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Abstract: The ability of rhodamine cations to form cation-anionic associates 

with tetraphenylborate-anion in an aqueous solution has been studied. The 

thermodynamic values of the equilibrium association constants Kasт were 

determined spectrophotometrically. The values of a number of properties of 

dye molecules (surface area, effective volume, hydrophobicity index log P, 

standard enthalpy of hydration ΔНohydr) were calculated using the QSAR model. 

The possibility of dependence of the value of Kasт on these factors has been 

reviewed. It was shown that changes in lg Kasт in the series of rhodamine 

associates are consistent with changes in the parameters log P and ΔНohydr. 
 

 

Keywords: Dyes, Rhodamines, Aqueous solution, Association, Hydrophobicity, 

Enthalpy of hydration

1. Introduction 

 The processes of association of 

molecular or ionic forms of dyes can 

significantly change the properties of the 

solution. Association as a result of the 

manifestation of intermolecular interactions is 

accompanied by an increase or decrease in light 

absorption and changes in spectral bands. For 

many years, the formation of stable 

stoichiometric associations between oppositely 

charged dye ions has been experimentally 

proven [1–9] even at low (1·10-6 – 

1·10-5 mol/L) concentrations. It is shown that 

“non-Coulomb” interactions are essential in the 

processes of cation-anion association of dyes or 

other polyatomic (organic) particles. Recently, 

the problems of the relationship between the 

structure of the dye and its ability to associate 

have become especially relevant. Of particular 

interest is the development of theoretical 

propositions on the basis of which it would be 

possible to predict the structure of associates, 

their spectral-luminescent properties, based 

only on the peculiarities of the structure of 

dyes. To this end, the driving forces of the 

association are analyzing now. Spectral, 

thermodynamic, structural data, various 

theoretical approaches and computer modeling 

are involved in the consideration of associated 

compounds [10, 11]. The study of the 

association of dyes is also relevant in a practical 

sense due to the use of spectral and equilibrium 

properties of the associates. Regulation of the 

completeness of the association is considered 

as an effective factor in changing the spectral-

luminescent characteristics of the medium [4, 

9, 11]. 
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Rhodamines attract special attention 

among other dyes. They have unique 

equilibrium and spectral properties, such as 

stability of cationic forms, high molar 

absorption coefficients, intense luminescence 

of solutions. The results of scientific research 

[4, 9] indicate that these dyes are significantly 

associated in aqueous solutions. This is due not 

only to the relatively large value of the relative 

dielectric constant of water, but also the ability 

of water to enhance the association of particles 

due to hydrophobic interactions. Rhodamine 

associates are used in the quantitative analysis 

of anionic surfactants and are very promising in 

terms of creating new methods for the 

quantitative determination of the content of 

chemical toxicants in aqueous media [9, 12]. 

The aim of this study is to analyze the 

relationship between the 

spectrophotometrically determined stability of 

rhodamine associates of the “rhodamine 

cation + organic anion” type and the calculated 

structural characteristics of rhodamines. 

  

2. Experimental methods  

2.1 Materials 

Rhodamine 110 (R110), rhodamine B 

(RB), rhodamine 101 (R101), and also 

rhodamine 6G (R6G) in a number of 

experiments were used as rhodamines. 

Information about the dyes is given in Table 1. 

Spectral characteristics of dyes are given 

according to the works [13–18]. 

 

 

 

 

The hydrophobic anion of 

tetraphenylborate (TFB) was used as a 

counterion (the original preparation of TFB 

was in the form of sodium salt). It was 

previously used in the study of the association 

of organic dyes of different structure [2, 4, 5]. 

The dye formulations and the sodium salt of 

TFB were trademarks “Sigma” or “Apolda”. The 

mass fraction of the main substance was at least 

95 %. The acidity of aqueous solutions was 

monitored using a glass electrode. 

 

2.2 Experimental conditions and equipment 

The values of optical density (A), which 

were used in calculations of spectral and 

equilibrium characteristics, were checked for 

compliance with the basic law of light 

absorption.  

When the concentration increases from 

10-6 to 10-3 mol/L, there is a deviation of the 

optical density from the basic law of light 

absorption, which is explained by the 

combination of molecules (or cations) in the 

dimer [13-19]. Additions of salts (KCl, LiCl and 

others) also enhance self-association, which 

leads to “blurring” of isosbestic points in the 

spectral series [20]. This fact suggests the 

formation of particles of a higher degree of 

association and, as a consequence, to prevent 

the study of cation-anionic association in more 

concentrated solutions. So, we used aqueous 

solutions of rhodamines with concentrations of 

no more than 3·10-5 mol/L, preventing 

dimerization of dyes. 

 

 

 

 

Table 1. Spectral characteristics of dyes 

Dye λmax, nm εmax, L/(mol·cm) 

Rhodamine 110 (Ct+), CAS Number: 13558-31-1 498 9.8·104 

Rhodamine B (Ct+), CAS Number: 81-88-9 557 10.8·104 

Rhodamine 101, inner salt (Ct+), CAS Number: 116450-56-
7 

554 8.4·104 

Rhodamine 6G (Ct+), CAS Number: 989-38-8 526 8.8·104 
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The ionic strength of the photometric 

solutions was 0.0004 – 0.001 mol/L. The 

acidity of the solutions was created in such a 

way as to provide an almost complete yield of 

the singly charged cationic form.  

The association of rhodamines was 

studied at pH 1.5 – 1.8 (oxalate buffer 

solutions), taking into account the values of the 

dissociation constants of doubly and singly 

charged cations (for example, for RB, these 

values are 0.78 and 3.22 ± 0.01, respectively 

[21]. In the absence of double-charged cations 

were