mL of 10% HCl. The 

cake was removed, refluxed for several minutes with 50 ml of acetic acid, cooled, and filtered. 

The precipitate was dissolved by heating in a mixture of 30 mL acetic acid and 200 mL 

acetonitrile. The solution was filtered and evaporated until the beginning of crystallization (total 

volume 50–60 mL). After 2 hours, the precipitate was filtered off and dried at 110 ° C and 60 

mmHg for 2 hours. The yield was 3.05 g (55%) of a yellow powder. 1H NMR (400 MHz, 

DMSO-d6), /ppm: 8.84 (1H, d, J = 2.0 Hz, 3), 8.68 (1H, dd, J = 8.4 Hz, 2.0 Hz, 5), 7.80 (1H, 

d, J = 8.4 Hz, 6), 7.62 (2H, s, 1, 8). X-Ray data are given below.  

2,4,5,7,5-pentanitrofluorescein, 3',6'-dihydroxy-2',4',5',6,7'-pentanitro-3H-

spiro[isobenzofuran-1,9'-xanthen]-3-one. To 5-nitrofluorescein (1.00 g, 2.65 mmol) 15 mL 

of 95% sulphuric acid was added. The mixture was heated to 90 °C and stirred until a clear 

solution. After cooling to +5 oC, a nitrating mixture of fuming nitric acid (2 g, 31.7 mmol) with 

of 95% sulfuric acid (2 mL) was added dropwise. The reaction mixture was heated to 60 ° C 

for 1 hour and then poured onto 150 g of cracked ice. The crude nitration product was filtered 

and washed with 20 ml of 10% HCl. The cake was removed, refluxed for several minutes with 

30 ml of acetic acid and cooled. The crystals were filtered off, washed with 3 mL of acetic acid, 

and dried at 110 °C and 60 mmHg for 2 hours. The yield was 1.18 g (80%) of a yellow powder. 

For recrystallization, the product was dissolved in 20-30 mL acetonitrile, filtered, and 

evaporated to 10 mL. Then 20 mL of hot acetic acid was added, and the solution was evaporated 

until precipitation began. 1H NMR (400 MHz, DMSO-d6), /ppm: 8.57 (1H, d, J = 8.6 Hz, 3), 

8.41 (1H, d, J = 8.6 Hz, 4), 8.39 (1H, s, 6), 7.63 (2H, s, 1, 8). 

Methyl ester of 2,4,5,7-tetranitrofluorescein, 3',6'-dihydroxy-2',4',5',7'-tetranitro-

3H-spiro[isobenzofuran-1,9'-xanthen]-3-one. To a stirred mixture of 2,4,5,7-

tetranitrofluorescein (0.200 g, 0.39 mmol) with 10 mL of anhydrous methanol, thionyl 

chloride (1.0 ml, 13.76 mmol) was added under ice-cooling. The mixture was refluxed for 4 

hours. After 60 minutes, 2,4,5,7-tetranitrofluorescein dissolved and a precipitate of methyl 

ester of 2,4,5,7-tetranitrofluorescein was observed. Then the solution was cooled and 3 mL 
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of 90 % aqueous methanol was added. The crystals were filtered off and washed with 3 ml of 

methanol and dried at 110 °C and 60 mmHg for 2 hours. The yield was 0.10 g (49%) of orange 

crystals. 1H NMR (400 MHz, DMSO-d6), /ppm: 8.27 (1H, d, J = 7.7 Hz, 3), 7.92 (1H, t, J = 

7.7 Hz, 5), 7.84 (1H, t, J = 7.7 Hz, 4), 7.54 (1H, d, J = 7.7 Hz, 6), 7.50 (2H, s, 1, 8), 3.69 (3H, 

s, COOCH3).  

2,4,5,7-tetranitrofluorescein with opened pyran ring, 3,3-bis(2',4'-dihydroxy-3',5'-

dinitrophenyl)-2-benzofuran-1(3H)-one. 2,4,5,7-tetranitrofluorescein (0.51 g, 1 mmol) was 

dissolved in 10 mL aqueous solution of 0.60 g NaOH. The solution was heated to boiling, 

immediately cooled, and acidified with 5 % HCl. The precipitate was filtered off, washed with 

30 mL 1% HCl and dried at 110 °C for 2 h. The substance was dissolved by heating in 10 mL 

toluene with a few drops of acetone and 0.05 g of activated charcoal was added. The hot solution 

was filtered, and the filtrate was left for a day at 6°C. The precipitate was recrystallized from 7 

mL toluene with a few drops of acetone and dried at 110 °C and 60 mmHg for 1 hour. The yield 

was 0.35 g (56.6 %) of bright-yellow crystals. The substance contains toluene in a molar ratio 

of 1 : 0.25. 1H-NMR (400 MHz, DMSO-d6), δ/ppm: 8.06(1H, d, J=7.8 Hz, 3), 7.89(1H, d, 

J=7.8 Hz, 6), 7.83(2H, s, 1,8), 7.80(1H, t, J=7.8 Hz, 5), 7.65(1H, t, J=7.8 Hz, 4).  

The methyl esters of 3'-nitrofluorescein, 4'-nitrofluorescein, and 3'-aminofluorescein, 

ethyl esters of 4'-nitrofluorescein, 5'-nitrofluorescein, 4'-aminofluorescein, and 5'-

aminofluorescein, and methyl ester of eosin described in publication [14] and Chapter 4, were 

synthesized and identified by S. V. Shekhovtsov; the procedures will be published elsewhere.  

Methyl ester of eosin (methyl 2-(2,4,5,7-tetrabromo-6-hydroxy-3-oxo-3H-xanthen-

9-yl)benzoate). To a stirred mixture of 2,4,5,7-tetrabromofluorescein (0.324 g, 0.500 mmol) 

with 30 mL of anhydrous methanol, thionyl chloride (1.5 ml, 20.64 mmol) was added under 

ice-cooling. The mixture was refluxed for 30 minutes. After several minutes, 2,4,5,7-

tetrabromofluorescein dissolved and a precipitate of methyl ester of 2,4,5,7-

tetrabromofluorescein was observed. Then the solution was cooled, the crystals were filtered 

off and washed with 7 ml of methanol. The yield was 0.315 g (95%) of red crystals. Eosin used 

in this synthesis was obtained by saponification of a sample of ethyl eosin (ca. 95 % purity), re-

crystallized in the form of a monoacetate, and its purity was checked by TLC.  

The 1H and 13C NMR spectra of the synthesized dyes are collected in Appendix A. They 

were recorded in Institute for Organic Chemistry, National Academy of Science of Ukraine, 

Kyiv.   
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2.2.2 Solvents 

 

Dimethyl sulfoxide was purified by freezing and distilled under vacuum; water content 

0.016 to 0.06 % as determined by the coulometric Karl Fischer method. Acetonitrile was stored 

for several days over P4O10 and distilled over dehydrated K2CO3. Water content was 0.007 to 

0.015 %. Benzene was purified from water by P4O10 and distilled; water content was below 

0.01 %. Methyl iso-butyl ketone (Merck, for synthesis or for extraction analysis) was twice-

distilled, and the fraction at 114.2 to 114.8 °C (99.7 kPa) was used. Dimethyl formamide was 

used as freshly purified with Al2O3 and distilled under a vacuum. 1-Octanol, n-octane, and 

cyclohexane were purified via distillation. Dichloromethane and acetone were commercial 

samples. 1-Butanol and methanol were dehydrated and distilled. Aqueous 96 % ethanol of high 

purity was purified by distillation. 

 

2.2.3 Other chemicals 

 

Benzoic and salicylic acids were purified by sublimation. Potassium benzoate and 

sodium hydrosalicylate were purified by re-crystallization. Picric acid was twice re-crystallized 

from ethanol and dried as described previously [15]. p-Toluenesulfonic acid (TSA) 

monohydrate was re-crystallized from acetonitrile. Triflic acid, CF3SO3H, was kindly donated 

by Professor Yu. L. Yagupolski. Sulfuric acid 98% aqueous sulfuric acid was of analytical 

grade. Diazabicyclo [5.4.0] undec-7-ene (DBU) (Merck) was used as obtained; the content of 

the main component was equal to 95 mass %, as determined by titration of its aqueous solutions 

with HCl. 2,4-dinitrophenol was re-crystallized from the benzene–cyclohexane mixture (1 : 1 

by volume). The synthesis and purification of tetramethylammonium 2,4-dinitrophenolate was 

described previously [15]. The purity of 2,6-dinitrophenol, analytical grade, melting point 64 

oC. Sodium 2,6-dinitrophenolate was prepared through the following procedure. 4.00 g of 2,6-

dinitrophenol was solved under heating in 50 % aqueous ethanol, which contained 2.00 g 

sodium hydroxide. The hot solution was filtrated through a syringe membrane filter and cooled 

to +6 0С. On the next day, the deposit of the sodium salt of the 2,6-dinitrophenol was filtered, 

washed with 10 mL of 50 % aqueous ethanol and dried. The mass of the dried salt was 4.28 g. 

After re-crystallization from 50 mL of 50 % aqueous ethanol the mass of the dry salt was 3.74 

g (yield 83.5%). In several experiments in aqueous solutions, standard buffers (potassium 

hydrophthalate, potassium dihydrophosphate + sodium hydrophosphate, borax), sodium 

hydroxide and diluted HCl were used to maintain the appropriate pH values.  
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2.3 Apparatus 

 

Absorption spectra of the dyes were run on a Hitachi U-2000 and an Agilent Cary 3500 

UV-Vis spectrophotometers, against the solvent blanks at 25 °C.  

Steady-state fluorescence spectra were obtained with either Hitachi F4010 or Hitachi 

830 spectrofluorimeter and treated using Spectra Data Lab Software [16]. The fluorescence 

quantum yields were measured at 25 oC with reference to fluorescent standards, fluorescein 

solution at pH = 12 (NaOH) or fluorescein in aqueous carbonate buffer at pH = 9.93, excitation 

490 nm, quantum yield 92.5, and an allowance for the difference in the refractive indices of 

solvents [17]. Fluorescence lifetimes and time-resolved spectra were measured on a 

subnanosecond kinetic spectrometer, consisting of an MDR-12 monochromator (LOMO, 

Russia), a TimeHarp 200 TCSPC device, a PLS 340−10 ps LED driven by a PDL 800-B device 

(PicoQuant GmbH, Germany), and a Hamamatsu H5783P PMT (Hamamatsu, Japan). Time-

resolved spectra (TRS) were obtained in the case of species participating in excited state 

transformations when bi-exponential fluorescence decays were observed. The procedures of 

TRS measurements, as well as the determination of excited-state kinetic characteristics, were 

carried out as described in the literature [18–20].  

The 1H and 13C NMR spectra were recorded on Varian VNMRS-400 Spectrometer (1H: 

400 MHz; 13C: 100 MHz). NMR chemical shifts (δ) are reported in ppm downfield from 

tetramethylsilane as internal reference.   

X-ray diffraction studies of isomeric pentanitrofluorescein were performed at room 

temperature on an «Xcalibur-3» diffractometer (MoKα radiation, ССD-detector, graphite 

monochromator, ω-scanning, 2θmax= 52º). Both structures were solved by direct methods and 

refined against F2 within anisotropic approximation for all non-hydrogen atoms by full-matrix 

least-squares procedure using OLEX2 program package [21] with SHELXT and SHELXL 

modules [22]. All H atoms were placed in idealized positions (C–H = 0.93 – 0.96 Å, O–H = 

0.82 Å) and constrained to ride on their parent atoms, with Uiso = 1.2Ueq (1.5Ueq for OH groups). 

Atom coordinates and crystallographic parameters have been deposited to the Cambridge 

Crystallographic Data Centre; The data can be obtained free of charge from the Cambridge 

Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif/.  

 

2.4 Primary characterization of the dyes in solid state and solution 

 

In this section, we present the structural studies of four new dyes in solid and dissolved 

states. First, 2,4,5,7,4'-pentanitrofluorescein and 2,4,5,7,5'-pentanitrofluorescein were studied 

http://www.ccdc.cam.ac.uk/data_request/cif/


Chapter 2 

 

35 

 

by the X-ray method. Second, two derivatives of 2,4,5,7-tetranitrofluorescein were studied in 

DMSO via the 13C NMR spectroscopy, namely, the methyl ester and a compound with opened 

pyran ring.  

On the other hand, we examined the absorption spectra of the dyes in the visible region 

in DMSO solutions, to evaluate the absorption maxima and molar extinction coefficient. 

Finally, the procedure of the study of the acid-base equilibria is formulated, taking into account 

the specific features of DMSO as a solvent.   

 

2.4.1 Lactones of 2,4,5,7,4'-pentanitrofluorescein and 2,4,5,7,5'-pentanitrofluorescein: 

Structural description via X-ray analysis 

 

Details of the data collection and processing, structure solving and refinement, and 

CCDC numbers are summarized in Table 2.1.  

Table 2.1: Crystallographic data and refinement parameters of 2,4,5,7,4'-pentanitrofluorescein 

(1) and 2,4,5,7,5'-pentanitrofluorescein (2).  

 1 2 

Formula C20H7N5O15 C20H7N5O15 

M 557.31 557.31 

Crystal system monoclinic monoclinic 

Space group P21/n P21/c 

a (Ǻ) 13.4699(5) 18.6869(15) 

b (Ǻ) 12.1802(4) 6.3609(4) 

c (Ǻ) 13.6641(8) 19.3340(15) 

α, ° 90 90 

β, ° 110.742(5) 115.770(9) 

γ, ° 90 90 

V (Ǻ3) 2096.51(17) 2069.6(3) 

Z 4 4 

Dcalcd. (g cm–3) 1.766 1.789 

T (K) 298 298 

μ(mm–1) 0.156 0.158 

F(000) 1128 1128 

Reflections collected/unique 15783 / 5475 10034 / 5318 

Rint 0.067 0.077 

Reflections with I > 2σ(I) 2396 2219 

R1 [I > 2σ(I)] 0.0721 0.0750 

wR2 (all data) 0.2439 0.2341 

GOF on F2 0.969 0.965 

CCDC 1848208 2124651 
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Molecular structures of both isomeric pentanitrofluoresceins possess a lot of similar 

features. Xanthene moieties reveal a “butterfly” type distortion from planarity: fold angles 

between two benzene rings in xanthenes are 14.1(1)° and 11.8(2)°, respectively (while twist 

angles between these rings are less than 2° in both, so twist deformation isn’t observed). 

However, the deformation direction is different: in 2,4,5,7,4'-pentanitrofluorescein, the outer 

side of xanthene “butterfly” is directed to the O atom of isobenzofurane, while in 2,4,5,7,5'-

pentanitrofluorescein, the inner side is (see Figure 2.1). Xanthene and isobenzofurane moieties 

are almost perpendicular as it is commonly observed for fluoresceins – twist angles between 

mean planes are close to 90° in both structures (89.0(1) and 88.4(1)°, respectively). At the time, 

fold angles are slightly different (16.0(1)° in 2,4,5,7,4'-pentanitrofluorescein and 8.0(2)° in 

2,4,5,7,5'-pentanitrofluorescein).  

 

 

2,4,5,7,4'-pentanitrofluorescein    2,4,5,7,5'-pentanitrofluorescein 
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Figure 2.1: “Butterfly” distortion of xanthene moieties.  

Those minor structural distortions do not affect conjugation in the pyran ring of 

xanthene: for both molecules, C-Opyran distances lie in the range 1.358(4) – 1.370(4) Å, which 

is close to the mean value 1.377 Å [23]. Both rings reveal no pronounced alternation (as it was 

described for dinitro fluorescein methyl ether) [7]. Nitro groups at xanthene atoms C(4) and 

C(10) are rotated with respect to the ring plane (interplanar angles are 96.1(2)° and 63.1(2)° in 

2,4,5,7,4'-pentanitrofluorescein and 52.1(3)° and 67.0(2)° in 2,4,5,7,5'-pentanitrofluorescein, 

respectively). Nitro groups at C(6) and C(12) atoms lie in the benzene ring plane due to 

intramolecular hydrogen bonding with hydroxyl groups (H…O 1.89 – 1.93 Å). Therefore C(4)-

N(1) and C(10)-N(3) bonds (1.462(4) – 1.481(4) Å) are consistently longer than C(6)-N(2) and 

C(12)-N(4) bonds (1.440(3) to 1.452(4) Å). At the time, repulsion between O atoms of in-plane 

nitro groups and O atoms of hydroxyl groups cannot be fully compensated by H-bonding; it 

results in notable elongation of the C-C aromatic bond in O-C-C-N fragment (C(5)-C(6) and 

C(11)-C(12), distances lie in the range of 1.394(4) – 1.405(4) Å, while the typical value is 1.386 

Å [7].  
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Figure 2.2: An example of “head-to-tail” stacking in 2,4,5,7,4'-pentanitrofluorescein. 

 

Figure 2.3: An example of “head-to-tail” stacking in 2,4,5,7,5'-pentanitrofluorescein. 

In the crystals, both molecules form 3D structures based on stacking interactions that 

involve nitro groups. There are couple of different types of such stacking dimers, all sharing 

one structural feature – the “head-to-tail” orientation of molecules (Figures 2.2, 2.3), that 

indicates the dominant contribution of dipole-dipole interactions.  
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2.4.2 13C NMR study in DMSO solutions 

 

 

Signals assignment in the 13C NMR spectra was made analogously to the approach used 

in several papers [24, 25] – by comparison of the experimental spectrum with the theoretically 

calculated one. Theoretical calculations were conducted in the DFT scheme with b3lyp 

functional [26] in cc-pvdz orbital basis [27] in GIAO model [28] with the account of universal 

interactions with solvent only in PCM model [29] using Gaussian-09 program package [30]. 

Both data correlate well one with another among all the Carbon-13 chemical shifts scale 

covering carbonyl, aromatics and aliphatic regions. Examples of analogous successful 13C 

NMR correlations can be found on the special website [31].  

For 2,4,5,7-Tetranitrofluorescein with the cleaved pyran ring, the 13C NMR spectrum in 

DMSO gives evidence for the lactonic structure. In Figure 2.4 and in Table 2.2, the numbering 

of carbon atoms is given for a triphenylmethane dye or phenolphthalein derivative.   

The signal of the central carbon atom, 87.98 ppm, can be compared with those of H2L 

and L2– of 2,4,5,7-tetranitrofluorescein, 78.4 and 83.4 ppm, respectively [4]. The signal of the 

carbon atom of the C=O group of the lactone, 168.93 ppm, coincides with those of the neutral 

and dianionic lactones of the parent compound, 167–168 ppm [4].  
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Figure 2.4: 2,4,5,7-Tetranitrofluorescein with the cleaved pyran ring in lactonic form.  
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Table 2.2: 13C NMR signals positions of the 2,4,5,7-tetranitrofluorescein with cleavage of 

pyran ring, 3,3-bis(2',4'-dihydroxy-3’,5’-dinitrophenyl)-2-benzofuran-1(3H)-one, in DMSO-

d6. For atoms numbering see Figure 2.4.  

Atoms 13C signal, ppm Atoms 13C signal, ppm Atoms 13C signal, ppm 

1 168.93 7 124.92 3' 124.78 

3 87.98 4a 149.35 4' 151.06 

4 124.60 7a 123.38 5' 125.38 

5 134.63 1' 121.67 6' 132.72 

6 129.91 2' 161.21   

 

 

Figure 2.5: Correlation between the experimental and theoretical (b3lyp/cc-pvdz/PCM) 13C 

NMR spectra of the 2,4,5,7-tetranitrofluorescein with the cleaved pyran ring, shown in Figure 

2.4, in DMSO-d6.  

 

The case of 2,4,5,7-tetranitrofluorescein methyl ester was special, because it exists in 

the DMSO-d6 solution in the anionic form (Figure 2.6), for which one can expect less accurate 

theoretic predictions, than for neutral species.  
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Figure 2.6: Anion of the methyl ester of 2,4,5,7-tetranitrofluorescein. 

The calculated anionic form of this compound is characterized by planar xanthene 

moiety with practically orthogonal to its ester-substituted benzene ring. No steric repulsion 

between bulky ester group and xanthene tricycle is seemingly observed: distance between 

xanthene C9 and carbonyl oxygen atoms in the most favorable conformation (≈ 0.27 nm) is 

comparable with the sum of their van der Waals radii. None of the four nitro groups is coplanar 

with xanthene moiety owing to steric effects of ionized hydroxy groups in its positions 3 and 6 

(calculated torsional angles were ~28° and ~61° for nitro groups in positions 2,7 and 4,5 

correspondently). The obtained correlation between the experimental NMR signals positions 

and calculated magnetic shielding of 13C nucleus is presented in the numerical form in Table 

2.3 and shown in Figure 2.7.  

  

Table 2.3: 13C NMR signals positions of the 2,4,5,7-tetranitrofluorescein methyl ester anion in 

DMSO-d6. 

Atoms 13C signal, ppm Atoms 13C signal, ppm Atoms 13C signal, ppm 

1,8 129.18 10,13 105.64 4' 127.40 

2,7 142.82 11,12 147.58 5' 131.78 

3,6 161.63 1' 132.38 6' 127.40 

4,5 133.39 2' 130.35 14 162.53 

9 164.85 3' 131.03 15 52.60 
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Figure 2.7: Correlation between the experimental and theoretical (b3lyp/cc-pvdz/PCM) 13C 

NMR spectra of the anionic form of the 2,4,5,7-tetranitrofluorescein methyl ester in DMSO-d6.  

The good linearity of the data can serve as an additional argument in favor of the anionic 

form of the 2,4,5,7-tetranitrofluorescein methyl ester in its concentrated solution in DMSO. 

Based on our correlation one can explain the reduced number of signals observed in the 

experimental 13C NMR spectrum (14 instead of 15): the signals of two atoms in the side benzene 

ring (4' and 6') coincide owing to the current electron density redistribution in the anion form. 

The corresponding experimental signal was slightly broadened in comparison with the other 

ones.  

 

2.4.3 Absorption spectra in solution  

 

The spectral data of the dyes under study in their anionic forms are presented in Table 

2.4. The molar extinction coefficient determined by us is high enough for studying the acid-

base equilibria in the concentration range of about 10–5 M.  

The absorption maxima of the esters of the dyes are 8–12 nm higher than those of the 

corresponding mother compounds; Figure 2.8.   
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max  in DMSO:   526 nm     534 nm 

Figure 2.8:  4'-Nitrofluorescein, R2–, and 4'-nitrofluorescein methyl ester, R–.  

Table 2.4: Absorption maxima and molar extinction coefficient of the dye anions in the visible 

region; 25 oC.   

 

No Dye  In water a In DMSO b 

max , nm max , nm 
𝑚𝑎𝑥 10–3, 

M–1 cm–1 

1 4'-Nitrofluorescein, R2– [7] c 493 526 97.83 

2 4'-Nitrofluorescein methyl ester, R– 500 534 70.4 

3 4'-Nitrofluorescein ethyl ester, R– 502 534 73.4 

4 5'-Nitrofluorescein, R2– 494 528 95.8 

5 5'-Nitrofluorescein ethyl ester, R– 501 535 87.8 

6 4'-Aminofluorescein, R2– [7] c 488 518 131.0 

7 4'-Aminofluorescein ethyl ester, R– 492 527 116.3 

8 5'-Aminofluorescein R2–, [7] c 488 517 115.0 

9 4,5-Dinitrofluorescein, R2– 481 510 82.2 

10 4,5-Dinitrofluorescein, methyl ester, R– 489 521.5 87.1 

11 4,5-Dinitrosulfofluorescein, R2– 492 520 85.75 

12 2,4,5,7-Tetranitrofluorescein, R2– [3] c 400 441 19.0 

13 2,4,5,7-Tetranitrofluorescein, methyl ester, R– 506 527 110.0 

14 2,4,5,7,4'-Pentanitrofluorescein, R2– 402 429 17.7 

15 2,4,5,7,5'- Pentanitrofluorescein, R2– 401 419 31.7 

Note. a In aqueous borate buffer solution, pH = 9.2. b With 0.02 M DBU. c References indicate the literature 

data for DMSO.  
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This is typical for the xanthenes anions and was explained based on quantum-chemical 

calculations [32].  

The max  of anions of dyes bearing the nitro group in the phthalic acid residue are 7 to 

10 nm higher as compared with those with the NH2 group, while their 𝑚𝑎𝑥 values are 1.2–1.6-

fold lower, than for amino derivatives.  

The bathochromic shifts of the anionic spectra on going from water to DMSO are within 

the range of 29–34 nm; for the 2,4,5,7-Tetranitrofluorescein, methyl ester it is with 21 nm 

somewhat lower.  

A special case is the pentanitrofluoresceins. The absorption bands of the R2– anions are 

close to the UV region, and the molar extinction coefficient is low (Table 2.4).  The same is the 

picture in the case of the 2,4,5,7-tetranitrofluorescein, studied previously [3]; as it was indicated 

in Chapter 1, this is because of the lactonic structure of the R2– anions. Despite the sp3-

hybridization of the nodal carbon atom and contrary to the lactones of the neutral molecules, 

H2R, these anions-lactones are not colorless, but yellow because of nitrophenolate absorption 

of the aromatic moieties.  

The fluorescence of the considered dyes, if present, is weak. Only amino derivatives and 

the methyl ester of 2,4,5,7-tetranitrofluorescein emit substantially, but only in aprotic solvents. 

In the case of pentanitrofluoresceins, fluorescence was observed only in a narrow +

*

H
pa  range. 

The same behavior was described earlier for 2,4,5,7-tetranitrofluorescein and ascribed to the 

emission of the single-charged anion, HR– [3]. Nonetheless, we decided to examine the above-

mentioned cases of fluorescence in different solvents (see Chapter 5). First of all, the methyl 

ester of 2,4,5,7-tetranitrofluorescein is of interest because of the independence of its 

fluorescence on the +

*

H
pa  values.  

The neutral molecular forms of the dyes of interest with free carboxylic group exist in 

DMSO almost in the colorless lactonic form. In the case of methyl and ethyl esters of the dyes, 

the decolorization was not observed within a wide acidity range.  

The choice of a particular method of the spectrophotometric data processing depended 

on the character of the variations of the absorption spectra in solutions at different acidities.     

Preliminary experiments have shown that the quantitative study of the protolytic equilibria 

should be performed within +

*

H
pa  range from diluted strong enough acids to benzoate buffer 

solutions. {The designation +

*

H
pa  used hereafter means, according to Bates [33], that the 

standard state of the proton refers to the given non-aqueous solution.}  
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2.5 Approach to the apK  determination 

 
 

2.5.1 The acidity scale in DMSO 

 

 

For this purpose, the +

*

H
pa  scale should be constructed [33]. The standard state is 1 M 

of lyonium ion with the properties of an infinitely diluted solution. The +

*

H
pa  values were 

obtained using either solution of strong enough acids or buffer mixtures of weak acids; HApK  

denotes the indices of the dissociation constants of the latter. The ionic activity coefficients 

were calculated according to the Debye–Hückel equation, second approach:  

21.12
log

1 2.13
z

z I
f

I
= −

+
       (2.1) 

Here I is the ionic strength, z is the charge of the ion. The activity coefficients of neutral 

species were equated to unity. Triflic acid was considered as completely dissociated in DMSO 

[34]. The same applies to the TSA [35] and to picric acid; according to Kolthoff et al., for the 

picric acid HApK  ≈ –1 [36]. The equilibrium concentration of the lyonium ion, [H ]+
, was 

equated to the working concentrations of these acids. Hence, the +

*

H
pa  values were calculated 

as:  

+

*

H
pa  = +

*

H
log a−  = log[H ]+−  – 1log f     (2.2) 

Here f1 stands for the activity coefficient of the solvated proton. If necessary, the account 

of the protons originating from the dye dissociation was made.  

In buffer solutions of sodium salicylate and potassium benzoate, the complete 

dissociation of all the salts is presumed. Here, [H ] [K ]+ +  and [H ] [Na ]+ + . The I value was 

equated to the salt concentration, which was usually 0.005 M. The HApK  values of 6.8 and 11.1 

for salicylic and benzoic acids, respectively, were reported by Kolthoff et al. [36]. Also, the 
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homoassociation process was taken into account; the values of the so-called formation 

constants, 
2

f

HA
K − , for these acids are 30 and 60 M–1, respectively [37]. The equation proposed by 

Kolthoff et al. [38] was used in this case:  

 

+ +
2

2 2 f 2 2

1 s 1 a a s a s a aH H HA
( ) [ ( ) ] 0a f c a f K c c K c c K c−

 − + + − + =     (2.3) 

Here ac  and sc  are the molar concentrations of the acid and salt, respectively. Normally, 

the  sc  value was fixed, while that of ac  was variable. As result, at ac  > sc  thus estimated +

*

H
pa  

values were lower than those calculated without taking into account the homoassociation 

process. The results were opposite at ac  < sc .  The homoassociation process is discussed in 

detail in Chapter 4. 

 

2.5.2 The acidity scale in acetonitrile-DMSO 96:4 mass  

 

 

A series of experiments was performed in acetonitrile, which contains 4 mass % DMSO. 

In a polar weakly basic solvent acetonitrile, even traces of water can distort the results obtained 

with this solvent. In order to avoid this interfering factor, a new binary solvent was proposed 

recently, namely, acetonitrile with 4 mass % DMSO [15]. The relative permittivity of the binary 

solvent is 36.95 at 25 oC.  

In this solvent, the acidity scale ( +

*

H
pa ) was established, and a set of buffer solutions 

was proposed. It was shown that the proton is associated with the molecules of the protophilic 

dimethyl sulfoxide, while other ionic and molecular species are solvated mainly by acetonitrile. 

Hence, this binary solvent can be regarded, as a first approximation, as acetonitrile with 

lyonium ion H(DMSO)2
+ [15]. The acidity scale in this solvent was established recently [15]. 

In this case, the second approach of the Debye– Hückel equation is as follows:  
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21.64
log

1 2.40
z

z I
f

I
= −

+
      (2.4) 

The HApK  values of salicylic and benzoic acids are 9.61 and 13.98, respectively. The 

2

f

HA
K −  values for salicylic and benzoic acids are 2.5×102 and 2.2×103 M–1, respectively. Besides 

the homoassociation, the incomplete salt dissociation should be taken into account; the 

dissociation constants of sodium hydrosalicylate and tetraethylammonium benzoate are 5.0×10–

3 and 3.5×10–4 M, respectively [15]. For picric acid, 2,4-dinitrophenol, and 2,6-dinitrophenol,  

HApK  = 3.30, 8.68, and 8.73, respectively. The dissociation constants of sodium salts of 2,4- 

and 2,6-dinitrophenol 1.4×10–3 and 3.5×10–4 M [15].  

 

2.5.3 The principles of apK  determination  

 

The apK  values of the dyes were obtained by processing the absorption spectra at 

different +

*

H
pa  values. The dye concentrations were two orders of magnitude lower than those 

of buffer components, if not otherwise specified. For the determination of the spectra of the 

limiting basic forms, the DBU solutions were used. High acidities were created by triflic, 

sulfuric, and p-toluenesulfonic acids. The working solutions were prepared in volumetric flasks 

by adding the aliquots of dye and buffer components, either as aliquots of their stock solutions 

or as weighted amounts. All salts were considered as completely dissociated. The possibility of 

heteroassociation between the dyes and buffer compounds was ignored.  

The apK  values of the dyes were obtained by processing the absorption spectra at 

different +

*

H
pa  values. The dye concentrations were two orders of magnitude lower than those 

of buffer components, if not otherwise specified. For the determination of the spectra of the 

limiting basic forms, the DBU solutions were used. High acidities were created by triflic, 
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sulfuric, and p-toluenesulfonic acids. The working solutions were prepared in volumetric flasks 

by adding the aliquots of dye and buffer components, either as aliquots of their stock solutions 

or as weighted amounts. All salts were considered as completely dissociated. The possibility of 

heteroassociation between the dyes and buffer compounds was ignored at this stage of research.  
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Chapter 3 
 

 

Nitro derivatives of fluorescein in solution: Towards understanding 

of stepwise acid-base dissociation in systems inclined to 

tautomerism 

 

The results of this chapter are partly published in: 

E.G. Moskaeva, A.V. Mosharenkova, S.V. Shekhovtsov, N.O. Mchedlov-Petrossyan. 

Protolytic equilibrium of tetra- and pentanitrofluoresceins in a binary solvent acetonitrile – 

dimethyl sulfoxide (mass ratio 96 : 4). Ukrainian Chem J. V. 87. No. 5., P. 25–37, (2021)  

N. O. Mchedlov-Petrossyan, S. V. Shekhovtsov, E. G. Moskaeva, I. V. Omelchenko, A. D. 

Roshal, A. O. Doroshenko. New fluorescein dyes with unusual properties: Tetra- and 

pentanitrofluoresceins. J. Mol. Liquids. 367, 120541, (2022) 

In this chapter, we are going to discuss acid-base dissociation and tautomeric 

equilibrium of nitroderivatives of fluorescein in buffered solutions in aprotic solvents. In the 

previous chapter electronic spectroscopy in dimethyl sulfoxide, DMSO, proves that doubly 

charged anions of several compounds, R2–, exist in solution in the form of lactone structures, 

which is not characteristic of other fluorescein dyes. These lactones are yellow (max = 420–

430 nm) due to the nitrophenolate absorption. On the contrary, singly charged anions are 

represented predominantly by fluorescent and intensely colored particles. So, the next step is 

to calculate the apK  values from spectrophotometric data. Interpreting this constant requires 

an understanding of the state of tautomeric equilibria. The analysis of the absorption spectra 

in the visible region and evaluation of the tautomerization constants made it possible to 

calculate the so-called microscopic equilibrium constants of the stepwise dissociation. 

Of particular interest is the methyl ester of 2,4,5,7-tetranitrofluorescein. The 

esterification of the carboxyl group avoids lactonization. In contrast to the initial dye, this 

compound exists as a stable singly charged anion in a wide pH range in all solvents except 

nonpolar ones.
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3.1 Introduction  

 

 

The thermodynamic apK  values were determined using the spectrophotometric method 

in buffered solutions.  

H2R  HR– +H+, Ka1    (3.1) 

HR–  R2– +H+, Ka2     (3.2) 

 

The study was conducted with a twofold purpose. First, because preliminary 

experiments demonstrate new features of this important family of dyes, it seemed worth 

exploring them in detail. Second, the analysis of the dissociation constants and absorption 

spectra of twelve newly considered and six earlier studied dyes showed that this series in DMSO 

gives excellent examples of dramatic differences in the a1 a2/K K  ratio, from 8×102 for 4,5-

dinitrofluorescein to 4.0×107 for 4,5-dinitro-2,7-dibromofluorescein. This and many other 

effects were explained in terms of tautomerism and microscopic dissociation constants. The 

explanation was confirmed using the apK s of the model compounds with blocked hydroxylic 

or carboxylic groups, OCH3, COOCH3 and COOC2H5, or with SO3H group instead of COOH.  

For a two-step dissociation (4,5-dinitro-; 2,4,5,7-tetranitro-; 2,4,5,7,4'- and 2,4,5,7,5'-

pentanitro-; and 4,5-dinitro-2,7-dibromofluorescein) a general equation for a fixed wavelength, 

dye concentration, and ionic strength is as follows:  

+ 2

+ +

* 1 1

a1 1 a1 a2 2HR H R

* 2 * 1 1

a1 1 a1 a2 2H H
( )

A a K f A K K f
A

a a K f K K f

− −

− −

− −

+
=

+ +
    (3.3) 

Here, A is the absorbance at a current +H
pa

 value, 
HR

A − and 2R
A −  are absorbances of 

solutions under complete conversion of the dye into the corresponding form. While the last one 

can be determined directly at high enough +H
pa

 
values, the 

HR
A −  value is unavailable when the 

dissociation constants are close. This equation can be represented in three forms for the 

calculation of both dissociation constants and the 
HR

A −  value:  

 

2

+ +

1 1 * 1 1 * 2HR R
a1 1 a2 1 2H H

( ) ( )
A A A A

K f a K f f a
A A

− −− − − − −
− −

= +     (3.4) 
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a2 2 1 a1 2H H
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K f f a K f a
A A A A
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− −
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     (3.5) 

 

+ + 2 +

* 1 1 * 1 1 * 1

a1 1 a2 1 2 a2 1 2HR H H R H
{ 1 ( ) } ( )A A a K f K f f a A K f f a− −

− − − − −= + + −    (3.6) 

 

 (
2H RA  ≈ 0). Here, aK  are thermodynamic constants.  

In a simple case of one-step dissociation (ether and esters of the dyes), the equation is 

trivial:  

 

+

* R
a1 1H

HR

p p log log
A A

K a f
A A

− −
= + −

−
    (3.7) 

 

For 4,5-dinitrosulfofluorescein, the first dissociation step occurs at much higher acidity, 

and the second dissociation step can be studied as isolated:  

 

2

+

* R
a2 2 1H

HR

p p log log log
A A

K a f f
A A

−

−

−
= + − +

−
    (3.8) 

 

The +H
pa

 values of the buffer solutions in DMSO were calculated taking into account 

the homoassociation equilibrium, as described in Chapter 2. In buffer solutions, the ionic 

strength was as a rule 0.005 M (equal to the buffer salt concentration; the concentrations of the 

buffer acid were variable). The +H
pa

 values in the acidic region were created using p-

toluenesulfonic or triflic acids, and in the case of tetra- and pentanitrofluoresceins, picric acid 

was also used. In the acidic region, the ionic strength was equal to the “strong” acid 

concentration.  

In acetonitrile with 4 mass % DMSO, the +H
pa

 values were calculated using the set of 

equilibrium data for the buffers [1].  
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3.2 The 4,5-dinitrofluorescein series in DMSO 

 

The absorption spectra at different +H
pa

 are presented in Figures 3. 1 and 3.2. Therein, 

the values of the used buffer solutions are indicated. For apK  calculations, several wavelengths 

around the max  values of the dissociated forms are used as analytical positions.  
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Figure 3.1: Steady-state absorption spectra in DMSO at different +H
pa

 values: 4,5-

dinitrosulfofluorescein (1); 4,5-dinitrofluorescein methyl ether (2); 4,5-dinitrofluorescein 

methyl ester (3); and dependence of 4,5-dinitrofluorescein methyl ester absorbance at 522 nm 

on +H
pa

 (4) in DMSO at different : in salicylate (a) and benzoate (b) buffer solutions and 

in p-toluenesulfonic acid solutions (c). 

 

+H
pa
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The obtained apK s are collected in Table 3.1. The molar extinction coefficients are 

given in Table 3.2. The most complicated case is the 4,5-dinitrofluorescein. In Figure 3.3, the 

dependence of absorbance vs. +H
pa

 at   = 520 nm is exemplified. The a1K , a2K , and 
HR

A −  

values were jointly calculated using the chemometric CLINP method [2]. Absorbance from   

= 500 to 535 nm in one nanometer was used for 24 working solutions, at ionic strength 0.005 M. 

Table 3.1: The thermodynamic apK  values of the nitrofluorescein dyes in DMSO; 25 oC. 

No. Compound 
a1pK

 a2pK
 a2 a1p pK K−

 

1 4,5-Dinitrosulfofluorescein n.d. 4.88  0.11  – 

2 4,5-Dinitrofluorescein methyl ester  3.79  0.03  –  – 

3 4,5-Dinitrofluorescein methyl ether  9.6  0.2  –  – 

4 4,5-Dinitrofluorescein 7.0  0.1 9.9  0.2 2.9 

5 4,5-Dinitro-2,7-dibromofluorescein 1.34  0.1 8.9  0.1 7.6 

6 2,4,5,7-Tetranitrofluorescein {from ref. [3]} 1.3  0.17 4.4  0.13 3.1 

7 2,4,5,7-Tetranitrofluorescein methyl ester  below 0 — — 

8 2,4,5,7,4'-Pentanitrofluorescein  0.59  0.03 4.42  0.04 3.8 

9 2,4,5,7,5'-Pentanitrofluorescein  0.63  0.03 4.45  0.03 3.8 

10 5'-Nitrofluorescein 10.6  0.1 11.8  0.1 1.2 
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Figure 3.2. Steady-state absorption spectra of 4,5-dinitrofluorescein in DMSO at different +H
pa

 

values in salicylate (a) and benzoate (b) buffer solutions.  
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Table 3.2: Characterization of the absorption spectra of the dyes in DMSO, 25 oC 

Compound λmax, nm (max10–3, M–1 cm–1) 

 Neutral Monoanion Dianion 

4,5-Dinitrofluorescein 445.5 (0.037); 474 (0.031) 520 (86.8)  510 (82.2) 

4,5-Dinitrofluorescein methyl ester  424 (20.2); 446 (30.1); 474 

(24.8) 

521.5 (87.1) — 

4,5-Dinitrofluorescein methyl ether almost colorless 437 (2.49) — 

4,5-Dinitrosulfofluorescein n.d. 424 (21.7); 

445 (31.6); 

474 (26.6) 

520 (85.8) 

4,5-Dinitro-2,7-dibromofluorescein almost colorless 525 (96.2) 513 (30.6) 

2,4,5,7,4'-Pentanitrofluorescein  almost colorless 525 (98.6)  429 (17.7) 

2,4,5,7,5'-Pentanitrofluorescein almost colorless 525 (99.8) 419 (31.7) 

2,4,5,7-Tetranitrofluorescein  almost colorless 525 (62.0) 441 (19.0) 

2,4,5,7-Tetranitrofluorescein methyl 

ester  

452 (37.9)a 527 (110.0) — 

5'-Nitrofluorescein 437 (0.048), 461 (0.054), 492 

(0.039) 

435 (22.4) 

461 (30.3) 

490 (21.9)  

528 (95.8) 

a In benzene with the addition of 0.1 M sulfuric acid.  
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Figure 3.3: The dependence of absorbance of 4,5-dinitrofluorescein at 𝜆 = 520 nm on 
H

pa +


in 

DMSO; ionic strength 0.005 M. 
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Finally, the values a1pK  – 1log f  = 6.88±0.10 and a2pK  – 2log f  + 1log f  = 9.71±0.20 

were obtained. The spectrum of the HR– ion (Figure 3.4) was singled out using thus obtained 

apK  values, Equation (3.6).  
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Figure 3.4: Steady-state absorption spectra of the anions of 4,5-dinitrofluorescein in DMSO at 

ionic strength of 0.005 M; the HR– spectrum was singled out using the calculated pKa values.  
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Figure 3.5: The molar extinction coefficient of 4,5-dinitrofluorescein: 1 – neutral form H2R in 

the presence of 0.05 M p-toluenesulfonic acid; 2 – the spectrum in the presence of 0.001 M of 

p-toluenesulfonic acid; 3 – absorption of the R2– dianion in the presence of 0.02 M DBU (in 

this case, the E values were divided by 650). The spectra 1 and 2 were obtained at dye 

concentrations of 3.7×10–3 and 7.5×10–4 М.  

It is clearly seen that for 4,5-dinitrofluorescein the monoanion belongs to the HX– type, 

like that of eosin, erythrosin, etc. (see Chapter 1).  
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The spectrum of the neutral form of 4,5-dinitrofluorescein in DMSO is available in 

acidic solutions, e.g., in 0.05 M p-toluenesulfonic acid. In Figure 3.5, the corresponding data 

are represented. In 0.001 M acid solution, the appearance of the HR– anion is evident (curve 2).   

The spectrum of the R2–
 ion is presented for comparison (curve 3, dotted line); the  

values are divided by 650. It should be noted that the molecular spectrum (curve 1) contains a 

substantial absorbance in the UV portion. The reason is the specificity of the spectrum of the 

lactone. The presence of a nitro group causes the slight yellow color of nitrophenol; analogous 

effect is observed for the 4,5-dinitrofluorescein lactone. The bands at 446 and 474 nm resemble 

by shape those of the methyl ester of 4,5-dinitrofluorescein (Figure 3.1, c; Table 3.2), whereas 

the short-wavelength band, probably around 424 nm, is overlapped by the absorption of the 

lactonic tautomer.  

 

3.3 The tetranitrofluorescein series 

 

3.3.1 The tetranitrofluorescein series in DMSO 

 

The absorption spectra are exemplified in Figures 3.6 and 3.7. The results obtained with 

the picric and triflic acids and p-TSA coincide. In solutions with a low concentration of picric 

acid, the contribution of the dye concentration to the material balance was taken into account. 

Measurements were made against the solvent blanks, which is of special importance in the case 

of picric acid. Therefore, in Figure 3.6 the short-wavelength portion of the spectra in picric acid 

solutions was cut off because of too high absorbance of the blank solutions. The picture is in 

outline similar to that reported by us earlier for 2,4,5,7-tetranitrofluorescein [3]. Because the 

pKa1 values are rather low, the traces of colored anionic species disappear only at high 

concentrations of acids (sulfuric, p-toluenesulfonic, or triflate). Hence, the molecular forms, 

H2R, are colorless and exist in form of lactones, H2L (see Chapters 1 and 2), which are in line 

with those considered above in the solid state.  
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Figure 3.6: Steady-state absorption spectra of 2,4,5,7,4'-pentanitrofluorescein, 1.40×10–5 M, in 

DMSO. The spectrum of the dianion R2– was measured in 0.02 M DBU solution; the same 

spectrum was obtained in benzoate buffer solutions. The values for the picric acid solutions in 

the concentration scale, pHc = log[H ]+− , and in the activity scale { +

*

H
pa } are as follows: 0.35 

{0.66} (1); 0.66 {0.93} (2); 1.27 {1.44} (3); 1.81 {1.92} (4); 3.38 {3.40} (5); 3.51 {3.53} (6); 

3.98 {3.99} (7); the spectrum within the range of 1.84 {1.92} to 3.08 {3.11} are almost 

invariable and correspond to the single-charged anion, HR–. This is a representative set of points 

from a much larger body of data (see Figure 3.8). 
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Figure 3.7: Steady-state absorption spectra of 2,4,5,7,5'-pentanitrofluorescein, 4.17×10–6 M, in 

DMSO. The spectrum of the dianion R2– was measured in 0.02 M DBU solution; the same 
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spectrum was obtained in the benzoate buffer solution. The values in the concentration scale, 

pHc = log[H ]+− , and in the activity scale { +

*

H
pa } are as follows: 1.05 {1.26} (1); 1.22 {1.40} 

(2); 1.40 {1.55} (3); 1.70 {1.82} (4); 3.70 {3.71} (5); 4.00 {4.01} (6); 4.22 {4.23} (7); 4.70 

{4.70} (8); the spectrum within the range of 1.70 {1.82} to 3.52 {3.54} are almost invariable 

and correspond to the single-charged anion, HR–. In the acidic region, p-TSA, picric, and triflic 

acids were used. This is a representative set of points from a much larger body of data (see 

Figure 3.8).  
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Figure 3.8: Dependence of the molar extinction coefficient at λmax on pHc = log[H ]+−  in 

DMSO; 2,4,5,7,4'-pentanitrofluorescein (triangles); 2,4,5,7,5'-pentanitrofluorescein (circles).  

 

The absorbance in the middle of the plateau and the +H
pa

 value that corresponds to the 

middle of the right branch of the dependence were taken as the first approximation of 
HR

A −  and 

a2pK , respectively. Thus calculated 
1

a1K −
 value (Equation 3.4) was used in the calculation of 

a2K  (Equation 3.5), and both constants were used to obtain the refined 
HR

A −  value (Equation 

3.6). Then the procedure was repeated. The second iteration leads to the same results. The 

results are presented in Tables 3.1 and 3.2.  

Because previous experiments demonstrated the pronounced tendency to alkaline 

rupturing the pyran cycle in the case of sulfofluorescein nitroderivatives [4, 5], it was necessary 

to shed light upon this problem for the dyes under study as well.  
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3.3.2 Rupture of the pyran ring and transformations in aqueous media 

 

It was shown and firmly proved, that in the case of nitro derivatives, the rupture of the 

pyran ring in the fluorescein molecule occurs at a lower alkali concentration than for the 

unsubstituted dye or its halogen derivatives [4–7]. In these cases, new bands in the visible 

appear which correspond to the anions of triphenylmethine dyes formed after pyran ring 

rupture. It concerns compounds with two nitro groups in the xanthenes part [4, 5, 7]. In our 

previous work, two examples of the above cycle cleavage are demonstrated for the 2,4,5,7-

tetranitrofluorescein [6]. First, the electrospray ionization spectroscopy revealed a four-charged 

anion with three Na+ ions, using a NaOH solution in aqueous acetonitrile. X-ray analysis of 

crystals obtained from concentrated aqueous KOH solution proved a five-charged anion of 

carbinolic type. Both structures are shown in Figure 3.9.  
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Figure 3.9: Highly charged anions of 2,4,5,7-tetranitrofluorescein with ruptured pyran ring 

identified using electrospray spectroscopy (left) and X-ray analysis of crystals (right) [6].  

Now we made some experiments in order to additionally clarify this issue. In DMSO at 

high concentrations of DBU, no new absorption bands in the visible spectrum appear. On the 

other hand, we synthesized the corresponding compound with cleaved pyran ring (see Chapter 

2). 

Thus, the prepared compound (Figure 3.10) is a neutral form that corresponds to the 

four-charged anion revealed in the solution (Figure 3.9, left).  



Chapter 3 

64 

 

O2N

NO2

HO OH

O

C

O

NO2

OH

NO2

OH

 

Figure 3.10: The molecular structure of the 2,4,5,7-tetranitrofluorescein with ruptured pyran 

ring (see also Chapter 2) 

 

Concluding, the tendency to lactone formation is so pronounced in the case of 2,4,5,7-

tetranitro derivatives of fluorescein, that the new band corresponding to the deeply colored 

triphenylmethine anion with sp2-hybridization cannot appear, in contrary to the 4,5-

dinitrofluorescein [7] and 4,5-dinitrosulfonefluorescein [4, 5]. Note that the dianion of 

tetranitrophenolphthalein exists predominantly as a lactonic yellowish colored tautomer [8]. 

Somewhat different is the behavior of the 2,4,5,7-tetranitrosulfonefluorescein, which is unable 

to form a stable inner ester, a so-called sultone five-member cycle, under alkaline conditions 4 

[6]. In this case, after the pyran ring rupture the nucleophilic attack of the HO– ion leads to a 

carbinol formation [4, 6]. For 2,4,5,7-tetranitrofluorescein this takes place only in extremely 

high alkali concentrations (Figure 3.9, right). 

This allows us to explain the absence of new bands either in DMSO with DBU additions 

or in aqueous NaOH solutions. Obviously, the tendency to lactone formation in the presence of 

four nitro groups in the xanthenes part is so pronounced that the anion that appears in alkaline 

media retains the lactonic structure. 

Negishi et al. [9] reported the color transitions of 2,4,5,7,4'-pentanitrofluorescein in 

water within a wide pH range from 1 to 14. The scheme of the protolytic equilibrium proposed 

by the authors is clear, despite some discrepancies between the data presented in the abstract 

and the main text. Though the detailed quantitative study of the equilibria in aqueous solutions 

was beyond the shape of our work, we reproduced these experiments by determination of the 

absorption spectra within the same acidity range and observed similar color changes for both 

dyes. The spectra are typified in Figure 3.11.  

However, taking into account the low apK  values of the dyes and judging by the 

absorption spectra, we guess that the single-charged anion, HR–, appears at pH ≤ 3. For the 

2,4,5,7,5'-pentanitrofluorescein, max  = 396 and 513 nm. Along with pH decreasing, the fraction 



Chapter 3 

 

65 

 

of the colorless neutral lactonic form increases, resulting in an intensity drop. On the other hand, 

at higher pH, the dianion R2– predominates and the spectrum stays unchanged within the pH 

range from 4 to 9; max  = 398–401 and 512 nm. The last band was not observed with the R2– 

spectrum in DMSO.  
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Figure 3.11: Steady-state absorption spectra of 2,4,5,7,4'- and 2,4,5,7,5'-pentanitrofluorescein 

in water with 1 vol % DMSO; the numbers denote the pH values; dye concentrations: 1.01×10–

5 and 1.57×10–5 M, respectively.  

For a very similar dye, 2,4,5,7-tetranitrofluorescein, the dianion not only absorbs around 

400 nm in an aqueous medium, but a less intense band at ≈ 505 nm is also observed [7, 10]. 

The last should be ascribed to the small fraction of the quinonoidal X2– dianion, which is the 

predominating tautomer in the case of fluorescein and its halogen derivatives [10–13]. In 

organic solvents, however, such absorption was not observed [3, 7, 8]. Hence, for 

pentanitroluoresceins the picture is similar, and at pH 4–9 in water, the deeply colored 

quinonoidal tautomer of the dianion, X2–, is also present as an admixture to the L2– tautomer.  

Batistella et al [10] determined the a1pK  = 0.38 and a2pK  = 2.48 values of 2,4,5,7-

tetranitrofluorescein in water. Similar values should be expected for both 

pentanitrofluoresceins. The disappearance of the absorption near 510–512 nm at higher pH of 

12.4–13.3 (Figure 3.11) should be explained by the disappearance of the X2– ion, which 

indicates the conversion of the dianion into another species. The most probable is the rupture 

of the pyran ring at substantial NaOH concentrations. It cannot be firmly proved by the visible 

spectra. Indeed, as was demonstrated above, the dye with a ruptured pyran ring has a lactonic 

structure in neutral form and either lactonic or carbinolic structures in anionic forms (Figure 

3.9).  
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3.3.3 Ionic equilibria in acetonitrile with 4 mass % DMSO  

 

Fluorescein dyes bearing NO2 groups in the xanthenes portion are relatively strong 

acids. Therefore, their investigation in terms of  apK  values should be conducted in a polar 

weakly basic solvent, e.g., in acetonitrile. However, even traces of water can distort the results 

obtained with this solvent. In order to avoid this interfering factor, a new binary solvent was 

proposed recently, namely, acetonitrile with 4 mass % dimethyl sulfoxide [1,8]. In this solvent, 

the acidity scale ( +

*

H
pa ) was established, and a set of buffer solutions was proposed. It was 

shown that the proton is associated with the molecules of the protophilic dimethyl sulfoxide, 

while other ionic and molecular species are solvated mainly by acetonitrile. Hence, this binary 

solvent can be regarded, as a first approximation, as acetonitrile with lyonium ion H(DMSO)2
+ 

[1,8].  

In the case of the 2,4,5,7-tetranitrofluorescein methyl ester, the dissociation of the HR 

form takes place at very low +

*

H
pa  values. The molecular spectrum was available only in 

benzene with small H2SO4 addition. Higher concentrations of the sulfuric acid and additions of 

the p-toluenesulfonic acid led to decolorization, obviously due to hydrolysis of the ester group 

and turning to the mother compound. The appearance of the R– ion in pure benzene may be 

caused by small traces of water. The aprotic solvent acetonitrile with 4 mass % dimethyl 

sulfoxide is a good choice for obtaining the value of the ionization constant of this methyl ester 

[8]. 

The apK  values of the dyes were re-calculated to the thermodynamic ones using the 

activity coefficients f1 and f2 for single and double-charged anions. The value of the ionic 

strength was calculated for each working solution. It did not exceed 0.005 M in buffer solutions 

and diluted picric acid.  

The neutral HR and anionic R– forms of the methyl ester of 2,4,5,7-tetranitrofluorescein 

exists as colored quinonoidal structures HQ and X–, respectively (Figure 3.12).  

Three wavelengths around the absorption maximum were used as analytical positions. 

Here, the absorption of the molecular form HR is small. The thermodynamic value a1pK  = 

1.95 ± 0.19 was obtained from measurements with 8 different +

*

H
pa  values, from 1.45 to 2.35. 

Here, the utilization of the Debye–Hückel equation is conventional. Note that in this binary 

solvent and entire DMSO, the anion R– exhibits bright fluorescence.  
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Much more diluted solutions of picric acid were used in the case of 2,4,5,7-

tetranitrofluorescein (Figure 3.14, a). Here, the neutral form H2R is almost colorless due to the 

predominance of the lactonic tautomer, as in other solvents [3, 6, 14, 15] 
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Figure 3.12: Dissociation equilibrium of 2,4,5,7-tetranitrofluorescein methyl ester  

The absorption spectra of 2,4,5,7-tetranitrofluorescein methyl ester at different 

concentrations of the picric acid are given in Figure 3.13.  
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Figure 3.13: Steady-state absorption spectra of 2,4,5,7-tetranitrofluorescein methyl ester 

(3.1×10–6 M) in the binary solvent at different picric acid solutions (pa). The spectrum of the 

anionic form R– was obtained in a salicylate buffer solution (a). The spectrum of the entire HR 

form was measured in benzene with 0.1 M sulfuric acid; without such acidifying, some amounts 

of the anion R– are present in the solution (dotted curve).  
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Figure 3.14: Steady-state absorption spectra of 2,4,5,7-tetranitrofluorescein (4.2×10–5 M) in 

diluted picric acid (pa) (1) and in the salicylate buffer solutions (a) (2). The R2– spectrum was 

obtained in 0.02 M DBU solution.  

 

The spectrum of the dianion R2– of the dye is obtained in the DBU solution (Figure 

3.14). This absorption band is shifted to some extent as compared with the spectra in salicylate 

buffers. This can be explained by the specific interaction of this double-charged anion with 

either DBUH+ cation or salicylic acid molecules. Such interactions may also somewhat 

contribute to the main equilibrium. The dependence of absorbance at 522 nm is given in Figure 

3.15.  
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Figure 3.15: Absorption of 2,4,5,7-tetranitrofluorescein (4.2×10–5 M) at 522 nm vs. +

*

H
pa . Picric 

acid solutions (left-hand side) and salicylate buffers (right-hand side); 2,6-dinitrophenolate 

buffer solutions are shown with a triangle. 
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If the difference between the dissociation constants is big enough, the 
HR

A −  value can 

be determined directly and only the first items on the right-hand side of Equations 3.4 and 3.5 

can be used for the calculation of the constants. But if the yield of the single-charged anion, 

HR–, does not reach 100 % at any +

*

H
pa  value, then an iterative procedure should be used. The 

method of calculations was as follows. As the first approximation, 
HR

A −  was equated to the 

maximal absorption in Figure 3.14. The dissociation constants were calculated under the 

assumption that stepwise equilibria are isolated. Then the 
HR

A −  value was refined using 

Equation 3.6, and the values were successively improved via Equations 3.4 and 3.5.  

In dilute picric acid solution, the [HR ]−
 values were determined from the absorption 

spectra. The +

*

H
a  values were calculated using Equation 3.9, which is derived using the 

equations of mass action law for the picric acid, mass balance, and electroneutrality.  

+ +

* 2 * 1

HPic 1 1 HPic HPicH H
( ) { [HR ] } { [HR ]} 0a a K f f K c− − −+ − − − =   (3.9) 

First, the 1f  value was equated to unity. Then, the ionic strength was approximately 

equated to +

*

H
a , and after evaluation of the 1f  value the calculations were repeated. Finally, 

knowing +

*

H
a , [HR ]−

, and 1f , the a1K  value was obtained. After five iterations, the results 

became stable. The +

*

H
pa  values indicated in Figures 2a and 3 are obtained as a result of the 

first iteration.  

The calculations of the +

*

H
pa  values and ionic strengths of the buffer mixtures were 

performed using the values of the dissociation constants of the buffer acid and buffer salts (see 

Appendix B).  However, the data obtained with the two dinitrophenolate buffer systems were 

considered only as supporting information. As a rule, three wavelengths around the absorption 

maximum of the HR– anion were used. For instance, the final 
HR

A −  value at 522 nm (Figure 

3.14) was 2.455. This value was used to calculate the molar extinction coefficient of the single-

charged anion.  

Spectrophotometric data for the two pentanitrofluoresceins (Figures 3.16 and 3.17) were 

processed in the same way.  
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Figure 3.16: Steady-state absorption spectra of 2,4,5,7,4'-pentanitrofluorescein (4.7×10–5 M) in 

diluted solutions of the picric acid (pa) (1) and in the salicylate buffer solutions(a) (2). The R2– 

spectrum was obtained in 0.02 M DBU solution.  
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Figure 3.17: Steady-state absorption spectra of 2,4,5,7,5'-pentanitrofluorescein (4.4×10–5 M) in 

diluted solutions of the picric acid (pa) (1) and in the salicylate buffer solutions (a) (2). The R2– 

spectrum was obtained in 0.02 M DBU solution. 

 

The numerical results are collected in Tables 3.3 and 3.4.  
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Table 3.3: Molar extinction coefficient of the dyes in acetonitrile – DMSO binary solvent (96 : 4 

by mass), 25 oC  

 

Dye 

( )3 1 1

max max, nm 10 ,M cm  − − −  

Neutral Monoanion Dianion 

2,4,5,7-Tetranitrofluorescein methyl ester 452 (37.9)a 523 (112.0) — 

2,4,5,7-Tetranitrofluorescein —b 522 (58.4)c 422 (20.0) 

2,4,5,7,4'-Pentanitrofluorescein —b 526 (49.2)c 425 (16.1) 

2,4,5,7,5'-Pentanitrofluorescein —b 525 (64.0)c 421 (16.5) 

Note. a In benzene with 0.1 M sulfuric acid. b Almost colorless. c Calculated from the equilibrium data jointly with 

the dissociation constants.  

 

Table 3.4: Indices of the thermodynamic dissociation constants of the dyes in acetonitrile – 

DMSO binary solvent (96 : 4 by mass),  25 oC 

Dye 
a1pK

 a2pK
 a2 a1p pK K−    

2,4,5,7-Tetranitrofluorescein methyl ester 1.95  0.19 — — 

2,4,5,7-Tetranitrofluorescein 4.49  0.08 6.48  0.17 1.99 

2,4,5,7,4'-Pentanitrofluorescein 4.02  0.03 6.58  0.10 2.56 

2,4,5,7,5'-Pentanitrofluorescein 4.11  0.08 6.5  0.4 2.4 

 

 

3.4 Special cases of 4,5-dinitro-2,7-dibromofluorescein and 5'-nitrofluorescein in 

DMSO 

 

The dye 4,5-dinitro-2,7-dibromofluorescein reflects to some extent the aforesaid 

features of tetra- and pentanitrofluoresceins. The destabilization of the deeply colored 

tautomers of the R2– form is expressed but not complete (Figure 3.18, 2). The values of a1pK  

and a2pK  were easily determined separately in p-TSA solutions and benzoate buffers, 

respectively (Figure 3.19), and added to Table 3.1. In the p𝑎H+ range equal 10÷12 the increase 

of absorbance was observed. Further study of this phenomenon was impossible due to the small 

amount of the dye. 
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Figure 3.18: Steady-state absorption spectra of 4,5-dinitro-2,7-dibromfofluorescein in DMSO 

at different : in p-toluenesulfonic acid solutions (c) and salicylate (a) and benzoate (b) 

buffer solutions.  
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Figure 3.19: Dependence of absorption of 4,5-dinitro-2,7-dibromofluorescein in DMSO at   = 

525 nm on +H
pa

.  

Having the apK s for all the dyes, the absorption spectra of the HR– ion can be obtained 

using Equation 3.6. However, in the case of 4,5-dinitro-2,7-dibromofluorescein, this ion 

predominates within a wide +H
pa

 range, and its spectrum was determined directly. The molar 

extinction coefficients of the molecular and ionic forms are gathered in Table 3.2.  

The spectra of 5'-nitrofluorescein at different +

*

H
pa  values in DMSO are presented in 

Figures 3.20 – 3.23. The gradual decrease of the intensive band of the R2– form occurs along 

with +

*

H
pa  decreasing. Here, the HR– spectrum is difficult to identify, because the expressed 

+H
pa
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decolorization of the dye gives evidence for the presence of substantial fractions of the neutral 

form, H2R, which exist mainly as a colorless lactone.   
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Figure 3.20: Steady-state absorption spectra of 5'-nitrofluorescein at different +

*

H
pa  values in 

DMSO: salicylate (a) and benzoate (b) buffer solutions.   

In Figure 3.21, the spectra in the lower +

*

H
pa  region are presented in a more obvious 

manner. Here, the absorption of HR– is clearly seen. The band at 528 nm is still present, but at 

+

*

H
pa   9.2 it disappears.  
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Figure 3.21: Absorption of 5'-nitrofluorescein in the acidic range of the benzoate buffer 

solutions in DMSO.  
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On the other hand, the spectrum of the neutral form, H2R, exhibits much lower intensity 

(Figure 3.22). Therefore, within a +

*

H
pa  range from ≈ 8 to ≈ 9, the a1pK  value can be determined 

by Equation 3.10.  
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Figure 3.22: Absorption of 5'-nitrofluorescein around the spectra of the neutral form, H2R. The 

values in the activity scale +

*

H
pa  are as follows: 4.12 (1); 3.60 (2); 7.11 (3); 3.90 (4); 6.72 (5); 

6.36 (6); 6.03 (7); p-TSA and salicylic buffer solution were used. 

+

2

* HR
a1 1H

H R

p p log logK a f
 

 

− −
= + −

−
     (3.10) 

At 460 nm, the max value of the molecular form is 47.3 M–1 cm–1. As the absorptivity 

of the HR– ion, unavailable by direct determination, the HR value of the ethyl ester of 5'-

nitrofluorescein, 25.8×103 M–1 cm–1 (see Chapter 4). In benzoate and salicylate buffer solutions, 

a1pK  = 10.6±0.1. Then, the a2pK  value was determined using a set of benzoate buffers with 

+

*

H
pa  from 12.55 to 10.80, using the wavelengths around max  of the R2– ion (Figure 3.20). 

Calculations were performed using Equation 3.5: a2pK  = 11.8±0.1. The HR– spectrum was 

refined using Equation 3.6 and the above obtained a1pK  and a2pK  values (Figure 3.23).  
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Figure 3.23: The spectrum of the single-charged anion of 5'-nitrofluorescein, HR–, in DMSO.  

In this work, we do not consider the formation of dye cations, because, for the 

nitrofluoresceins bearing the NO2 groups in the xanthenes part, the corresponding a0pK  values 

(see Equation 1.1) are substantially negative. However, in the case of 5'-nitrofluorescein the 

dissociation constant of the cation, H3R
+, can be obtained in diluted solutions of p-TSA (Figure 

3.24). As the max value of the cation, the corresponding value of the 5'-nitrofluorescein ester 

cation, 58.5×103 M–1 cm–1 (see Chapter 4) was used. The acid concentration was from 0.0025 

to 0.0423 M; a0pK  = –0.28±0.03.  
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Figure 3.24: Absorption spectra of 5'-nitrofluorescein in DMSO in the acidic region (p-

toluenesulfonic acid solutions (c) and in salicylate (a) buffer solutions).  

.  
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It can be stated that this dye belongs to the “fluorescein type”; the monoanion exists in 

solution as the HQ– tautomer. This is the only exception to the series of nitrofluoresceins 

discussed above.  

Finally, in Figure 3.25, several spectra of 4'-nitrofluorescein in DMSO are presented. 
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Figure 3.25: Steady-state absorption spectra of 4'-nitrofluorescein in DMSO in benzoate buffer 

solutions 

This dye was not studied in a more detailed manner, but the general picture is similar to 

that observed for the 4'-isomer.  

 

3.5 4,5-Dinitrofluorescein: Detailed scheme of the protolytic equilibrium  

 

First, let us compare the a1pK  value of 4,5-dinitrofluorescein methyl ester with the a2pK  

of 4,5-dinitrosulfonephthalein: 3.79 and 4.88, respectively. The difference is obviously caused 

by the additional negative charge in the second case, which hinders the release of the H+ ion.   
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Figure 3.26: The dissociation of methyl ester of 4,5-dinitrofluorescein (top panel) and 4,5-

dinitrosulfofluorescein (bottom panel).  

The effect can be explained by the Bjerrum – Kirkwood – Westheimer equation:  

2

A
2,OH 1,OH

0

24.7
p p

2.303 4 eff eff

e N
k k

RT r r  
− = =


    (3.11)  

Here, R, T, and 0  have their usual meanings, eff  is the effective relative permittivity 

of the space permeated by the electric field lines, r is the distance (in nm) between the 

dissociating group and the negatively charged substituent [16]. For more details, see the book 

by Vereshchagin [17].  

Now let us compare the a1pK  (= 1,OHpk ) of ethyl ester of fluorescein is 10.91; the 

difference is 7.1; for sulfonefluorescein, a2pK  (= 2,OHpk ) is 12.3, and the difference is 7.4. This 

reflects the influence of two nitro groups. At the first glance, the difference between the a1pK  

values of fluorescein methyl ether (13.7) and its 4,5-dinitro analog (9.61) does not confirm this 

regularity, being equal to 4.1. However, as it was proved in a previous paper [18], the 

predominating tautomers of the anions of these dyes are different:  
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Figure 3.27: The structures of the single-charged anions of methyl ethers of fluorescein (left) 

and 4,5-dinitrofluorescein (right).   

As it is shown above, see Figure 3.4, the monoanion HR– of 4,5-dinitrofluorescein is 

represented by the tautomer of the HX– type. The neutral form, H2R, is an equilibrium mixture 
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of the lactonic and quinonoidal tautomers, H2L and H2Q, respectively (see Figure 3.5 and 

Chapter 1, a scheme in Figure 1.8). Hence, the dissociation of 4,5-dinitrofluorescein occurs like 

that of 2,4,5,7-tetrabromo- and iodofluoresceins [3, 5, 16, 18] Equations 1.6 and 1.7, or 3.12 

and 3.13, respectively, give the connection between the experimental Ka values and microscopic 

dissociation constants.  

2a1 1,OH T 1,OH H Qp p log(1 ) p logK k K k = + + = −     (3.12) 

a2 2,COOHp pK k=      (3.13) 

The a2 2,COOHp pK k=  value is equal to 9.9 (Table 3.1). The same value for 2,4,5,7-

tetraiodofluorescein (erythrosin) is equal to 10.6 [18]. This value was determined in benzoate 

buffer solutions; recalculations taking into account the heteroassociation of the benzoic acid 

resulted in a value of 10.1. The difference of 0.2 pKa units can be ascribed to the influence of 

the nitro groups; the transmittance of the electronic effects in the fluorescein system is 

considered in Chapter 4.   

The estimation of the 
2H Q  value can be made using Equation 3.14.  

2

max 2
H Q

max ester

(H R)

(HR )





=       (3.14) 

The shape of the spectrum of the ester of the dye (Figure 3.1, c) is similar to that of the 

mother dye (Figure 3.5). The specificity of the nitro derivatives consists in the yellowish color 

of the lactones (Figure 3.5), whereas for fluorescein and the halogen derivatives, the absorption 

of the lactone exhibits no contribution to the visible portion of the spectrum. However, the ratio 

of the molar extinction coefficients at 446 to 474 nm is 1.21 and 1.19 for the ester and mother 

dye, respectively (Table 3.2). This allows expecting that at 446 nm and even more so at 474 

nm, the influence of the lactone is negligible. As result, a value 
2H Q  = 1.25×10–3 is estimated 

using the wavelength 474 nm; 
2H Qlog  = –2.90. Hence, 1,OHpk  = 4.1, which is close to the 

1,OHpk  = 3.8 value of the ester (Table 3.1). The last-named serves as a model compound. For 

esters of eosin (Chapter 4), 1,OHpk  = 2.8–2.9.  

Concluding, the proposed “eosin-like” dissociation scheme is valid for 4,5-

dinitrofluoresein.  
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3.6 Dyes that form anionic lactones: Dissociation and tautomerism of tetra- and 

pentanitro fluoresceins in DMSO 

 

Whereas in the case of the neutral forms, H2R, and dianions, R2–, the lactonic tautomers 

H2L and L2–, respectively, predominate, the monoanionic form HR– is intensively colored 

(Table 3.2). At the same time, the maximal molar extinction coefficient of the HR– ions are ca. 

10% lower than that of the methyl ester of 2,4,5,7-tetranitrofluorescein (Figure 3.12). 

Therefore, the fraction of the tautomer HX– can be calculated by Equation 3.15.  

max

HX
max ester

(HR )

(R )





−

−

−
=       (3.15) 

The results are presented in Table 3.5.  

 

Table 3.5: Fractions of tautomers and the indices of the microscopic dissociation constants 

Dye 
HX

 −
 HL

 −
 1,Lpk

 2,Lpk
 2,L 1,Lp pk k−

 eff
 

2,4,5,7-Tetranitrofluorescein 0.56 0.44 1.66 4.04 2.4 14.5 

2,4,5,7,4'-Pentanitrofluorescein 0.90 0.10 1.59 3.42 1.8 21.2 

2,4,5,7,5'-Pentanitrofluorescein 0.91 0.09 1.72 3.40 1.7 23.7  

 

Knowing these values, the so-called microscopic dissociation constants, k, can be 

estimated. From the detailed dissociation scheme (Figure 3.28), equations (3.16)–(3.18) can be 

derived.   
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Figure 3.28: Detailed scheme of protolytic equilibrium of the nitro derivatives of fluorescein.  

 

 2,L a2 HL
p p logk K  −= +       (3.16) 

21,L a1 H L HL
p p log logk K   −= + −             (3.17)  

21,OH a1 H Q HX
p p log logk K   −= + −

     
(3.18) 

 

Thus obtained 1,Lpk  and 2,Lpk  values allow us to evaluate the difference between the 

stepwise dissociation of the OH groups of the lactone H2L, 2,L 1,Lp pk k−  (Table 3.5). The effect 

can be explained by the Bjerrum – Kirkwood – Westheimer equation (3.19), where the term 

log 4 reflects the statistical factor [16, 17].  

 

2

A
2,L 1,L

0

24.7
p p log 4 0.602

2.303 4 eff eff

e N
k k

RT r r  
− = + = +


     (3.19)  

 

The r = 0.95 nm value for these dyes was estimated by Dr. V. S. Farafonov in this 

Department. Thus estimated eff  values are presented in Table 3.5. The average value is 20, 
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while the relative permittivity of the solvent equals 46.5. This allows concluding that the 

influence of charged group occurs both through the aromatic molecule and through the solvent.  

Finally, the reasons for the strongly pronounced lactonization of molecules and 

dianions, on the one hand, and commensurable concentrations of HL– and HX– tautomers 

should be explained. Electro-deficient nitro groups reduce the electron density on the nodal 

carbon atom thus favoring the intramolecular acid-base reaction, i.e., lactone formation. This 

leads to lactonization even in the case of dianions. On the other hand, the structure HL– is an 

asymmetrical one. In contrast, the negatively charged chromophore system of the quinonoidal 

structure HX– is symmetrical, because the image is conventional and both oxygen atoms are 

equal. Therefore, the equipotential charge distribution favors the stability of the structure. In 

addition, the presence of DMSO molecules, which are hydrogen bond acceptors, stabilizes the 

COOH groups.  

The expressed stability of the lactones in the case of fluorescein dyes bearing nitro 

groups in the xanthenes moiety is obviously connected with the electrophilicity of the NO2 

groups, which enhances the effective positive charge on the nodal carbon atom C9. The 

quantum-chemical calculations confirm this statement [19].  

Returning to the 4,5-dinitrofluorescein dye, a rough estimate of the fraction of the 

lactonic monoanion can be made, as it was shown previously, the single-charged anion R– of 

the methyl ether of 4,5-dinitrofluorescein (Figure 3.21) exists in DMSO as a lactone L– [18]; 

see also section 3.5. If we use the following equation for 4,5-dinitrofluorescein:  

 

2a1 1,L H L HL
p p log logK k   −= − +    (3. 20 ) 

and assume that 
2H L → 1 and that instead of 1,Lpk  the a1pK  value of the dye ether (= 9.6) can 

be used, we obtain the value 
HL

 −  ≈ 3×10–3. Hence, the lactonic tautomer of the 4,5-

dinitrofluorescein monoanion, HL–, should be excluded from the consideration. Hence, the 

tautomer HX– predominates.  

A special case is 4,5-dinitro-2,7-dibromofluorescein. In the case of this dye, the drop of 

the molar absorptivity of R2– is very expressed. Whereas the rather high maximal molar 

absorptivity of the single-charged HR– form equals 96.2×103 M–1 cm–1 (Table 3.2) and does not 

give reason to assume the presence of a high fraction of HL– tautomer, the  max = 30.6×103 M–

1 cm–1 value for the R2– ion leaves no doubt about the presence of the L2– lactones besides the 

deeply colored X2– tautomer. Then 2X
 −  = 30.6/96.2 = 0.32, 2L

 − = 0.68. Thus, the dissociation 
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should be described as the first approximation by the scheme: HX− →(X2− ⇄ L2−). Therefore, 

the 2,COOHpk  value can be estimated as a2pK  – 2X
log −  = 9.4. This value is lower than those for 

erythrosin, and 4,5-dinitrofluorescein (see above). This allows assuming that the nitro groups 

in concert with the bromine substituents affect the carboxyl group, despite the almost complete 

absence of conjugation between the two parts of the molecule.  

 

3.7 Tautomerism in acetonitrile with 4 mass % DMSO 

 

The main difference between the behavior of the tetra- and pentanitro fluoresceins in 

DMSO and acetonitrile with 4 mass % DMSO is the pronounced decrease in the HR– molar 

absorptivity in this above binary solvent. The results of calculations of the monoanionic 

tautomers fractions are presented in Table 3.6. The data allows us to assume that the HR– forms 

consist of a commensurable concentration of intensively colored HX– tautomer and a lactonic 

anion HL–. Note that the single-charged anions are fluorescent owing to the presence of the 

HX– tautomer.  

Table 3.6: Fractions of tautomers and the indices of the microscopic dissociation constants in 

acetonitrile with 4 mass % DMSO  

Dye 
HX

 −
 HL

 −
 1,Lpk  2,Lpk  2,L 1,Lp pk k−  eff

 

2,4,5,7-Tetranitrofluorescein 0.52 0.48 4.8 6.2 1.4 32 

2,4,5,7,4'-Pentanitrofluorescein 0.44 0.56 4.3 6.3 2.0 18 

2,4,5,7,5'-Pentanitrofluorescein 0.57 0.43 4.5 6.2 1.7 24 

 

The 1,Lpk  value can be calculated by taking 
2H L  close to unity. The results are collected 

in Table 6. The tautomerization constants of the HX– ⇌ HL– equilibrium are 0.92, 1.27, and 

0.75, respectively. Also, the fractions of the tautomer H2Q may be estimated. For example, if 

the 1,OHpk  value of 2,4,5,7-tetranitrofluorescein is equated to that of its methyl ester, a 
2H Q  

value of 1.5 
310−  follows from equation (3.17). Hence, the negligible content of this tautomer 

is confirmed in such an indirect way.  

The eff  values (Table 3.6) were calculated via Equation 3.18, as it was shown above 

for solutions in the entire DMSO. The average value is 25, while the relative permittivity of the 

solvent equals 36.95. Hence, in this case, the influence of charged group again occurs both 

through the aromatic molecule and through the solvent.  
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3.8 Detailed scheme of protolytic equilibrium of 5'-nitrofluorescein 

 

Judging from the absorption spectra, first of all, in Figure 3.23, the monoanion HR– 

exists as the quinoidal tautomer, HQ– (see Chapter 1). Here, Equations 3.21 and 3.22 are valid.  

 

𝑝𝐾a1 = 𝑝𝑘1,COOH − 𝑙𝑜𝑔 𝛼𝐻2𝑄     (3.21)  

𝑝𝐾a0 = 𝑝𝑘0,OH + 𝑙𝑜𝑔 𝛼𝐻2𝑄       (3.22) 

Here, the a0pK  value refers to the dissociation of a cation H3R
+ (Equation 1.1). The 

absorption in the visible region of the molecular forms of 5'-nitrofluorescein (Figure 3.22) and 

of ester of this dye (see Chapter 4), and of the 5'-nitrofluorescein anion HR– (Figure 3.23) 

exhibit analogous shapes. The fraction of the H2Q tautomer, 
2H Q , can be estimated using the 

spectrum of the ethyl ester of the same dye, Equation 3.23.  

  

2

max 2
H Q

max ester

(H R)

(HR )





=       (3.23) 

 

The corresponding molar absorptivities are 47 and 25.8×103 M–1 cm–1, respectively, and 

2H Q  = 2.1×10–3. The 0,OHpk  value of 5'-nitrofluorescein corresponds to the dissociation of the 

cation with the formation of the H2Q tautomer (Figure 3.29).   
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Figure 3.29: The dissociation scheme of the 5'-nitrofluorescein cation with the formation of the 

H2L and H2Q tautomers.  
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The dissociation of the ester cation is shown in Figure 3.30.  
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Figure 3.30: The dissociation scheme of the 5'-nitrofluorescein cation.  

 

For 5'-nitrofluorescein in DMSO, 
2H Qlog  = –2.68. Hence, 1,COOHpk  = 7.9 and 0,OHpk = 

2.4. The first value is substantially lower than that of fluorescein ( 1,COOHpk  = 10.7) [18], because 

of the strong influence of the nitro group. Indeed, the Hammett p  value for the NO2 group is 

+0.78, whereas the   constant in DMSO is much higher as compared with that in water. The 

second value is in good agreement with the value a0pK  = 2.44 (Chapter 4).   

There is another point that allows us to distinguish between fluorescein and its 5'-nitro 

derivative. In the case of fluorescein in DMSO, acetonitrile, and acetone, a small fraction of the 

HR– anion converts into the HX– tautomer, which is not typical for this compound in alcohols 

and water-organic solvents [18]. The reason is the pronounced increase in the 1,OH 1,COOH/k k   

ratio in the entire aprotic solvents [18]. However, in the case of 5'-nitrofluorescein, the increase 

in the 1,COOHpk  value due to the nitro group prevents the formation of the “phenolate” tautomer 

HX–.  

 

3.9 Explanation of the a1 a2/K K  ratio in DMSO 

 

The difference between a series of nitrofluoresceins in DMSO is in some cases very 

different (Table 3.1). This allows disclosing the ratio between the stepwise dissociation 

constants in systems that are inclined to tautomerism.  

For 2,4,5,7-tetranitro-, 2,4,5,7,4'-pentanitro-, and 2,4,5,7,5'-pentanitrofluoresceins, the 

following equation describes the a1 a2/K K  ratio:  

a2 a1 2,L 1,L HL
p p = p p 2logK K k k  −− − − .     (3.24) 
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The difference between the 2,Lpk and 1,Lpk  is within the range of 1.7–2.0 in both solvents 

under study, and the a2 a1p pK K−  difference is governed by the state of the equilibrium between 

HX– and HL–. The shift of this tautomeric equilibrium toward the deeply colored HX– ion favors 

the resolution of the first and second steps of dissociation.  

4,5-Dinitrofluorescein belongs to the “eosin (erythrosin) type” (see Chapter 1). Here, 

Equation 3.25 is valid:  

2a2 a1 2,COOH 1,OH H Qp p = p p logK K k k − − +     (3.25) 

 

The difference 2,COOH 1,OHp pk k−  equals 9.9 – 4.1 = 5.8. Therefore, it is the extremely 

low 
2H Q  value that decreases the a2 a1p pK K−  value to 2.9 (Table 3.1).  

For erythrosin, the fraction of the quinonoid tautomer, H2Q, is higher as compared to 

fluorescein, and the influence of the negative item 
2H Qlog  is less pronounced. Though the 

dissociation constants of the OH and COOH groups approach each other for the unsubstituted 

dye, the 2, 4, 5, and 7-substitution substantially increase the above difference (Table 1.1). 

However, in the case of 4,5-dinitrofluorescein, the decrease is substantial, and the a2 a1p pK K−  

value decreases to about 3 units.  

The case of 4,5-dinitro-2,7-dibromofluorescein is of special interest. Here, the 

difference a2 a1p pK K−  reaches an extremely high value of 7.6. From the equilibrium scheme, 

the following equation can be deduced:  

 

2
2a2 a1 2,COOH 1,OH H Q HX X

p p = p p log log logK K k k   − −− − + − +    (3.26) 

If the above estimates (section 3.6) are correct and 2X −  = 0.32, 
HX

 −  ≈ 1, and 2,COOHpk  

is about 10, then 1,OHpk  – 
2H Qlog  = 1.9. For the dyes in this series, the 

2H Q  value is very low: 

1.25×10–3 for 4,5-dinitrofluorescein and below 1×10–3 for tetra- and pentanitro fluoresceins. 

Therefore, the 1,OHpk  value should be equal to –1 or even lower.  

Quite different is the picture 5'-nitrofluorescein. Taking into account the character of 

the tautomeric equilibrium, the following equation is appropriate for the dyes of the “fluorescein 

type”:  

 



Chapter 3 

86 

 

2a2 a1 2,OH 1,COOH H Qp p = p p logK K k k − − +      (3.27) 

While the difference 2,OH 1,COOHp pk k−  is equal to 3.9 (see above), the 
2H Qlog  = –2.74 

value diminishes the a2 a1p pK K−  difference to a very small value of 1.2.  

At the same time, the a1 a0p pK K−  difference is 10.9 and can be expressed as follows:  

 

2a1 a0 1,COOH 0,OH H Qp p = p p 2logK K k k − − −       (3.28) 

The first two items on the right side gave 5.44, while the quantity 
2H Q2log−  is with 

5.36 ca. the same, and the resolution of the a0 a1/K K  ratio is pronounced, ca. 1011.  

The considered examples explain the discord of the a1 a2/K K  ratio within the series of 

nitrofluorescein compounds.  

 

 

3.10  Conclusions 

 

1. The apK  values and molar absorptivities of a series of nitrofluorescein dyes are 

determined in DMSO; several dyes are studied in binary solvent acetonitrile – DMSO 

(96 : 4 by mass).   

2. Interpreting the apK  values requires an understanding of the state of tautomeric 

equilibria. The analysis of the absorption spectra in the visible region and evaluation of 

the tautomerization constants made it possible to calculate the so-called microscopic 

equilibrium constants of the stepwise dissociation. 

3. The behavior of these compounds differs significantly from that of other fluorescein 

dyes, e.g., halogen derivatives. The shift of the tautomeric equilibrium of the neutral 

forms of the dyes, H2R, is shifted toward the lactone, H2L. The fraction of the quinonoid 

tautomer, H2Q, for 4,5-dinitrofluorescein in DMSO, is 
2H Q  = 1.25×10–3, and for the 

2,4,5,7-tetranitro derivatives is even lower.  

4. The structures of the mono- and dianions of 4,5-dinitrofluorescein in DMSO are of 

“eosin”, or “erythrosin” type, with no signs of anionic lactones. The estimated 

microscopic dissociation constants are in line with the apK s of the model compounds: 

4,5-dinitrofluorescein ester, ether, and 4,5-dinitrosulfofluorescein.  
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5. The dyes of the 2,4,5,7-tetranitrofluorescein group, including two 

pentanitrofluoresceins and 4,5-dinitro-2,7-dibromofluorescein, exhibit principally 

different behavior. The dyes of this group are inclined to form anionic lactones. The 

fractions of the anions-lactones, HL– and L2– are estimated.  

6. In the case of tetra- and pentanitrofluoresceins, the R2– ions in DMSO and CH3CN with 

4 mass % DMSO is completely transformed to the L2– tautomer. In water, some fractions 

of the X2– tautomer are observed.   

7. In highly alkaline solutions, the rupture of the pyran ring can occur.  

8. The influence of a negative charge of a single-charged anion on the dissociation of the 

second acidic group is in line with the Bjerrum – Kirkwood – Westheimer equation. 

This also allowed for estimating the effective relative permittivity of the space between 

the ionizing groups.  

9. The behavior of the 5'-nitrofluorescein is quite different. This is the sole case in this 

series, where the dissociation of the COOH group takes place before that of the OH 

group.   

10. It is demonstrated that the ratio of a1 a2/K K , or the difference a2 a1p pK K−  is governed 

by the state of the tautomeric equilibrium of molecules and anions.  
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Chapter 4 
 

 

 

 

Transmittance of the electronic effects in the fluorescein molecule: 

Nitro and amino groups in the phthalic acid residue  

 

The chapter is the basis of the paper titled: 

 

Moskaeva, E.G., Ostrovskiy, K.I., Shekhovtsov, S.V., Mchedlov-Petrossyan, N.O.: 

Transmittance of electronic effects in the fluorescein molecule: nitro and amino groups in the 

phthalic acid residue, Kharkiv University Bull. Ser. Chem., 24–32, (2021). 

 

This chapter aims to examine the influence of the substituents in the phthalic residue on 

the dissociation of the hydroxy group of the compound. This can shed some light on the 

transmittance of the electronic effects between the two parts of the fluorescein molecule.  

Despite the almost orthogonal orientation of the latter concerning the rest of the 

molecule, some influence of substituents in this 9-aryl ring on the dissociation of the hydroxyl 

group of the hydroxyxanthene cannot be ruled out. In order to reveal this (possible) effect, we 

blocked the carboxylic group via esterification. The previous chapter mostly discussed the 

influence of the nitro group amount in the xanthene part on acid-based properties. This chapter 

explores the changes in protolytic properties when the nitro group is introduced in the phthalic 

residue. 

In addition, the pKa values of methyl and ethyl esters of eosin (2,4,5,7-

tetrabromofluorescein) were determined in order to clarify the influence of the alkyl group.  
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4.1 Introduction 

 

Fluorescein and its derivatives belong to the most popular organic dyes in many fields 

of chemistry and related sciences [1–7]. Despite the huge number of publications devoted to 

these compounds, there are still many unsolved problems. One of such problem is the influence 

of the substituents in the arene cycle on the xanthene portion. It is generally known that this 

cycle, i.e., the residue of the phthalic acid, is rotated by 60–90 ° relative to the xanthene plane 

[8, 9]. Hence, relatively small electronic interactions between these parts of the molecule should 

be expected. However, it is firmly proved that the protonation of the COO– group in the dianion 

of eosin (2,4,5,7-tetrabromofluorescein) and other dyes of this type leads to a bathochromic 

shift, as it is exemplified in Scheme 4.1.  

O OO

COO

Br Br

BrBr

_
O OO

COO

Br Br

BrBr

_

_ H

 

max  in DMSO =    531 nm             542 nm 

Scheme 4.1: Ions R2– and HR– anions of eosin 

 

In this chapter, we examined the influence of the substituents in the phthalic residue on 

the dissociation of the hydroxy group of the compound. This can shed some light on the 

transmittance of the electronic effects between the two parts of the fluorescein molecule.  

A number of works are devoted to the study of lactone tautomeric structures [10–12], 

which are formed by the intramolecular attachment of a deprotonated carboxyl group to a 

"nodal" electrophilic carbon atom. This leads to a change of the π-electron system in the 

xanthene fragment and in the electronic absorption spectra of the corresponding forms 

(hypochromic shift and hypsochromic effect are observed). In addition, different forms differ 

significantly in terms of luminescence parameters. The highest quantum yields are typical for 

solutions of deprotonated resorcinol rings of xanthene dyes in not hydrogen donor bond 

(aprotic) solvents [13]. 
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During the esterification of the carboxyl group, the processes of both its ionization and 

the formation of lactone and zwitterionic structures become impossible. Therefore, if there is 

an alkoxycarbonyl substituent instead of a COOH group, the scheme of protolytic equilibria of 

fluorescein derivatives is significantly simplified (Scheme 4.2). 

 

Scheme 4.2: Scheme of equilibria of amino-substituted fluorescein esters. 

 

In order to avoid difficulties connected with the interpretation of lactone formation and 

complicated overlapping equilibria, we decided to examine the methyl (ethyl) esters of 

fluorescein, Scheme 4.3. 

O OO

COOX

O OHO

COOX

O OHHO

COOX

+

_

3'

4'

5'

H + H +

Ka0 Ka1

 

H2R+            HR       R–  

Scheme 4.3: Stepwise dissociation of the esters of nitro and amino fluoresceins; X = CH3 or 

C2H5. The NO2 or NH2 groups occupy positions 3', 4', or 5'.  
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As substituents that are known to display opposite electronic effects, the nitro and amino 

groups were chosen. The Hammett para  constants are +0.78 and –0.57, whereas the meta  

values are +0.71 and –0.09, respectively [14]. In the case of the fluorescein series, the 4-

substituents are in the para position to the nodal C9 atom. As a solvent appropriate for the 

declared goal, dimethyl sulfoxide (DMSO) was used. In this solvent, the Hammett   constant 

for phenols is 4.29, while in water   = 2.11 [15]. The pKa1 values were obtained for all the 

dyes under study, while those of pKa0 were determined only for nitro derivatives because, in 

the case of the amino fluoresceins, the protonation of the NH2 group should also be taken into 

account.  

The pKa values of the fluorescein derivatives were determined in DMSO at 25 oC using 

spectrometric measurements. The acidity of the solvents in buffer solutions was characterized 

by the +

*

H
pa  values. These values were calculated using the HApK  values of the buffer acids 

and the formation constants of the HA2
– ions, 

2

f

HA
K −  [16] (Equation 2.2, Chapter 2).  

The HApK  values of the salicylic and benzoic acids used in the calculations are 6.80 and 

11.10, respectively, 
2

f

HA
K −  = 30 M–1 and 60 M–1, respectively [17]. All salts were considered 

completely dissociated. The 1f  values were calculated using the Debye-Hückel second 

approach law. The possibility of heteroassociation between the dyes and buffer compounds was 

ignored. High acidities were created by the p-toluenesulfonic acid.  

The apK  values of the dyes were obtained by processing the absorption spectra at 

different +

*

H
pa  values. The dye concentrations were two orders of magnitude lower than those 

of buffer components. The spectra of the forms R– and H2R
+ were measured in 0.02 M DBU 

solution and p-toluenesulfonic acid solutions at concentration of 0.2 M, respectively. The 

spectra that coincide in salicylate buffer solution at +

*

H
pa  = 5.93, in pure salicylic and benzoic 

acids with concentrations of 0.02 and 0.21 M, respectively can be considered as the first 

approximation as the spectra of the HR forms. The problem of the HR spectra will be discussed 

below.   

 The absorption spectra are typified in Figures 4.1–4.3 at different : in salicylate 

(a) and benzoate (b) buffer solutions and in p-toluenesulfonic acid solutions (c). The remaining 

spectra are presented in Appendix C.  

+H
pa
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Figure 4.1: Steady-state absorption spectra of ethyl ester of 4'-aminofluorescein in DMSO at 

different pa * H+ values where H2Sal – salicylic acid, HBenz – benzoic acid, salicylate (a) and 

benzoate (b) buffer solutions and in p-toluenesulfonic acid solutions (c). 
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Figure 4.2: Steady-state absorption spectra of ethyl ester of 5'-nitrofluorescein in DMSO at 

different pa * H+ values where salicylate (a) and benzoate (b) buffer solutions and in p-

toluenesulfonic acid solutions (c). 
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Figure 4.3: Steady-state absorption spectra of ethyl ester of 4'-nitrofluorescein in DMSO at 

different pa*H+ values where H2Sal – salicylic acid, salicylate (a) and benzoate (b) buffer 

solutions and in p-toluenesulfonic acid solutions (c). 

 

The thermodynamic a1pK  values were calculated using Equation 4.1 at a fixed 

wavelength, optical path length, and constant dye concentration:  

+

* R
a1 1H

HR

p p log log
A A

K a f
A A

− −
= + −

−
        (4.1) 

Here 
R

A −  and HRA  are absorbances of the solution under complete transformation into 

the corresponding form, A is the absorbance at the current +

*

H
pa  value. The wavelengths around 

the R– ion were used as analytical positions.  The wavelengths within the range of 450–460 nm 

were used for the determination of the thermodynamic a0pK  values in solutions of p-

toluenesulfonic acid (Equation 4.2). The latter was considered completely dissociated; 
H

c +  is 

equated to the analytical concentration of the acid.  

             

2

HR
a0 H

H R

p log log
A A

K c
A A

+

+

−
=− +

−
                                    (4.2) 

In the case of the eosin esters (Figures 4.4 and 4.5), the a1pK values are substantially 

lower and were also determined in the p-toluenesulfonic acid solutions, Equation 4.1.  
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Figure 4.4: Steady-state absorption spectra of methyl ester of eosin in DMSO at different 

concentrations of p-toluenesulfonic acid (c); +

*

H
pa  =

H
log c +− – 1log f . The values below +

*

H
pa  

should be considered conventional ones because of relatively high ionic strength. The spectra 

in 0.239 M acid and 0.02 M DBU correspond to the neutral form, HR, and the anion, R–, 

respectively.  
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Figure 4.5: Steady-state absorption spectra of methyl ester of eosin in DMSO at different 

concentrations of p-toluenesulfonic acid (c); +

*

H
pa  =

H
log c +− – 1log f . The values below +

*

H
pa  
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should be considered conventional ones because of relatively high ionic strength. The spectra 

in 0.243 M acid and 0.02 M DBU correspond to the neutral form, HR, and the anion, R–, 

respectively.   

 

The isosbestic point is well expressed in the spectra of eosin esters; the same is the case 

with the equilibrium of 3'-, 4'-, and 5'-substituted fluorescein esters in the acidic region. On the 

contrary, this point is clearly blurred when moving from benzoate buffers to the HR absorption 

curve. The reason can be the heteroassociation of the HR molecules with the benzoate ions. As 

a result, the molecular spectrum of the given dye in the presence of the C6H5COO– ions 

somewhat differs from that in benzoic and salicylic acids and salicylate buffer solutions. At the 

lowest +

*

H
pa  in the benzoate buffers, the A– ions are almost completely transformed to the 

complex HA2
–; the latter is much less pronounced H-bonds acceptor. Therefore, the absorption 

curve does not cross the isosbestic point.  

Note, that for the sulfonefluorescein, a dye with the SO3
– group instead of COOC2H5, 

the spectrum of the monoanion, HR–, in DMSO also does not cross the isosbestic point in the 

spectra in p-aminobenzoate buffer solutions, where the equilibrium between the anions HR– 

and R2– takes place [18]. At the same time, in 50 mass % aqueous ethanol, where the 

heteroassociation processes are improbable, the spectra of the fluorescein ethyl ester are well 

expressed [19].  

Two experiments were made to confirm our above explanation. The measurements with 

benzoate buffers in DMSO in the presence of 1 and 10 vol % of water were performed. Whereas 

the introduction of 1 vol % displays practically no influence on the spectra, in the presence of 

10 vol % a distinct isosbestic point is observed (Figure 4.6).  
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Figure 4.6: Steady-state absorption of 4'-Nitrofluorescein methyl ester in benzoate and 

salicylate buffer solutions in DMSO with 20 vol % water: 0.005M KBenz (1), 0.005M HBenz 

+0.005M KBenz (2), 0.0075 M HBenz +0.005M KBenz (3), 0.020 M HBenz +0.005M KBenz 

(4), 0.001 M H2Sal +0.005M NaHSal (5). 

 

In any case, the absorption of the neutral form of the anion is negligible even if the 

spectrum in the salicylate buffer solution is displaced to cross the isosbestic point in benzoate 

buffers. Variation in the absorbance of HR at an absorption maximum of R– results in apK  

changes of approximately about 0.04 units. Ultimately, one must take into account that the apK  

value of the benzoic acid in DMSO (11.1) is determined with an uncertainty of ± 0.1. Additional 

digits in the  a1pK  values in Table 4.1 primarily reflect the accuracy of the spectral data.  

 

 

4.2 Results and Discussion 

 

 

The results are presented in Tables 4.1 and 4.2. The bathochromic (4 to 9 nm) and 

hypsochromic (2 to 3 nm) shifts of the absorption bands of the nitro and amino derivatives, 

respectively, with respect to those of the unsubstituted compound give additional evidence of 

the small but distinct influence of the NO2 groups.  
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Table 4.1: Absorption spectra maxima and dissociation constant indices of the esters of nitro 

and amino fluoresceins in DMSO  

 

Dye 

max , nm/ 

max 10–3,M–1 cm–1 

 

a0pK  

 

a1pK  

 

a1pK  

cation anion 

Fluorescein ethyl ester 451/48.7 530/101.0 2.74±0.01 10.91±0.08 0 

3'-Nitrofluorescein methyl ester 462/50.9 539/96.6 1.99±0.02 10.46±0.07 –0.4 

4'-Nitrofluorescein ethyl ester 456/64.1 535/73.4 2.39±0.05 10.63±0.09 –0.3 

4'-Nitrofluorescein methyl ester 456/53.3 534/70.4 2.35±0.04 10.57±0.09 –0.3 

5'-Nitrofluorescein ethyl ester 457/58.5 534/87.8 2.44±0.08 10.74±0.12 –0.2 

3'-Aminofluorescein methyl ester n.d. 528/109.9 n.d. 11.12±0.07 +0.2 

4'-Aminofluorescein ethyl ester n.d. 527/116.3 n.d. 11.22±0.07 +0.3 

5'-Aminofluorescein ethyl ester n.d. 527/110.8 n.d. 11.10±0.11 +0.2 

 

It can be concluded that the nitro group in the phthalic acid residue displays a1pK  shifts 

up to 0.4 units. The molecular absorption band of the esters is broad and triple-humped; the 

maxima positions and molar absorptivities are collected in Table 4.2.   

Table 4.2: Absorption spectra maxima of the neutral forms of the esters of nitro and amino 

fluoresceins in DMSO  

Compound 
max , nm ( max 10–3, M–1 cm–1) 

Fluorescein ethyl ester 437 (17.5) 460 (21.9) 488 (14.9) 

3'-Nitrofluorescein methyl ester 442 (18.0) 464 (22.2) 492 (14.6) 

4'-Nitrofluorescein ethyl ester 440 (20.2) 463 (25.3) 490 (17.9) 

4'-Nitrofluorescein methyl ester 441 (18.4) 463 (22.8) 489 (16.0) 

5'-Nitrofluorescein ethyl ester 440 (21.2) 463 (25.8) 491 (17.6) 
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3'-Aminofluorescein methyl ester 436 (23.6) 459 (29.4) 487 (20.7) 

4'-Aminofluorescein ethyl ester 433 (23.8) 459 (29.2) 489 (21.2) 

5'-Aminofluorescein ethyl ester 434 (21.6) 458 (27.2) 485 (19.3) 

Eosin methyl ester 453 (17.3) 478 (22.8) 504 (17.4) 

Eosin ethyl ester 452 (17.2) 478 (22.9) 504 (17.6) 

 

Table 4.3 additionally demonstrates the similarity of the a1pK  values and spectral 

parameters of the hydroxyxanthene dyes with COOCH3 and COOC2H5 groups in the 2' position.  

Table 4.3: Absorption spectra maxima and dissociation constant indices of the eosin esters in 

DMSO  

Dye  
a1pK  

max  (R–), 

nm 

max (R–)10–3, M–1 cm–1 

Eosin methyl ester 2.91 ± 0.04 a 544 112.0 

Eosin ethyl ester 2.85 ± 0.04 b 544 108.5 

Note. a For calculations, the data at +

*

H
pa  = 3.32, 3.09, 2.65, and 2.37 were used. b For calculations, the data at 

+

*

H
pa  = 3.78, 3.35, 3.06, and 2.89 were used.  

The a0pK  values of the nitro derivatives are 0.30–0.75 units lower than that of ethyl 

fluorescein. The NO2 group in position 4' displays a somewhat larger effect, 0.35–0.39 units, 

as compared with the a0pK  shift of 0.30 in the case of 5'-nitrofluorescein ethyl ester. This is in 

line with the relation between the constants of the nitro group. Here, the terms para and meta 

indicate the position of the substituents with respect to the nodal carbon atom C9. The last is in 

direct polar conjugation with both quinone and OH groups. The distinct difference between the 

influence of the substitution in the positions 3' and 5', 0.75 and 0.30 units, respectively, reflects 

the specificity of the ortho-effect in the respect to the carbalkoxy group.   

Similar effects are observed for the a1pK  of 3', 4', and 5' nitro derivatives: ΔpKa1 = –0.4; 

–0.30; and –0.2, respectively (Table 4.1). In contrast, the a1pK  values of the corresponding 

amino derivatives are equal to +0.2; +0.3; and +0.2, respectively. Therefore, the para and meta 

effects are approximately 17 and 5 times lower as predicted by the   product for 

corresponding phenols. Of course, such estimates are only conventional, because it deals with 

the OH group as the xanthene part.  
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On the other hand, the corresponding effects in the aqueous solution should be predicted 

to be 4.29/2.11 = 2.03 times lower than those determined in the present work in DMSO.  

Since the a1pK  values are somewhat distorted by heteroassociation and their accuracy 

is limited by that the HApK  of the benzoic acid, we additionally compared the 

spectrophotometric data for different dyes at the same +

*

H
pa  values. In Table 4.4, the ratio of 

the absorbance of the anion and that at the given +

*

H
pa  value is presented.   

Table 4.4: Ratios of absorbances at a given +

*

H
pa  and of the anion 

 

Compound 

A/ A (R–) at max  of the anion 

+

*

H
pa  = 11.04 ± 0.01 +

*

H
pa  = 10.54 ± 0.01 

3'-Nitrofluorescein methyl ester 0.805 0.615 

4'-Nitrofluorescein methyl ester 0.731 0.534 

4'-Nitrofluorescein ethyl ester 0.731 0.533 

5'-Nitrofluorescein ethyl ester 0.659 0.498 

Fluorescein ethyl ester 0.601 0.378 

3'-Aminofluorescein methyl 

ester 
0.491 0.290 

4'-Aminofluorescein ethyl ester 0.443 0.243 

5'-Aminofluorescein ethyl ester 0.494 0.283 

 

An inspection of Table 4.4 confirms the above observations: the 4'-substitution has a 

somewhat stronger effect than the influence of the 5'-derivatives. The introduction of the NO2 

group in the 3' position reduces  a1pK  even more.  

 

4.3 Conclusions 

 

The introduction of nitro and amino groups into the phthalic acid residue affects the 

protolytic properties of the functional groups in the xanthene part of the fluorescein molecule 

in DMSO.  The decrease in the apK  caused by the NO2 group and increase with the introduction 

of the NH2 group is somewhat more pronounced with the substitution at the 4'- compared to the 
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5'-position. For the nitro derivatives, the decrease in the a0pK  value is more pronounced than 

that in the case of a1pK . Here the impact sequence is as follows: 3' > 4' > 5'.  

Although the variations in the apK  values in DMSO are only in the range of 0.2–0.8, they 

convincingly prove the transmission of the electronic effects despite the almost perpendicular 

orientation of the phthalic residue to the xanthenes fragment. In water, the effects are expectedly 

less. 
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Chapter 5  
 

 

Fluorescent properties of amino and nitro derivatives of fluorescein 

in aprotic solvents 

 

The material presented in this chapter forms the basis of publications: 

 

Mchedlov-Petrossyan, N.O., Cheipesh, T.A., Roshal, A.D., Shekhovtsov, S.V., Moskaeva, E. 

G., Omelchenko, I.V., Aminofluoresceins vs Fluorescein: Peculiarity of Fluorescence, J. Phys. 

Chem. A, 123, 41, 8860–8870, (2019).  

 

Mchedlov-Petrossyan, N.O., Shekhovtsov, S.V., Moskaeva, E. G., Omelchenko, I.V., Roshal, 

A.D., Doroshenko, A.O., New fluorescein dyes with unusual properties: Tetra- and 

pentanitrofluoresceins. J. Mol. Liq., 367, B, 120541, (2022). 

 

In this chapter, we examined the fluorescent properties of aminofluorescein and nitro 

derivative of fluorescein in a set of solvent systems. Fluorescence lifetimes, quantum yields, 

time-resolved and fluorescence spectra allowed clarifying the reasons for the emitting 

properties in this dye series.  

The completely deprotonated form of unsubstituted fluorescein exhibits fluorescence 

with a quantum yield close to 1 in water, in aprotic solvents this value tends to 0.82 – 0.85.  The 

presence of substituents on the xanthene fragment significantly affects the spectral properties 

of fluorescein dyes. Thus, in water, the dianions R2– of aminofluoresceins are practically non-

fluorescent; in alcohols the quantum yields are low. In DMSO, acetonitrile and other aprotic 

solvents, the bright fluorescence of R2– ions is quenched either on adding small amounts of 

water which hydrate the carboxylate group or under conditions of protonation of this group 

(COO-> COOH). This part of the work aimed to consider in detail the problem of fluorescence 

of amino and nitro derivatives of fluorescein in different solvents, especially in DMSO. The 

information, obtained in the previous chapters, about tautomeric equilibria and the effect of 

substituents on the electron density of the xanthene fragment allows us to interpret presented 

fluorescent data. 
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5.1 Introduction 

 

Fluorescein in its double-charged anionic form in solution exhibits strong fluorescence. 

Its structure is depicted in Figure 5.1 in a conventional manner; the oxygen atoms in the 3 and 

6 positions in the xanthenes ring should be considered as equal. Numerous derivatives and 

analogs of fluorescein are widely used in different fields of chemistry and applied science. 

Besides, well-known chloro-, bromo-, and iodo derivatives, such as eosin, erythrosin, Rose 

Bengal, etc., fluorinated fluoresceins [1–4], silicon-substituted fluoresceins [5–9], 

dibenzofluorescein [10] and other dyes of this family are nowadays very popular. For example, 

a new valuable dye Tokyo Green [4, 11] bears the CH3 instead of the carboxylic group. 

Substitution by ethyl groups in 2- and 7-positions of fluorescein shift the indices of dissociation 

of the OH group toward the physiological region [12].  

 

 

Figure 5.1: Fluorescein dianion R2–. 

 

The fluorescein dyes are utilized in biomedical research [1, 2, 4, 12], including nitric 

oxide determination [13–15], for monitoring in drug delivery [16], as fluorogenic protease 

substrates [17], as semisynthetic fluorescent pH sensors for imaging exocytosis and endocytosis 

[18]. Versatile substituents in the phthalic residue influence the fluorescence of the mother 

compound, including amino and nitro derivatives [19, 20].  

Fluorescein dyes bearing one or two NH2 groups in the phthalic acid residue as well as 

their derivatives are of special interest [13, 15, 17, 21, 22]. The double-charged anions of the 

above aminofluoresceins do not exhibit intense fluorescence [19, 20]. However, the emission 

is restored if the amino groups are involved in new covalent bonds[13]. Recently [23], we have 

demonstrated that the common idea of the non-fluorescent character of the double-charged 

anions (dianions, R2–) of 4'- and 5'-aminofluoresceins with entire NH2 groups may be 



Chapter 5 

 

 

107 

 

misleading as it rests upon the experiments exclusively in water [24]. In alcohols, the quantum 

yield, φ, is still rather low [19, 20], but in DMSO, acetone, and other aprotic solvents, the φ 

values approach that of bright-fluorescent fluorescein dianion [23]. However, these findings are 

still not entirely explained. First of all, it should be clarified what functional group of the dyes 

is responsible for such a decisive influence of H-bonding. It may be either the COO– group, the 

xanthene part of the dye, or the NH2 group.  

Fluorescein and its derivatives are diprotic acids, hereafter designated as H2R. They 

ionize in solutions to form anions, HR– and R2–, equations (5.1) and (5.2). In acidic media, the 

formation of cations H3R
+ (not shown here) takes place. 

 

H2R  HR– + H+       (5.1) 

HR–  R2– + H+        (5.2) 

 

In the case of 4'- and 5'-aminofluoresceins, the presence of an additional basic group 

NH2 makes the equilibria more complicated. In organic solvents, however, the formation of the 

NH3
+ group takes place only in acidic enough media. For example, as it was shown, the 

dissociation of the carboxylic and hydroxyl groups of these two dyes in DMSO the amino 

groups stay unchanged [25]. The neutral form H2R exists in DMSO as the lactone H2RL with a 

small admixture of quinonoid tautomer H2RQ (Scheme 5.1).  

In DMSO, the single-charged anion HR– of fluorescein exists as the carboxylate 

tautomer CHR−
 with a 20 % admixture of the ‘phenolate’ tautomer PHR−

. For 4'-

aminofluorescein, the tautomeric equilibrium of monoanion is similar, whereas, in the case of 

5'-aminofluorescein in DMSO, the lactone LHR−
 predominates, with 1.2 % of phenolate 

tautomer PHR−
. The dianion R2– bares both groups in the ionized state, which is shown as a 

structure 
2

CPR −
 in Scheme 5.1 [25]. 

This part of the work aimed to consider in detail the problem of fluorescence of amino 

and nitro derivatives of fluorescein in different solvents based on the above-mentioned findings 

in DMSO and using a set of other fluorescein dyes for comparison. This, in turn, should explain 

the origin of fluorescence quenching of R2– species of fluorescein derivatives in water and 

alcohols.  
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Scheme 5.1: The detailed equilibrium of fluorescein and aminofluoresceins; X = H: fluorescein; 

X = 4'-NH2: 4'-aminofluorescein; X = 5'-NH2: 5'-aminofluorescein.  

 

Quantum yields, fluorescence lifetimes, and time-resolved emission spectra should shed 

more light on the problem of xanthene dyes emission. Also, the dye 4'-nitrofluorescein was 

involved in the research, because it is known that the fluorescence of its R2– anion is very poor 

[19, 20]. This was demonstrated, however, only in water and alcohols as solvents [19, 20], and 

thus it is worthwhile to examine the phenomenon in aprotic solvents.   

 

5.2 Quantum yields of nitro and amino derivatives of fluorescein 

 

The completely deprotonated form of unsubstituted fluorescein exhibits fluorescence 

with a quantum yield close to 1 in water, in aprotic solvents this value tends to 0.82 - 0.85.  The 

presence of substituents on the xanthene fragment significantly affects the spectral properties 

of fluorescein dyes.  Thus, according to the value from Table 5.1, the introduction of nitro 

groups into the xanthene fragment significantly reduces the value of the quantum yield of the 

dianion (  0.1). In the case of dinitrofluorescein, tetra- and pentanitrofluorescein, the dianion 
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is characterized by the formation of colorless lactones in dimethyl sulfoxide, which leads to a 

significant drop in fluorescence. 

 

Table 5.1: Quantum yield values of dye anions R2– (HR-) in dimethyl sulfoxide (R2- was 

obtained by the addition of DBU 0.02 M, Fluorescein in 9.93 carbonate aqueous buffer 

solution ( fluo = 0.93) was used as a standard [27]) 

 φ (%)  1 (ns) / ( 2) max , nm (abs/em) 

Fluorescein, R2– 85  521/540 

4'-Aminofluorescein 74 3.94e 518/534 

5'-Aminofluorescein 67 3.41  517/534 

4'-Nitrofluorescein 1.01 3.35 526/543 

5'-Nitrofluorescein 0.062 n.d. 527/545 

2,4,5,7,4'-Pentanitrofluorescein (HR-)b 21,22 n.d. 525/564  

2,4,5,7,4'-Pentanitrofluorescein 0,42 3.55 / (0.572) 429/560 

2,4,5,7,5'-Pentanitrofluorescein 0,51 5.45 / (0.864) 419/560 

2,4,5,7,-Tetranitrofluorescein n.d. 5.11 / (0.915) 441a 

4,5-Dinitrofluorescein 0.09 4.31 / (0.788) 510/535 

4,5-Dinitrosulfofluorescein 0.23 4.36 / (0.165) 520/549 

4'-Aminofluorescein ethyl ester (R-) 21.58 3.70 527a 

5'-Aminofluorescein ethyl ester (R-) 18.75 3.39 524a 

4'-Nitrofluorescein ethyl ester (R-) 0.70 4.26 / (0.361) 534a 

5'-Nitrofluorescein ethyl ester (R-) 0.023 n.d. 535a 

2,4,5,7,-Tetranitrofluorescein 

Methyl ester (R-) 
80.2 n.d. 527/564 

Note: n.d. – not determined, a currently no access to values 

 

Modification of the phthalic fragment also affects the fluorescent properties of dyes. 

The nitro group into the 4' and 5' positions results in a decrease in the quantum yield to 1.01 

and 0.06, respectively. For the amino group in the same positions, the reverse behavior is 

observed - fluorescence occurs more efficiently. Thus, significant quenching was observed for 

fluoresceins in water, both for nitro and for amino substituents in the phthalic fragment. The 

mechanism of this phenomenon requires a more detailed discussion, which is given below. 



Chapter 5 

110 

 

It should be noted that the blocking of the carboxyl group with an ethyl residue leads to 

an increase in the quantum yield compared to unsubstituted nitro and aminofluoresceins. 

Further in the chapter, the mechanisms of the influence of substituents and the ethyl fragment 

on the fluorescent properties of dyes are reviewed in detail. 

 

5.3 Fluorescence of 4′-nitrofluorescein in solvents of different nature: low quantum 

yields 

 

In Figures 5.2–5.3, absorption and emission normalized spectra of 4′ aminofluorescein, 

and 4′ nitrofluorescein in different organic solvents are presented. Dyes with amino and nitro 

substituents in the 5′ position do not differ from those in the 4′ position, so the spectra for them 

are not shown. The dye concentrations were within the range of 10–5 – 10–6 M, as a rule, lower 

for emission measurements. Dichloromethane was chosen as a less polar solvent (at 25 oC, 

relative permittivity r = 8.93, normalized Reichardt’s parameter of polarity 𝐸𝑇
𝑁 = 0.309)[26]. 

Acetonitrile (r = 35.94; 𝐸𝑇
𝑁 = 0.460) and DMSO ( r = 46.45; 𝐸𝑇

𝑁  = 0.444) are typical aprotic 

solvents, sometimes called ‘polar aprotic’ ones. The 𝑚𝑎𝑥 values of both absorption and 

emission of dyes are as a rule higher in the case of the least polar solvent. In all these media, 

aminofluoresceins in their dianionic form, R2–, exhibit bright fluorescence, whereas the 

emission of the nitro derivative is poor. This means that, contrary to aminofluoresceins, the dye 

4′ nitrofluorescein stays poorly emitting in aprotic solvents. 

In Table 5.2, the quantum yields of fluorescence of aminofluorescein R2– ions in a 

variety of solvents are presented. Both presently obtained and earlier reported data confirm the 

general regularity: in hydrogen bond-donor solvents such as water and alcohols, the   values 

are substantially lower as compared with the values in aprotic (last lines in Table 5.2). The 

viscosity of the solvent displays but small influence; for instance, in viscous 1-butanol, and 

glycerol the  values are higher than those in water, but the same is true for methyl alcohol, 

which is less viscous as compared with water [23]. 

In water, the dianions R2– of aminofluoresceins are practically non-fluorescent; in 

alcohols the quantum yields are low. In DMSO, acetonitrile and other aprotic, the bright 

fluorescence of R2– ions is quenched either on adding small amounts of water which hydrate 

the carboxylate group or under conditions of protonation of this group (COO– COOH). By 

contrast, the R2– anion of 4'-nitrofluorescein demonstrates spectral behavior different from that 
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of the amino derivatives. It practically does not emit in aprotic solvents, however, in alcohol or 

water media, its quantum yield increases to some extent.  
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Figure 5.2: Normalized absorption (dash line) and fluorescence spectra of 4′-nitrofluorescein in 

dichloromethane (1; -------), acetonitrile (2; -----------), and dimethylsulfoxide (3; ------------); 

0.02 M DBU in all solutions ensure complete conversion of the dye into the R2– ion. 
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Figure 5.3: Normalized absorption (dash line) and fluorescence spectra of 4′-aminofluorescein 

in dichloromethane (1; -----------), acetonitrile (2; -----------), and dimethylsulfoxide (3; --------

----); 0.02 M DBU in all solutions ensure complete conversion of the dye into the R2– ion.  
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In Table 5.2, the values of fluorescence lifetimes are presented. As a rule, the 

measurements were made in the presence of 0.02 M DBU, in order to ensure the complete 

conversion of the dyes into the R2– species, which actually exist in form of 
2

CPR −
 (Scheme 5.1). 

In addition, some experiments with 5'-aminofluorescein in DMSO were performed using 

benzoate buffer solutions; the reason was to examine the emission of the single-charged ion 

HR– of this dye.  

 

Table 5.2: Quantum yield values and fluorescence lifetimes of amino and nitro R2– anions in 

different solvents a 

Solvent   (ns) φ (%)   (ns) φ (%)   (ns) φ (%) 

 
4'-Aminofluorescein 5'-Aminofluorescein 4'-Nitrofluorescein 

Water b 0.12 (96 %); 

3.78c  
0.6 0.12 (98 %);  

3.89 

0.8 3.32d 1.60h 

Methanol    4.0  1.7d 

DMSO  3.94e 74 3.41f 67 3.35 1.01 

Acetonitrile  3.93  59 3.98 60 3.19 0.38 
Dichloromethane 3.58 77 3.84 84 2.89 0.40 

a In organic solvents, 0.02 M DBU was added if not otherwise specified. b From ref. 24. c In ref.[20]:   = 0.22; 

2.39 ns d In ref.[20]: 1.69 and 4.08 ns. e The value is corrected using the deconvolution procedure; in ref.[24]   

= 3.26 ns. f The value is corrected using the deconvolution procedure; in ref.[24],   = 2.78 ns.h In ref. [20] φ = 3 

%.  

For un-substituted fluorescein, the  values in DMSO, acetonitrile, and 

dichloromethane are 3.81, 3.99, and 3.97 ns, respectively (measured in 0.02 M DBU solutions). 

These values are somewhat lower as compared with those reported by Magde et al. for 

fluorescein R2– in water (4.16 ns), methanol (4.28 ns), and ethanol (4.25 ns) [27]. However, as 

early as 1975 Martin [28] reported the   = 3.6  0.2 ns value for fluorescein dianion in DMSO, 

which is also lower than the corresponding values in methanol (4.1 ns) and ethanol (3.9 ns) [28] 

According to DFT calculations for fluorescein dyes [25] dianions dihedral angles 

between xanthene and phenyl fragments in the ground and excited states are in the range of 

(85–90)°. Thus, these fragments are, in fact, orthogonal, and no π-conjugation between them 

could be. Under these conditions, the influence of substituents or specific solvation on the re-

distribution of the charge between fragments can only be due to an inductive effect.  

Since charged carboxylate and ‘phenolate’ groups are located in different not conjugated 

fragments of the dianions, the electronic density redistribution between these fragments is 



Chapter 5 

 

 

113 

 

hardly probable. The presence of substituents in the phenyl ring hinders the charge transfer 

between fragments which results in the equalization of charges on the fragments. The presence 

of electron-releasing groups in the side phenyl ring results in a weak decrease of this charge 

(not depending on the positions of these groups). In contrast, the electron-withdrawing NO2
 

group increases the negative charge of the xanthene moiety.  

 

5.3 The peculiarity of aminofluoresceins fluorescence 

 

As the COO– group is an expressed acceptor of H-bonds, a conclusion about the 

quenching mechanism can be deduced. Namely, the introduction of the amino group decreases 

the   value if the charge of the anionic group in the 2' position is to some extent leveled by H-

bonds with water or alcohol molecules. Contrary, if the carboxylate group is poorly solvated in 

DMSO, acetonitrile, etc., its localized negative charge prevents quenching. The data gathered 

in Tables 5.2 and 5.3 give evidence for this regularity.  

Table 5.3. Quantum yield values of anions of fluorescein dyes in DMSO  

Dye, condition    (%) 

 Watera
 DMSOb 

Fluorescein, R2–  93 85c 

5'-Aminofluorescein, R2–  c 0.8 67 

4'-Nitrofluorescein, R2–  1.6 1.0 

5'-Aminofluorescein, 
H

pa +  = 12.0 d — 23 

5'-Aminofluorescein, dye : DBU = 20 : 1 e — 12 

5'-Aminofluorescein, 
H

pa +  = 10.1 e — 11 

5'-Aminofluorescein, 
H

pa +    6 g — 0.6 

a With the addition of diluted NaOH. b With 0.02 M DBU, if not otherwise specified. c From ref. [24]. d In benzoate 

buffer solutions. e Such concentration ratio allows observing the absorption spectrum of HR– under conditions of 

the predominance of the molecular form H2R. g In 0.10 M solution of benzoic acid.  

 

The single-charged monoanion HR– of this dye exists in DMSO mainly (98.8 %) as 

colorless and non-fluorescent lactone, HRL
- , and the rest 1.2 % belong to the colored 

phenolate, HRP
- , the fraction of the carboxylate,  HRС

- , is negligible [25]. Hence, it gives the 

possibility to directly observe the spectral properties of the tautomer HRP
-  and compare them 

with those of the R2– ion (in Scheme 5.1), which has the same structure except the state of the 
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carboxylic group (COO– instead of COOH). It is reasonable to consider the maximal molar 

absorptivities of the species HRP
-  and RСP

2-  approximately equal taking into account the values 

for fluorescein and its ethyl ester in DMSO, which are about 105 M–1 cm–1 [25]. Also, the 

maximal molar absorptivity of species of H2RQ type is within the range of (22–27)*103 M–1 

cm–1 [25].  

Two benzoate buffers were used for the determination of the quantum yield and time-

resolved emission spectra of 5'-aminofluorescein. One of them contained 0.01 M potassium 

benzoate and 0.001 M benzoic acid, whereas, in the second one, the salt and acid concentrations 

were 0.001 M and 0.01 M, respectively. 

The TRS allows for gaining insight into the fluorescence mechanism in these dye 

series. When estimating 5'-aminofluorescein dianion lifetime values at different wavelengths, 

it was repeatedly found that the dianion exhibits bi-exponential fluorescence decays. It was also 

shown that, independently of the experimental conditions, in previous publications [20, 23]and 

our investigations, all the decay curves contain a long-living component with a lifetime higher 

than 2.4 ns. Pre-exponential coefficients of this component are higher in the short-wavelength 

spectral range. Hence, this form predominantly emits in the blue region. In the long-wavelength 

range, these pre-exponential coefficients are negative, thus indicating that the transformation 

of this form to another long-wavelength one occurs.  

For understanding the composition of the solutions of 5'-aminofluorescein in DMSO in 

the ground state, the tautomerism of the single-charged anion should be taken into account. 

Indeed, at 
H

pa +  = 12.0 the HR– ion predominates. However, the populations of the species PHR−
 

and 
2

CPR −
 are equal to 1.1% and 2%, respectively. Contrary to it, despite the predominating of 

the almost colorless and non-emitting molecular form H2RL at 
H

pa +  = 10.1, the populations of 

the ions PHR−
 and 

2

CPR −
 are here 0.13 % and 0.002%, respectively. Hence, at this 

H
pa +  we 

observe practically only the fluorescence of the phenolate monoanion, PHR−
. (Note, that the 

monoanionic cyclic lactone belongs to non-emitting species and the emission of the neutral 

molecules is negligible, see the last line in Table 5.3)  

To determine the spectral characteristics of the emitting forms and the kinetics of their 

transformations, the TRS of 5'-aminofluorescein in different media has been measured. Figure 

5.4 shows the TRS in benzoate buffer solutions with 
H

pa +  equal to 10.1 and 12.0. In the buffer 

of lower 
H

pa +  (Figure 5.4a), no change in TRS was observed. This evidences the absence of 

any monoanion form transformations in the excited state.  
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In the buffer of higher 
H

pa +  value, the formation of a new long-wavelength emission 

band was detected (Figure 5.4b). The analysis of TRS showed that the formation of the new 

form in the excited state is an irreversible process. Fluorescence band maxima, lifetimes of the 

dianion, as well as rate constants of the new emitting form formation in the excited state, are 

listed in Table 5.4. 

Figure 5.5 shows the TRS of 5'-aminofluorescein and non-substituted fluorescein 

dianions in the presence of 0.02 M DBU. It can be seen that the long-wavelength fluorescence 

appears only in the case of amino derivative and does not when the amino substituent is absent. 

Thus, it would be logical to conclude that the observed phenomenon is due to changing the 

charge distribution in the side phenyl ring in the excited state.  

The data listed in Table 5.4 show that max  and lifetime values of the short-wavelength 

band weakly depend on the nature of an ionizing agent and correspond to those of 5'-

aminofluorescein dianion. On the other hand, the form responsible for the long-wavelength 

fluorescence band demonstrates a very strong dependence on the ionic composition of the 

solution.  

 

 

Figure 5.4: Time-resolved spectrum of 5'-aminofluorescein in DMSO at different 
H

pa +  values. 

a: monoanion spectrum at 
H

pa + = 10.1, benzoate buffer (a); spectrum at 
H

pa +  = 12.0, benzoate 

buffer (b). Starting curve is approximately 0.3 ns after pulse, the final curve is for 3 ns delay; 

the time gap between neighboring spectral curves is 0.1 ns.  
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Figure 5.5: Time-resolved spectrum of 5'-aminofluorescein (a) and un-substituted fluorescein 

(b) in DMSO in the presence of 0.02 M DBU. Starting curve A is approximately 0.3 ns after 

pulse, the final curve is for 3 ns delay; the time gap between neighboring spectral curves is 0.1 

ns. A: dianion emission band, B: new long-wavelength emission band.  

 

Table 5.4: Spectral and kinetic characteristics of emitting forms of 5'-aminofluorescein in 

DMSO solutions obtained by TRS analysis  

Medium 

Short-wavelength band 

(A) 

Long-wavelength band 

(B) 
A→B rate 

constant, 

kA→B, s–1 
λmax, nm  

(νmax, cm–1) 

, ns λmax, nm 

(νmax, cm–1) 

, ns 

Benzoate buffer, 
H

pa + = 

12.0 
555 (18020) 2.3 615 (16280) 0.67 8.5×107 

DBU solution, 0.02 M 550 (18220) 2.9 588 (17020) 4.31 4.2×107 

 

Since the acidic dissociation of the amino group in the basic medium used seems to be 

hardly possible, the formation of the new form can be explained by the interaction between the 

carboxyl anion and a counter ion. In our opinion, it would be reasonable to attribute this form 

to excited-state ionic pairs stabilized by the electron-releasing effect of the amino group.  

In the case of benzoate buffer (Figure 5.4b), the counter ion is K+. Its interaction with 

carboxylate anion results, in fact, in its partial neutralization, so, the structure obtained 
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approaches to some degree that of the monoanion. The ionic pair thus obtained has a low 

fluorescence intensity, short lifetime and the emission band shifted to the red region by 1740 

cm-1 relative to that of the dianion.  

In the case of DBU addition (Figure 5.5a), HDBU+ ions appear as a result of 

deprotonation of the dye (H2R → R2–). We expect that these cations can form ionic pairs with 

the COO– groups of dye anions in the excited state. The rate of such interaction is twice slower 

as in the case of K+ counter ion because the concentration of the latter is three orders of 

magnitude higher as compared with that of HDBU+. On the other hand, the last-named cation 

may form a hydrogen bond with the carboxylate; thus, this ionic pair should be considered a 

tighter one, despite the well-known electron-donor ability of the DMSO molecules. Therefore, 

such either contact or solvent-shared ionic pair exhibits a much higher fluorescence lifetime 

than the (probably solvent-separated) ionic pair with the K+ ion. In the DBU-containing 

solution, the emission band of the (probable) ionic pair is of higher intensity and less shifted to 

the red range (1200 cm-1), and the lifetime is drastically longer. This phenomenon is absent in 

the case of the un-substituted fluorescein because of the lack of the NH2 group, which increases 

the basicity of the carboxylate group.  

 

5.4 2,4,5,7-Tetranitrofluorescein methyl ester: A new pH-independent indicator, 

sensitive to hydrogen binding 

 

Single-charged anions HR– exist in solutions within a narrow +H
pa  range. However, it 

is well established that they exhibit bright light emission. For 2,4,5,7-tetranitrofluorescein, it 

was already demonstrated in 90 % aqueous acetone [29], entire acetone [30], and DMSO [29]. 

We determined the quantum yield for the monoanion of 2,4,5,7,4'-pentanitrofluorescein in 

DMSO (Figure 5.6),   = 21.2%. Obviously, the origin of the emission is the HX– tautomer. 

Note, that the emission of solutions where the R2– ions predominate is negligible:   = 0.4–

0.5% for both pentanitrofluoresceins.  
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Figure 5.6:  2,4,5,7,4'-pentanitrofluorescein anion R–. 

 

The methyl ester of the 2,4,5,7-tetranitrofluorescein (Figure 5.7) is almost pH-

independence in different solvents from DMSO to water. Even in benzene, some features of the 

anion are observed in the visible spectrum, though they may be caused by small traces of water. 

Only in alkaline media, the compound is unstable because of hydrolysis of the ester group 

followed by rupture of the pyran ring. Also, in concentrated acids, about 0.5–1 M, hydrolysis 

occurs, and the colorless lactone is formed.  

O O

NO2NO2

NO2
O2N

COOCH3

O
_

 

Figure 5.7: The methyl ester of the 2,4,5,7-tetranitrofluorescein anion R–. 

 

At the same time, this dye is highly fluorescent. Moreover, the dependence of the 

fluorescence on the hydrogen bond of the solvent is pronounced. Namely, the light emission in 

water is almost absent; while in acetonitrile the quantum yield is 86 % (Table 5.5). Normalized 

fluorescence spectra of the methyl ester of the 2,4,5,7-tetranitrofluorescein for several solvents 

are represented in Figure 5.8. 
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Figure 5.8: Normalized fluorescence spectra of the methyl ester of the 2,4,5,7-

tetranitrofluorescein in methanol (-----------), ethanol (----------) acetonitrile (2; -----------), and 

dimethylsulfoxide (3; ------------); 0,01 M NaOH and 0.02 M DBU in solutions ensure complete 

conversion of the dye into the R– ion.  

Table 5.5: Fluorescence parameters of the 2,4,5,7-tetranitrofluorescein methyl ester anion in 

different solvents 

Solvent  
r  

N

TE  
abs

max  
em

max   , % 

Acetonitrile 35.95 0.460 522 554 85.5 

DMSO 46.5 0.444 527 563 80.2 

96 % aqueous ethanol 25.9 0.861 523 555 65.9 

Methanol  32.7 0.762 519 554 49.0 

H2O 78.4 1.000 506 — 0 

The r  and 
N

TE  values are from ref. [26]; the r  and 
N

TE  values for aqueous ethanol 

are from ref. [31] and [32], respectively.  
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The dye in DMSO solutions is chemically- and photo-stable. In the dark, no changes 

were observed within two weeks. After two days of exposure to normal laboratory lighting, the 

absorbance is reduced by 25%, while after 10 min illuminating by a standard deuterium lamp, 

no changes are registered. Only when exposed to direct sunlight on a bright sunny day, 

absorption decreases by a factor of three within an hour.  

The lower   value for the monoanion of 2,4,5,7,4'-pentanitrofluorescein in DMSO is 

clearly caused by the emission quenching by the nitro group in the case of 4'-nitrofluorescein 

[28]. Therefore, it is just the ester of 2,4,5,7-tetranitrofluorescein that can serve as a hydrogen 

bonds-sensitive fluorescent indicator. To obtain the neutral form in any of the polar solvents is 

impossible, only in benzene with small sulfuric acid addition. High acid concentrations lead to 

hydrolysis of the carbmethoxy group; in concentrated alkali, in addition to the hydrolysis, the 

rupture of the pyran cycle takes place. Accepting these extreme media, the anion predominates 

within the whole pH scale.   

 

5.5 Conclusions  

 

Dianions R2– of 4'- and 5'-aminofluoresceins in DMSO, DMF, acetonitrile, ketones, and 

dichloromethane exhibit bright fluorescence with quantum yields of (59–84) %. However, 

contrary to the un-substituted fluorescein, the emission is strongly quenched in water and 

alcohols. This observation, in accord with titration of the dye solutions in DMSO and CH3CN 

with water and time-resolved measurements, allows deducing that the reason for quenching is 

the hydration of the COO– group in the phthalic residue of dye ion R2–, solvation of it with H-

bond donors such as alcohols, and protonation (COO– → COOH). The last conclusion was 

made based on the study of tautomerism of the single-charged ion HR– of 5'-aminofluorescein, 

reported in the preceding paper.26 Hence, the quenching influence of the NH2 group on the 

emission of the xanthene fluorophore manifests itself only if the COO– group in the 2' position 

is either involved in H-bonds (e.g., hydrated) or protonated. Otherwise, the negatively charged 

carboxylate, which is poorly solvated in  aprotic solvents, prevents the above-mentioned 

influence of the amino group. This finding seems to be important for understanding the 

emission processes in fluorescein series in the case of the introduction of electron-donating 

groups, such as NH2, in the phthalic residue.  

The lower   value for the monoanion of 2,4,5,7,4'-pentanitrofluorescein in DMSO is 

clearly caused by the emission quenching by the nitro group in the case of 4'-nitrofluorescein. 
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Therefore, it is just the ester of 2,4,5,7-tetranitrofluorescein that can serve as a hydrogen bonds-

sensitive fluorescent indicator. 

Also, the above-mentioned ester is a useful tool for studying different liquid media. 

Owing to the extremely high acidity of the OH group, it exists in anionic form within a wide 

pH range. The quantum yield of fluorescence is strongly dependent on the hydrogen bond donor 

ability of the solvent, from  = 85 % in acetonitrile to 49 % in methanol; in water,  = 0. It is 

also important in the future to study step-by-step the effect of hydrogen bonds in mixtures of 

aprotic and hydrogen bond donor solvents. 
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Chapter 6 
 

 

Conformational effect on the photophysics of two BODIPY dyes in 

a mixture of butanol and acetonitrile 

 

The chapter is the basis of the paper titled: 

BODIPY dyes as molecular rotors for evaluating the viscosity of acetonitrile-butanol-1 

mixtures Olena Moskaieva,1 Maksim Lebedev,2 Yevheniia Smortsova,3 Julien Dubois,3 

Abdenacer Idrissi,3* Oleg Kalugin,4 Francois-Alexandre Miannay.3* 

In the previous chapter, we made assumptions about the origin of fluorescence 

quenching of R2– species of fluorescein derivatives in DMSO, water and alcohols based on 

fluorescence lifetimes, quantum yields, time-resolved, fluorescence spectra data and DFT 

calculation results.  

All these data were obtained for pure solvents. There are a small number of articles that 

observed fluoresceins in solvent mixtures in the literature. It is promising to study the nitro- 

and aminoderivatives of fluorescein in a mixture of an aprotic solvent - a hydrogen bond donor 

solvent.  

Such a study is complicated by the presence of various tautomeric forms of the dye, 

which complicates the interpretation of the results. Also, the choice of compounds that create 

a certain acidity of the medium is limited. For the first stage of the investigation, as the model 

compound was taken BODIPY derivatives with aryl, pyridine substituents in the meso position 

are similar to fluorescein, which has a xanthene fragment and a phenyl fragment perpendicular 

to it. The dyes chosen for the study do not dissociate upon dissolution and have stable 

fluorescence in these solvents. This allows observing the influence of solvent mixture on the 

photophysics of the investigated dyes with a change in the molar fraction of the solvent.  
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6.1  Introduction 

 

Nowadays, boron-dipyrromethene (4,4-difluoro-4-bora-3a,4a-diaza-s-indacene, 

BODIPY), fluorescent dyes are one of the 30 most common and intensively studied classes of 

fluorophores [1]. BODIPY finds numerical applications as pH sensors for biological systems 

[2], measuring agents for solvents parameters [3–5], label for marking proteins and DNA [6–

8], fluorescent indicators for selective detection of cations and anions [9–13], molecular rotors 

for the evaluation of the viscosity of microenvironment  [14–17]. 

 
Figure 6.1: Structure of 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene, BODIPY “core”. 

 

The study of the literature indicates that the photophysical properties of the BODIPY is 

strongly dependent on the substituent on the different positions that are indicated in Fig. 1. 

Indeed, there is no significant difference between the absorption wavelength maxima for 

compounds with unsymmetrical or symmetrical methyl substituents in the β position, while the 

substituent in the α-position slightly affects the absorption maxima (7-10 nm shift) [18, 19]. 

However, there is a noticeable trend towards red-shifted absorption and emission maxima with 

an increase in substitution for symmetrically-tetra-, hexa-, and hepta-alkylated systems [18, 19]. 

The presence of substituents on the 2,6 positions of the pyrrole units (both are β -pyrrole 

positions) exerts some evident effects: for instance, the presence of alkyl groups or heavy atoms 

has a direct influence on the energy of the HOMO-LUMO orbitals [20, 21]. Alkylation or 

arylation at position 8 does not significantly affect the absorption and emission wavelengths (3-

5 nm). However, the quantum yield of the mesophenyl compounds with 3,5 substituents is 

noticeably lower than that of the more substituted analogue. 1,7-substituents prevent the free 

rotation of the phenyl group, reducing energy loss from excited states. The introduction of ortho 

substituents into the phenyl ring is used to increase the quantum yield [18, 19, 22, 23]. Finally, 

8-Phenyl substituted boron-dipyrromethene exhibits properties of the molecular rotor, 

especially long chain alkyl substituents, i.e., its fluorescent characteristics highly dependent on 
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the viscosity or rigidity of the microenvironment  [16, 21]. This property allows us to measure 

viscosity on a microscopic scale [14]. 

The above-mentioned results on the effect of the photophysics of the BODIPY 

derivatives were rationalized in various neat solvents that mimic locale environment with 

specific polarity; viscosity and ability to form hydrogen bonds [2, 24–26]. However, very few 

works were dedicated to the effect of progressive changes of media properties (by varying 

solvent mixture molar fractions) on the photophysics of the BODIPY derivatives  [5, 27, 28]. 

The advantage of this approach is to progressively change the BODIPY derivatives' local 

environment between two strongly different intermolecular interactions associated with the 

neat components of the solvent mixtures. The changes in the mixture composition allow to 

modulate gradually these interactions and as so the changes in the spectroscopic behaviour of 

the dye are not a linear combination between the two main interactions in the neat components 

but a synergetic effect may result in a particular behaviour of the photophysics of the BODIPY 

derivatives. One interesting mixture is that of butanol-1 (BuOH) and acetonitrile (AN), where 

the local environment is dominated by hydrogen bond and dipole-dipole interactions, 

respectively. More specifically, the experimental data shows that with increasing the BuOH 

content in the mixture, the density, viscosity, and index of refraction increase, while the 

dielectric constant and the conductivity decrease [29–31].  

      

Figure 6.2: 1,3,5,7-tetramethyl-4,4-difluoro-2,6-diethyl-8-(4-pyridine)-4-boron-3a,4a-diaza-s-

indacene – BDP1 (left) and 8-phenyl-4,4-difluoro-4-boron-3а,4а-diaza-s-indacene – BDP2 

(right). 

In this work, we present an investigation of the effects of the BuOH/AN mixture 

composition on the photophysics of two new BODIPY derivatives, with an aryl and pyridine 

substituent in the meso position and methyl (ethyl) in α,β-position (Figure 6.2), using steady-

state spectroscopies (UV-Vis absorption spectra, fluorescence emission spectra, and 

fluorescence quantum yields), time-resolved fluorescence spectroscopy (Time-Correlated-
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Single-Photon-Counting) and theoretical calculations. By combining these three investigation 

techniques, we have been able to introduce an accessible explanation of how the molecular 

structure of BODIPY helps a fast photodeactivation of the molecule and to assess the possible 

use of these dyes as a viscosity probe of media. 

 

6.2 Experimental section 

6.2.1 Chemicals 

The dyes (Figure 6.2) are synthesized at the Ivanovo State University of Chemistry and 

Technology. Acetonitrile (ACN, ≥99,9 %, HPLC) and butanol-1 (BuOH, anhydrous, 

spectrophotometric grade, 99.8%) were purchased from Sigma Aldrich. The rhodamine 6G 

(99% pure) used as a reference for fluorescence quantum yields of BDP1 and BDP2 was 

purchased from ACORS Organics. 

All the substances and solvents were stored in a glove box under an inert argon 

atmosphere. All solvent mixtures were prepared and kept inside an argon-atmosphere glovebox. 

 

6.2.2 Steady-state Spectroscopy 

 

The absorption and the fluorescence steady-state measurements were performed at room 

temperature (20°C air conditioning) using a Cary 100 spectrophotometer and a Cary-Eclypse 

spectrofluorometer (Varian) and a FLUOROMAX 3 spectrofluorometer (Jobin-Yvon-Horiba). 

The fluorescence spectra were acquired with 2 nm and 3 nm bandpass for the excitation and 

emission, respectively. Correction for the instrument wavelength-dependent response was 

applied. Quartz fluorescence cells 10 mm SUPRASIL from Hellma with screw cap and septum 

were used. All the fluorescence measurements have been performed with solutions with 

absorbance values lower than 0.1 at the excitation wavelength.  

To determine the fluorescence quantum yields of BDP1 and BDP2, a solution of 

rhodamine 6G in ethanol was used as a reference with a known quantum yield (fluo=0.94) [32]. 

This standard is chosen because it absorbs and emits light in the same spectral region as the 

BODIPY derivatives under study [33].  

The quantum yield of the studied compound was calculated using the equation (6.1): 
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𝑠𝑎𝑚𝑝𝑙𝑒
𝑓𝑙𝑢𝑜 (𝑒𝑥𝑐) = 𝑟𝑒𝑓

𝑓𝑙𝑢𝑜(𝑒𝑥𝑐)
∫ 𝐼𝑠𝑎𝑚𝑝𝑙𝑒

𝑓𝑙𝑢𝑜
(𝑒𝑥𝑐;𝑓𝑙𝑢𝑜)𝑑𝑓𝑙𝑢𝑜 

∞
0

∫ 𝐼
𝑟𝑒𝑓
𝑓𝑙𝑢𝑜

(𝑒𝑥𝑐;𝑓𝑙𝑢𝑜)𝑑𝑓𝑙𝑢𝑜 
∞

0

∗
1−10

−𝐴𝑟𝑒𝑓(𝑒𝑥𝑐)

1−10
−𝐴𝑠𝑎𝑚𝑝𝑙𝑒(𝑒𝑥𝑐) ∗

𝑛𝑠𝑜𝑙𝑣𝑒,𝑠𝑎𝑚𝑝𝑙𝑒
2

𝑛𝑠𝑜𝑙𝑣𝑒,𝑟𝑒𝑓
2  (6.1) 

 

6.2.3 Time-resolved fluorescence 

 

Fluorescence decays of the various solutions of BDP1 and BDP2 were performed using 

the TCSPC technique. The TCSPC setup used was described elsewhere  [34]. The excitation 

source is provided by a 467 nm PICOQUANT picosecond laser diode (LDH-P-C-470) at 4 

MHz. The Poisson statistics of the count’s distribution have been fulfilled during all the 

measurements. The FT-200 PicoQuant spectrometer was used to perform fluorescence signal 

acquisition. A HAMAMATSU cooled microchannel plate photomultiplier tube was used as the 

detector, with signals recorded by a PicoHarp 300 TCSPC card. A single-grated 

monochromator placed after the emission polarizer 0.5 mm slits provides 4 nm spectral 

resolution. The overall time resolution of the setup was characterized by the Instrument 

Response Function (IRF), measured by placing a LUDOX solution in the sample holder and 

recording the scattered excitation light to get the time profile of the excitation pulse. The IRF 

full-width half maximum (FWHM) was measured to be 80 ps. Temperature control of the 

sample was performed using a Peltier module. For all the measurements, the temperature of the 

sample holder was fixed at 20°C. All the system was checked before each experiment, recording 

the fluorescence decays of C153 in MeOH and ACN at 530 nm, giving both a mono-exponential 

decay (χ² = 1.01) with times in good agreement with the literature, 4.03 ns and 5.62 ns 

respectively [35]. 

The radiative and non-radiative constants of the studied compound were calculated 

using the equation 6.2 and 6.3 [36]: 

                                                               𝑘𝑟𝑎𝑑 =
ϕ𝑠𝑎𝑚𝑝𝑙𝑒

𝑓𝑙𝑢𝑜

𝜏𝑓𝑙𝑢𝑜
                                                        (6.2) 

                                                          𝑘𝑛𝑜𝑛𝑟𝑎𝑑 =
𝑘𝑟𝑎𝑑∗(1−𝑠𝑎𝑚𝑝𝑙𝑒

𝑓𝑙𝑢𝑜
)

𝑠𝑎𝑚𝑝𝑙𝑒
𝑓𝑙𝑢𝑜                                           (6.3) 

 

The fluorescence decays were analyzed with multiexponential models (Equation 6.4) 

using FluoFit Picoquant software [27].  
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𝐹(𝑡) =  ∫ 𝐼𝑅𝐹(𝑡′) ∑ 𝐴𝑖 exp (−

𝑡 − 𝑡′

𝜏𝑖
)

𝑛

𝑖=1

𝑑𝑡′
𝑡

0

  
(6.4) 

Where 𝐼𝑅𝐹(𝑡′) is the instrument response function, 𝑛 is the number of exponential 

components, 𝐴𝑖 and 𝜏𝑖 are the pre-exponential factors and lifetimes of the 𝑖-th exponential 

component. The iterative deconvolution procedure was followed, applying Poisson distribution 

weighing. The quality of the fits was estimated by visual inspection of the weighted residues 

and autocorrelation function 𝑅𝑒𝑠(𝜏) of residues, as well as the reduced chi-squared value 𝜒𝑅𝑒𝑑
2 . 

 

6.3 Result and Discussion 

 

6.3.1 Steady-state Absorption and Fluorescence Spectra 
 

UV-Vis absorption and emission spectra of BDP1 and BDP2 dyes were recorded in the 

whole mixture of acetonitrile-butanol-1 mixture. The compositions considered cover the entire 

composition range from neat BuOH to neat AN with a mole fraction grid of ~ 0.1. Steady-state 

absorption and emission spectra of BDP1 and BDP2 in acetonitrile-butanol-1 mixtures are 

shown in Figure 6.3 and Figure 6.4.  

There are no changes in the absorption spectra. In the fluorescence spectra, we observe 

a noticeable decrease in the fluorescence intensity for BDP1 and an increase for BDP2 with 

changing XBuOH. We reported in Tables 6.1 and 6.2, the values of the maximum of both 

absorption and emission wavelengths (λ max, in nm) of the two BODPY derivatives as a function 

of the mixture composition the behaviour of which is presented in Figure 6.5. It shows that 

increasing the BuOH content of the mixture, which means an increase of the viscosity, a 

decrease of the dielectric constant, a decrease of the ability to form a hydrogen bond, an increase 

of dipole–dipole interactions), the maxima of the absorption and fluorescence spectra are 

weakly dependent on the mixture composition and a slight bathochromic shift occurs (the shift 

never exceeds 2-4 nm). 
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Figure 6.3: Normalized steady-state absorption (left) and emission (right) spectra of BDP1 in 

whole mixture composition of AN and BuOH (excitation= 470 nm).  The absorption spectra at 

the maximum are shown in the inset. 
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Figure 6.4: Normalized steady-state absorption (left) and emission (right) spectra of BDP2 in 

whole mixture composition of AN and BuOH (excitation= 470 nm).  The absorption spectra at 

the maximum are shown in the inset. 
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Figure 6.5: Maximum absorption (a) and emission (b) wavelengths for S0 → S1 transition for 

BDP1(left) and BDP2 (right) as a function of the molar fraction of the BuOH. 

Table 6.1: The spectroscopic properties of BDP1 in acetonitrile  butanol-1 mixtures: maximum 

absorption and emission wavelengths (λmax. in nm). The average value of wavelengths (average 

in nm) and Stokes shift (ΔνStokes. in cm−1) are defined as the difference of maximum 

wavenumbers for absorption and emission. fluorescence quantum yield  𝑓𝑙𝑢𝑜 (Rhodamine 6G 

in ethanol (Φ fluo = 0.94) was used as a standard); solvent properties: dielectric constant   and 

viscosity   taken from [29]. The names of the solvents as well as their short names are listed 

this way: acetonitrile (ACN). butanol (BuOH). 

X (BuO

H) 
 

. 

mPa*s 
𝑚𝑎𝑥

𝑎𝑏𝑠
 𝑚𝑎𝑥

𝑒𝑚
 

ΔνStokes. 

cm-1 

𝑓𝑙𝑢𝑜.

% 

0.00 35.93 0.3326 524 538 531.09 0.1954 

0.10 32.41 0.3599 525 539 494.74 0.1903 

0.19 29.39 0.4087 526 539 527.12 0.1752 

0.29 26.81 0.4754 526 540 492.89 0.1627 

0.39 24.64 0.5602 527 540 491.04 0.1602 

0.48 22.81 0.6674 527 541 527.12 0.1399 

0.58 21.30 0.8047 528 541 455.11 0.1482 

0.66 20.16 0.9638 528 540 455.11 0.1387 

0.77 19.03 1.2190 528 541 523.19 0.1384 

0.86 18.19 1.5296 528 541 523.19 0.1564 

0.95 17.49 1.9357 529 541 453.41 0.1675 
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Table 6.2: The spectroscopic properties of BDP2 in acetonitrile  butanol-1 mixtures: maximum 

absorption and emission wavelengths (λmax. in nm). The average value of wavelengths (average 

in nm) and Stokes shift (ΔνStokes. in cm−1) are defined as the difference of maximum 

wavenumbers for absorption and emission. fluorescence quantum yield  𝑓𝑙𝑢𝑜 (Rhodamine 6G 

in ethanol (Φfluo = 0.94) was used as a standard); solvent properties: dielectric constant  and 

viscosity   taken from [29].  

X (BuOH)  
. 

mPa*s 
𝑚𝑎𝑥

𝑎𝑏𝑠
 𝑚𝑎𝑥

𝑒𝑚
 

ΔνStokes. 

cm-1 
𝑓𝑙𝑢𝑜.% 

0.00 35.93 0.3326 496 512 630.04 0.5141 

0.10 32.31 0.3611 496 512 630.04 0.5552 

0.20 29.21 0.4126 497 513 703.25 0.5785 

0.29 26.81 0.4756 497 513 703.25 0.5940 

0.39 24.55 0.5646 498 513 625.07 0.6222 

0.49 22.66 0.6788 498 513 625.07 1.2049 

0.59 21.10 0.8279 499 515 622.60 1.3753 

0.68 19.94 1.004 499 513 622.60 2.3153 

0.78 18.88 1.263 499 514 622.60 2.4504 

0.88 18.02 1.612 499 515 622.60 2.9915 

0.98 17.30 2.078 500 515 582.52 2.7299 

 

 

6.3.2 Fluorescence quantum yield 

 

The values of the fluorescence quantum yields of BDP1 and BDP2, calculated using 

Equation 6.1, are presented in Tables 6.1 and 6.2, respectively and their behavior as a function 

of the molar fraction of BuOH is built on Figure 6.6. This figure shows that in the mixtures, 

BDP2 exhibited always a higher fluorescence quantum yield than BDP1 whose values remain 

almost constant. Furthermore, the behaviour BDP2 can be divided into two stages in two stages: 

(i) in the first one which encompasses the low mole fraction range of values of XBuOH from 0 to 

0.48, where the viscosity values,  change slightly, by about 0.33 units, the quantum yield 

values remain almost constant; (ii) for further increase of the BuOH content in the mixture, the 

viscosity increases by 1.27, and a significant increase of the quantum yield values are observed.  
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Figure 6.6: Fluorescence quantum yields of BDP1 (blue circle) and BDP2 (red circle) excited 

at 470 nm for various molar fractions of BuOH and viscosity. The reference used to measure 

the fluorescence quantum yields was rhodamine 6G in ethanol (excited at the same wavelength).  

 

 

6.3.3 TCSPC measurements 

 

The fluorescence intensity decays of the BDP1 and BDP2 were recorded varying the 

mixture composition of acetonitrile-butanol (Figures 6.7 and 6.8). The fitting parameters of the 

fluorescence decays of BDP1 using multiexponential functions: fluorescence lifetime 

components (τi, ps) and their relative contributions (Ai, normalized to the sum of positive 

components) are presented in the tables D1-D4(Appendix D).  

Figures 6.7 and 6.8 show the fluorescence decays of BDP1 and BDP2, respectively, 

varying the BuOH molar fraction of the mixture. They clearly show that, in the whole mixture 

composition, the excited state relaxation process of BDP2 occurs in a shorter time than that of 

BDP1. 
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Figure 6.7: The fluorescence intensity decays of BDP1 in acetonitrile/butanol mixtures, pure 

ACN (em =538 nm), X (BuOH) = 0.1 and 0.19 (em=539 nm), X (BuOH) = 0.29 and 0.39 

(em=540 nm), X (BuOH) = from 0.48 to 0.95 (em=541 nm), The instrument response 

function (IRF in grey) was recorded at 470 nm (FWHM = 80ps). The fluorescence intensity 

decays at the maximum are presented closer (inset). 
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Figure 6.8: The fluorescence intensity decays of BDP2 in acetonitrile  butanol mixtures, 

(em= 513 nm). The instrument response function (IRF in grey) was recorded at 470 nm 

(FWHM = 80ps). The fluorescence intensity decays at the maximum are presented closer 

(inset). 
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To quantify this relaxation process, we undertook a fluorescence intensity decay fitting 

(see 6.2 Experimental section). Depending on the composition of the mixture and the chosen 

BDP, one to two relaxation times were identified. Their evolution as a function of mixture 

composition is shown in Fig. 6.9. The two relaxation times that characterize the excited state of 

BDP1 (4.4 ns and 2.8 ns), show a slight dependence on the mixture composition. Of note is 

that the slower/faster of them increases/decreases slightly. The same trend is observed for the 

two relaxation times of BDP2 with a noticeable increase for the slower of them. 
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Figure 6.9: Evolution of the time components of BDP1(left) and BDP2 (right) fluorescence 

decay in acetonitrile/butanol mixtures in the function of the molar fraction of BuOH.  

In order to get additional information on the relaxation process of the excited state, we 

calculated the fluorescence radiative and nonradiative rate constants of BDP1 and BDP2 in the 

mixture of ACN and BuOH. Their evolutions are illustrated in Figure 6.10. 
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Figure 6.10: Evolution of fluorescence radiative and nonradiative rate constants of BDP1 and 

BDP2 in acetonitrile  butanol mixtures as a function of the molar fraction of the solvent. 
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In the whole mixture composition, the values of krad and knonrad relaxation constants for 

BDP2 are more than two orders of magnitude higher than those for BDP1, which values remain 

almost constant. The nonradiative relaxation constants values of BDP2 are higher compared to 

those of the nonradiative ones. Similarly to the fluorescence quantum yield evolution, BDP2’s 

krad values are almost not affected by changing XBuOH  between 0 and 0.48, while they increase 

to reach a factor of 100 times that of BDP1. The rotation of the phenyl ring in BDP2 is stabilized 

by increasing the viscosity of the medium (by adding butanol). In the above-mentioned XBuOH 

range values, knonrad remains constant in the first range and they decrease in the second range 

for XBuOH over 0.48.  All these results are in good agreement with the fact that while increasing 

XBuOH in the mixture, the nonradiative deactivation pathways are less efficient for BDP2. For 

BDP1 changes in knonrad could not be considered as a significant trend.  

The values of the quantum yield for the BDP1 change insignificantly, which affects the 

lower value of the quantum yield. That eliminates the effect of viscosity for this compound. 

The behavior of the photophysical properties (quantum yield, relaxations times of the 

excited state, the radiative and nonradiative constants) as a function of the mixture composition 

points to its correlation with the rotation of the phenyl group of BDP2 as a channel of the excited 

state relaxation. The rotation of the pyridine ring in BDP1 is partially prevented by groups in 

position 1.7. and it is more difficult to turn to the best position that favours the fluorescence. 

The same properties have been already described for BODIPY dyes with ortho substituents in 

the pyridine(aryl) fragment [18–20, 22]. In such cases, additional groups will also hinder the 

rotation and a low quantum yield will be the consequence. 

In the range of XBuOH between 0 and 0.48, the values of the fluorescence quantum yields, 

the radiative and nonradiative constants of BDP2 remain stable. In this range, a slight increase 

of the viscosity by 0.3 MPa.s is observed. We hypothesise that in this range of mole fraction, 

the orientation/rotation of the phenyl group is not hindered and many configurations are then 

possible. Some of them favour the exited state energy to relax through the change of the 

orientation of the phenyl group with respect to the BODIPY core, however, still, the excited 

state relaxation can occur through the electron density delocalization. In the range of XBuOH 

higher than 0.48, the viscosity values increase by 1.7 MPa.s which gradually hinders the rotation 

of the phenyl groups. The excited state energy relaxation through its rotation is then gradually 

reduced and so do the nonradiative constant. It seems that the BDP2 molecules adopt gradually 

configuration that favours the electronic density of the electron from the donor part to the 

accepted part decreases and then this results in an increase of the quantum yield.  Furthermore, 

the difference in the excited state relaxation times of the BDP2 may be explained by the 
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difference in their structures. Indeed, as it was mentioned previously, the rotation of the phenyl 

group is possible for BDP2 however in the case of BDP1, the methyl groups hinder this rotation. 

It is plausible then the excited state of BDP2 relaxes through the rotation of the phenyl group. 

This was confirmed by carrying out DFT quantum calculations, that shows that the optimal 

dihedral angle (С1-С5-С6-С8, α) between the BODIPY core and pyridine change from 90 in 

the ground state to 69.7 in the excited state; for phenyl part to 56.9 (51.4-52.7 for similar 

substitutes  [23, 38]) in the excited state. 

 

6.3.4 DFT calculation  

 

We have performed quantum chemistry calculations to explore the energy surface of the 

two dyes. We ran a relaxed scan of the relevant dihedral angle describing the rotation of the 

phenyl group with respect to the core of the two dyes (Figure 6.11). The PES calculations have 

been performed in the range of the dihedral angle  for the ground and excited state 

This angle affects the delocalization or aromaticity of the two dyes and then might have 

an important effect on the absorption and emission spectra. The relative energy (difference 

between the energy at a certain value of the dihedral angle and that corresponding to the 

minimum energy) as a function of the relaxed dihedral angle is shown in Figure 6.12. The 

horizontal line value is equal to the thermal energy (that defines the conformations that can be 

accessible thanks to the thermal kinetic energy). 

 

                                                      (a)       (b) 

Figure 6.11: Structure of Molecular structures of BODIPYs under study: BDP1 (left) and BDP2 

(right).  is the dihedral angle that defines the rotation of the phenyl group with respect to the 

pyridine BODIPY core. 

α α 
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Figure 6.12: Potential energy profiles in the ground state for BDP1(left) and BDP2(right) along 

the dihedral angle (С1-С5-С6-С7, α) obtained with a hybrid functional cam-B3LYP at 6-

311+G(d) basis set. The horizontal red line value is equal to the thermal energy 2.5 kJ*mol-1. 

The potential energy curve lower than 2.5 kJ*mol-1 is presented closer (inset).  

Quantum chemical computations were carried out to further investigate the electronic 

properties of BDP1 and BDP2. The TD-DFT/cam-B3LYP method at 6-311+G(d) basis set has 

been used to determine the first low-lying excited states for investigating the UV-Vis absorption 

spectra of the title compound. The calculated results involving the vertical excitations energies, 

oscillator strength and wavelength are carried out and compared with the measured 

experimental wavelength (table 6.3).  

In order to quantify the correlation between the conformation and the absorption and 

emission wavelength, we performed values of the dihedral angles, 57° (minimum energy), 44°, 

74° and 90 (minimum energy), 70, 110, for BDP2 and BDP2 respectively, TD-DFT 

calculations to obtain the absorption and emission wavelengths as well as their corresponding 

oscillator strength. These values are gathered Tableble 6.3. We can observe red shifts in the 

absorption and fluorescence maximum wavelength for BDP2/BDP1, according to 

increasing/decreasing the value of oscillator strength. These values are in reasonable agreement 

with the experimental data.  
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Table 6.3: Calculated absorption (fluorescence) wavelengths 𝑚𝑎𝑥 (in nm) and oscillator 

strengths with different dihedral angles, α. The structure of the dye with this angle has total 

energy lower than 2.5 kJ*mol-1. 

Dihedral Angle, α 

BDP1 / BDP2* 
𝑚𝑎𝑥 (abs), nm 

Oscillator 

strength (abs) 
𝑚𝑎𝑥 (fluo), nm 

Oscillator 

strength (fluo) 

110 488.7 0.875 509.5 0.822 

90 488.7 0.893 502.3 0.848 

70 489.5 0.870 509.1 0.824 

44* 459.3 0.725 474.3 0.617 

57* 457.4 0.743 471.6 0.715 

74* 457.7 0.760 471.7 0.732 

 

At room temperature, the kinetic energy (2.5 kJ) allows the BDP2 to rotate to the 

conformation that corresponds to angle values between 44 and 74 (the minimum energy – 

57). We suggest that with increasing the BuOH (viscosity increase) the rotation is hindered in 

the position of the dihedral angle (C1-C5-C6-C7) of the BDP2 in 74 , which has great influence 

on fluorescence. 

 

6.4 Conclusion 

 

In this work, we investigated the photophysical properties of two BDP derivatives by 

steady-state and Time-resolved fluorescence techniques and theoretical calculation.  

We measured the fluorescence quantum yields and the fluorescence lifetimes of these 

dyes in acetonitrile – butanol-1 mixtures varying the BuOH molar fraction. Whatever in the 

mixtures, BDP2 exhibited always a higher fluorescence quantum yield than BDP1. While 

increasing the molar fraction of BuOH, the quantum yield of BDP2 is increasing after 0,48. The 

values of the quantum yield for the BDP1 change insignificantly. 

The two relaxation times that characterize the excited state of BDP1 (4.4 ns and 2.8 

ns), show a slight dependence on the mixture composition. Of note that the slower/faster of 

them increases/decreases slightly. The same trend is observed for the two relaxation times of 
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BDP2 with a noticeable increase for the slower of them and the values of both lifetimes for 

XBuOH upper than 0.8 are higher than for average molar fractions than for lower values. 

The value of radiative and nonradiative relaxation constants for BDP2 is higher than the 

ones for BDP1 in a whole range of molar fractions of butanol-1. For BDP1 changes in knonrad 

could not be considered as a significant trend. The radiative relaxation constants values are very 

small compared to those of the nonradiative ones for both dyes. 

The rotation of the pyridine ring in BDP1 is partially prevented by groups in position 

1,7, and it is more difficult to turn to the best position for fluorescence, which affects the lower 

value of the quantum yield and the long value of the time component. 

The difference in the mixture composition of the photophysical properties of the two 

dyes may be explained by the difference in their structures. Indeed, the rotation of the phenyl 

group is possible for BDP2 and the excited state energy relaxation may occur through this 

rotation therefore the photophysical properties depend on how this rotation may be hindered. 

As a matter of fact, when the viscosity of the mixture is high enough to hinder this rotation (and 

this is possible for mole fractions of BuOH higher than 0.48), the fluorescence quantum yield 

and the radiative constant values increase, and consistently those of the nonradiative constant 

decrease.  

This is confirmed by the results of DFT calculations. The BDP1 and BDP2 have many 

conformations in the range of dihedral angle between 70 - 110 (minimum potential energy – 

90) and 44 – 74 (the minimum energy – 57) respectively. We suggest that with increasing 

the BuOH (viscosity increase) the rotation is hindered in the position of the dihedral angle (C1-

C5-C6-C7) of the BDP2 in 74 and has great influence on fluorescence (according to the value 

of oscillator strength). 

The behavior of the quantum yield, relaxations times of the excited state, the radiative 

and non-radiative constants as a function of the mixture composition points to its correlation 

with the rotation of the phenyl group of BDP2 as a channel of the excited state relaxation. Its 

fluorescent characteristics are highly dependent on the viscosity or rigidity of the 

microenvironment, as expected from literature data for pure alcohol solvents. These results 

suggest using BDP2 as molecular probe rotor of the viscosity for molecular systems which 

viscosity values are in the range between 0.5 and 3 MPas·s 
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Conclusions and perspectives 

 

 

 

 

In this work, a series of nitrofluoresceins and several amino derivatives, 22 compounds 

in total, are studied in solutions, first of all, in DMSO, using spectroscopic methods. The molar 

absorptivities and apK  values of a series of nitrofluorescein dyes are determined; the spectra 

of the individual molecular and ionic forms are singled out. The obtained apK s of the dyes in 

DMSO cover the range from 0 to 12.  

The results provide an understanding of the scheme of the protolytic equilibrium for this 

group of dyes in solution. Furthermore, they reveal that the properties of nitrofluoresceins differ 

significantly from those of other fluorescein dyes, such as the widely-used halogen derivatives. 

The main reason is the high electrophilicity of the NO2 groups, which leads to the pulling 

of electron density away from the nodal carbon atom, C9. This, in turn, strongly stabilizes the 

lactonic tautomers. The X-ray analysis shed light upon the structure of lactones of two 

pentanitrofluoresceins. While for the 4,5-dinitrofluorescein, this refers only to the neutral form, 

H2R, for dyes of 2,4,5,7-tetranitro type, even the anions readily form lactones. It is even more 

pronounced in acetonitrile with 4 mass % DMSO. This is not typical for other branches of the 

fluorescein family.  

Another consequence of the electron-attracting properties of the nitro group is the 

rupture of the pyran ring in highly alkaline solutions, which occurs much easier than for other 

fluorescein dyes; a product of such rupture is isolated and examined via the 13C NMR 

spectroscopy in this work.  

Secondly, the acidity of the OH groups of the dyes with nitro groups in the xanthenes 

part increases dramatically as compared to that of the unsubstituted fluorescein and 

substantially exceeds the acidity of the COOH group. This feature resembles the well-known 

influence of halogen substitutions and is numerously demonstrated for eosin, erythrosin, etc.  

The analysis of the absorption spectra in the visible region and evaluation of the 

fractions of tautomers made it possible to calculate the so-called microscopic equilibrium 

constants of the stepwise dissociation of tautomers. For the 4,4-dinitrofluorescein, the estimated 

microscopic dissociation constants are in line with the apK s of the model compounds: 4,5-

dinitrofluorescein ester, ether, and 4,5-dinitrosulfofluorescein.  
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The influence of a negative charge of a single-charged anion on the dissociation of the 

second acidic group is in line with the Bjerrum – Kirkwood – Westheimer equation. This allows 

for estimating the effective relative permittivity of the space between the ionizing groups and 

supports the proposed scheme of the protolytic equilibrium of nitrofluoresceins in solution.  

As a kind of secondary result, the data can serve as an instructive illustration of the 

reasons governing the a2 a1p pK K−  difference for a dibasic acid inclined to tautomerism. It is 

demonstrated that the ratio of a1 a2/K K , or the difference a2 a1p pK K−  is governed by the state 

of the tautomeric equilibrium of molecules and anions. For instance, the difference between the 

apK s of stepwise dissociation of the dyes, a2 a1p pK K− , in DMSO varies from 1.1 for 5'-

nitrofluorescein to 7.6 to 4,5-dinito-2,7-dibromofluorescein. The H2R forms are almost 

completely transformed into the lactonic tautomer in both cases. However, in the first case, the 

sequence of the functional group dissociation is as follows: (1) COOH and (2) OH. In the 

second case, the single-charged anion contains the COOH and O– groups, while the double-

charged anion is an equilibrium mixture of intensively coloured and colourless lactonic 

tautomers, 32 % and 68 %, respectively.   

Another issue solved in the present work is the transmittance of the electronic effects in 

the fluorescein molecule between the phthalic acid residue and the xanthene moiety. Despite 

the almost orthogonal orientation of the latter with respect to the rest of the molecule, the apK  

in DMSO of the OH group in the xanthene part increases by 0.2–0.3 units in the case of amino 

derivatives in the phthalic part, while the nitro group decreases the apK s by 0.2–0.8.  

Of course, these effects are much lower than the apK  decrease of the same group when 

the substituents are introduced nearby (3.6–3.7 units pro one ortho-NO2 group).   

Interestingly, the influence on the emitting ability of fluorescein by nitro groups in these 

two parts of the molecule. Whereas the introduction of the NH2 group in the 9-arene part 

decreases fluorescence only in water and alcohols, but not in DMSO and acetonitrile, the 

appearance of the NO2 group results in fluorescence quenching. In contrast, the tetranitro 

substitution in the 2, 4, 5, and 7-position of the xanthenes part allowed to obtain an excellent 

fluorescent indicator, which is sensitive to the hydrogen bonding ability of the solvent (quantum 

yields from   = 80–86 % in DMSO and acetonitrile to   ≈ 0 in water. Hence, the introduction 

of the NH2 group in the phthalic part and four NO2 groups in the xanthenes portion of 

fluorescein led to similar consequences. The advantage of the nitro derivative is the 
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independence of the emission on pH, because of the highly pronounced stability of this anionic 

dye with respect to H+ addition.  

Regarding the influence of the solvent mixture acetonitrile-butanol on the photophysics 

of dyes – the photophysical properties of BDP2 are strongly dependent on the mixture 

composition. This effect is mainly due to a change in the viscosity of the mixture, which affects 

the rotation of the two parts of the BODIPY relative to each other. Increasing the BuOH content 

of the mixture, which means an increase of the viscosity, decrease of the dielectric constant, 

decrease of the ability to form hydrogen bonds, an increase of dipole–dipole interactions, the 

maxima of the absorption and fluorescence spectra of BDP1 and BDP2 are weakly dependent 

on the mixture composition and a slight bathochromic shift occurs (the shift never exceeds 2-4 

nm). So, we expect not strong changes in the spectra of fluorescein dyes, but strong changes in 

the ratios of dissociation constants due to the transition from an aprotic medium (acetonitrile) 

to a proton-binding medium (butanol). 

In perspectives, this work can be the basis of the following developments: 

 

• Study on the fluorescence quantum yield of the fluorogenic dyes in the polar protic and 

aprotic solvents (for example, acetonitrile, dimethyl sulfoxide, acetonitrile-butanol-1 mixtures) 

that has unextrimely low values of quantum yields to minimize measurement error using 

nitrofluoresceins as the reference dye. 

•  The approach of using esters with a similar fluorescent moiety, as in the case of parent 

compounds, to determine the tautomeric composition can be used for the entire range of 

fluorescein derivatives. 

• Finally, all the results in this thesis should be useful for further study of amino 

derivatives and mixed amino-nitro derivatives of fluorescein, which also represent the scientific 

interest and poorly studied in aprotic solvents. 

• The ester of 2,4,5,7-tetranitrofluorescein can serve as a hydrogen bonds-sensitive 

fluorescent indicator and as a useful tool for studying different liquid media. It is also important 

in the future to study step-by-step the effect of hydrogen bonds in mixtures of aprotic and 

hydrogen bond donor solvents. 
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Appendix A: NMR spectra of the dyes 
 

 

 

 

Contents:  

 

Figure A1: 1H NMR spectrum of 4'-nitrofluorescein 
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Figure A1: 1H NMR spectrum of 4'-nitrofluorescein (400 MHz, DMSO-d6). 
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Figure A2: 1C NMR spectrum of 4'-nitrofluorescein (101 MHz, DMSO-d6). 
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Figure A3:1H NMR spectrum of 5'-nitrofluorescein (400 MHz, DMSO-d6). 
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Figure A4: 1C NMR spectrum of 5'-nitrofluorescein (101 MHz, DMSO-d6). 
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Figure A5: 1H NMR spectrum of 4'-aminofluorescein (400 MHz, DMSO-d6). 
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Figure A6: 1C NMR spectrum of 4'-aminofluorescein (101 MHz, DMSO-d6). 
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Figure A7: 1H NMR spectrum of 5'-aminofluorescein (400 MHz, DMSO-d6). 
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Figure A8: 1C NMR spectrum of 5'-aminofluorescein (101 MHz, DMSO-d6). 
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Figure A9: 1H NMR spectrum of 4'-nitrofluorescein ethyl ester (400 MHz, DMSO-d6). 
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Figure A10: 13C NMR spectrum of 4'-nitrofluorescein ethyl ester (101 MHz, DMSO-d6). 
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Figure A11: 1H NMR spectrum of 5'-nitrofluorescein ethyl ester (400 MHz, DMSO-d6). 
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Figure A12: 13C NMR spectrum of 5'-nitrofluorescein ethyl ester (101 MHz, DMSO-d6). 
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Figure A13: 1H NMR spectrum of 2,4,5,7,4'-pentanitrofluorescein (400 MHz, DMSO-d6).   



Appendices 

 

164 

 

 

Figure A14: 1H-1H COSY NMR spectrum of 2,4,5,7,4'-pentanitrofluorescein (400 MHz, 

DMSO-d6).   
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Figure A15: 13C NMR spectrum of 2,4,5,7,4'-pentanitrofluorescein: (101 MHz, DMSO-d6) δ 

171.93, 164.49, 148.95, 147.22, 132.09, 126.50, 105.41, 20.99.  
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Figure A16: 1H NMR spectrum of 2,4,5,7,5'-pentanitrofluorescein (400 MHz, DMSO-d6).    
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Figure A17: 1H-1H COSY NMR spectrum of 2,4,5,7,5'-pentanitrofluorescein (400 MHz, DMSO-d6).   



Appendices 

 

168 

 

 

Figure A18: 13C NMR spectrum of 2,4,5,7,5'-pentanitrofluorescein: (101 MHz, DMSO-d6) δ 

165.03, 150.13, 147.18, 132.04, 126.72, 125.67, 105.84.  
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Figure A19: 1H NMR spectrum of 2,4,5,7-tetranitrofluorescein with the cleaved pyran ring (3,3-

bis(2',4'-dihydroxy-3,5- dinitrophenyl)-2-benzofuran-1(3H)-one) (400 MHz, DMSO-d6).  
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Figure A20: 13C NMR spectrum of 2,4,5,7-tetranitrofluorescein with the cleaved pyran ring 

(3,3-bis(2',4'-dihydroxy-3,5- dinitrophenyl)-2-benzofuran-1(3H)-one): (101 MHz, DMSO-d6) 

at presence of toluene, δ, ppm: 168.93, 161.21, 151.06, 149.35, 134.63, 132.72, 129.91, 125.38, 

124.92, 124.78, 124.60, 123.38, 121.67, 87.98. Toluene signals are not marked: 137.32, 128.85, 

128.16, 125.27, 20.99 ppm.  
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Figure A21: 1H NMR spectrum of 2,4,5,7-tetranitrofluorescein methyl ester (400 MHz, DMSO-d6). 
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Figure A22: 13C NMR spectrum of 2,4,5,7-tetranitrofluorescein methyl ester (methyl 2-(3,6-

dihydroxy-2,4,5,7-tetranitro-9H-xanthen-9-yl)benzoate): (101 MHz, DMSO-d6) δ 164.85, 

162.53, 161.63, 147.58, 142.82, 133.39, 132.38, 131.78, 131.03, 130.35, 129.18, 127.40, 

105.64, 52.60 ppm. 
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Appendix B: The +
*

H
pa values and ionic strength of buffer solutions 

in acetonitrile with 4 mass % DMSO 
 

 

 

 

The +

*

H
pa  values and ionic strength of buffer solutions in acetonitrile with 4 mass % 

DMSO, from ref. [1].  

 

The parameters of ionic equilibrium in the buffer systems, necessary for calculations, 

are taken from ref. [2]. The 
2

f

HA
K −  values for salicylic and benzoic acids are 2.5×102 and 2.2×103 

M–1, respectively. The dissociation constants of sodium hydrosalicylate and 

tetraethylammonium benzoate are 5.0×10–3 and 3.5×10–4 M, respectively. For picric acid, 2,4-

dinitrophenol, and 2,6-dinitrophenol,  HApK  = 3.30, 8.68, and 8.73, respectively. The 

dissociation constants of sodium salts of 2,4- and 2,6-dinitrophenol 1.4×10–3 and 3.5×10–4 M.  

 

Table B1: The +

*

H
pa  values and ionic strength of buffer solutions in acetonitrile with 4 mass 

% DMSO: salicylic acid + 0.00487 M sodium salicylate, 25 oC  

Salicylic acid, M +

*

H
pa  I, M 

0.1733 6.27 0.0041 

0.1722 6.28 0.0041 

0.1570 6.35 0.0041 

0.1037 6.69 0.0038 

0.0948 6.76 0.0037 

0.0948 6.76 0.0037 

0.0689 7.01 0.0035 

0.0584 7.14 0.0034 

0.0555 7.18 0.0033 

0.0420 7.40 0.0031 

0.0118 8.31 0.0021 

0.0050 8.86 0.0017 

0.0022 9.32 0.0015 



Appendices 

 

174 

 

 

 

 

1. Moskaeva, E.G., Mosharenkova, O.V., Shekhovtsov, S.V., Mchedlov-Petrossyan, N.O, 

Protolytic equilibrium of tetra- and pentanitrofluoresceins in a binary solvent acetonitrile – 

dimethyl sulfoxide (mass ratio 96 : 4), Ukrainian Chem J., V. 87., No. 5., P. 25–37, (2021). 

http:/ucj.org.ua/10.33609/2708-129X.87.05.2021.25-37.    

2. Gensh K. V., Zevatskii Yu. E., Samoylov D.V., Shekhovtsov S.V., Lebed A. V., Goga S.T., 

Mchedlov-Petrossyan N.O., Ionic equilibrium in mixtures of polar protophobic and 

protophilic non-hydrogen bond donor solvents: Acids, salts, and indicators in acetonitrile 

with 4 mass % dimethylsulfoxide. J. Mol. Liquids, 322, 114560, (2020). 

 

 

  



Appendices 

175 

 

Table B2: The +

*

H
pa  values and ionic strength of 2,6-dinitrophenolate buffer solutions in 

acetonitrile with 4 mass % DMSO, 25 oC  

2,6-Dinitrophenol 
Sodium 

2,6-dinitrophenolate 
+

*

H
pa  I, M 

0.3619 0.0510 6.76 0.0049 

0.3547 0.0510 6.77 0.0049 

0.3521 0.0510 6.78 0.0049 

0.2997 0.0048 6.29 0.0012 

0.2954 0.0048 6.23 0.0012 

0.2881 0.0048 6.31 0.0012 

0.1590 0.0048 6.57 0.0012 

0.1362 0.0048 6.64 0.0012 

0.1317 0.0048 6.65 0.0012 

0.0090 0.0040 7.77 0.0011 

0.0045 0.0040 8.07 0.0011 

 

 

Table B3: The +

*

H
pa  values and ionic strength of 2,4-dinitrophenolate buffer solutions in 

acetonitrile with 4 mass % DMSO, 25 oC  

2,4-Dinitrophenol 
Sodium 

2,4-dinitrophenolate 
+

*

H
pa  I, M 

0.1086 0.0040 6.30 0.0018 

0.0698 0.0010 6.18 0.0006 

0.0551 0.0008 6.25 0.0005 

0.0549 0.0008 6.26 0.0005 

0.0519 0.0005 6.14 0.0004 

0.0455 0.0004 6.14 0.0003 

0.0449 0.0004 6.15 0.0003 

0.0270 0.0040 7.12 0.0014 

0.0090 0.0040 7.68 0.0012 

0.0045 0.0040 8.01 0.0012 

0.0018 0.0040 8.42 0.0011 
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Appendix C: Steady-state absorption spectra of esters of 

fluorescein in DMSO 
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Figure C1: Steady-state absorption spectra of ethyl ester of fluorescein in DMSO at different 

pa * H+ values in salicylate (a) and benzoate (b) buffer solutions and in p-toluenesulfonic acid 

solutions (c). 
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Figure C2: Steady-state absorption spectra of methyl ester of 5'-nitrofluorescein in DMSO at 

different pa * H+ values in salicylate (a) and benzoate (b) buffer solutions and in p-

toluenesulfonic acid solutions (c). 
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Figure C3:  Steady-state absorption spectra of ethyl ester of 4'-nitrofluorescein in DMSO 

at different pa * H+ values in salicylate (a) and benzoate (b) buffer solutions and in p-

toluenesulfonic acid solutions (c). 
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Figure C4: Steady-state absorption spectra of ethyl ester of 5'-aminofluorescein in 

DMSO at different pa * H+ values in salicylate (a) and benzoate (b) buffer solutions and in p-

toluenesulfonic acid solutions (c). 
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Figure C5: Steady-state absorption spectra of methyl ester of 5'-aminofluorescein in 

DMSO at different pa * H+ values in salicylate (a) and benzoate (b) buffer solutions and in p-

toluenesulfonic acid solutions (c).  
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Appendix D: The parameters of the fluorescence decays of BDP1 

and BDP2 
 

 

Table D1: The fitting parameters of the fluorescence decays of BDP1 using multiexponential 

functions: fluorescence lifetime components (τi, ps) and their relative contributions (Ai, 

normalized to the sum of positive components). 

X (BuOH) A1 τ1 A2 τ2 A3 τ3 2 

0.00 5577 4.38±0.02 5848 2.83±0.03   0.993 

0.10 3571 4.58±0.03 7739 2.95±0.02   0.993 

0.19 4298 4.38±0.03 7120 2.73±0.02   0.990 

0.29 3742 4.44±0.03 7816 2.75±0.02   0.990 

0.39 4966 4.10±0.02 6459 2.56±0.02   1.094 

0.48 2114 4.76±0.04 9122 2.879±0.015 1648 0.14±0.04 0.998 

0.58 1943 4.70±0.04 8149 2.855±0.016 2958 0.22±0.03 0.999 

0.66 3410 4.37±0.03 8019 2.60±0.02   1.02 

0.77 2017 4.74±0.04 8783 2.767±0.016 1852 0.118±0.04 0.972 

0.86 1869 4.69±0.04 8432 2.767±0.015 1822 0.13±0.04 0.990 

0.95 1618 4.84±0.05 8424 2.788±0.015 1760 0.16±0.04 0.976 
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Table D2: The parameters of the fluorescence decays of BDP1: krad (ps), krad (ps) 

X  (BuOH)  
. 

mPa*s 
krad (ps-1) knonrad (ps-1) 

ΔνStokes , 

cm-1 

𝑓𝑙𝑢𝑜 , 

% 

0.00 35.93 0.3326 0.5446 278.2 531.09 0.1954 

0.10 32.41 0.3599 0.5708 299.4 494.74 0.1903 

0.19 29.39 0.4087 0.5228 297.8 527.12 0.1752 

0.29 26.81 0.4754 0.4934 302.8 492.89 0.1627 

0.39 24.64 0.5602 0.4957 308.9 491.04 0.1602 

0.48 22.81 0.6674 0.4932 352.0 527.12 0.1399 

0.58 21.30 0.8047 0.5853 394.4 455.11 0.1482 

0.66 20.16 0.9638 0.4437 319.5 455.11 0.1387 

0.77 19.03 1.2190 0.4395 370.7 523.19 0.1384 

0.86 18.19 1.5296 0.5860 374.2 523.19 0.1564 

0.95 17.49 1.9357 0.6253 372.7 453.41 0.1675 
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Table D3: The fitting parameters of the fluorescence decays of BDP2 using multiexponential 

functions: fluorescence lifetime components (τi. ps) and their relative contributions (Ai. 

normalized to the sum of positive components). 

X (BuO

H) 
A1 τ1 A2 τ2 2 

0.00 18827 0.1584±0.0007   1.12 

0.10 17865 0.1669±0.0006 945000 0.00100±0.00005 0.991 

0.20 18288 0.1745±0.0007 449100 0.00105±0.00005 1.09 

0.29 17310 0.1821±0.0006 1184800 0.001100±0.000016 0.977 

0.39 16666 0.1903±0.0007 643500 0.00126±0.00003 1.018 

0.49 16864 0.1979±0.0006 1241500 0.001003±0.000018 0.971 

0.59 16343 0.2090±0.0007 684300 0.00130±0.00002 0.982 

0.68 16209 0.2146±0.0007 1420300 0.001060±0.000015 0.975 

0.78 15953 0.2287±0.0008 556200 0.00133±0.00003 0.994 

0.88 235.1 0.350±0.03 16153.8 0.02405±0.0009 0.975 

0.98 1429.1 0.357±0.007 14731.9 0.02559±0.0010 0.997 
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Table D4: The parameters of the fluorescence decays of BDP2: krad (ps), krad (ps) 

X (BuOH)  
, 

mPa*s 
krad, (ps-1) knonrad,(ps-1) ΔνStokes ,cm-1 𝑓𝑙𝑢𝑜, % 

0.00 35.93 0.3326 30.24 5852 630.04 0.5141 

0.10 32.31 0.3611 43.714 7830 630.04 0.5552 

0.20 29.21 0.4126 28.26 4857 703.25 0.5785 

0.29 26.81 0.4756 46.00 7697 703.25 0.5940 

0.39 24.55 0.5646 40.99 6546 625.07 0.6222 

0.49 22.66 0.6788 83.46 6843 625.07 1.2049 

0.59 21.10 0.8279 82.76 5935 622.60 1.3753 

0.68 19.94 1.004 154.2 6506 622.60 2.3153 

0.78 18.88 1.263 128.7 5124 622.60 2.4504 

0.88 18.02 1.612 120.5 3906 622.60 2.9915 

0.98 17.30 2.078 101.9 3630 582.52 2.7299 

 


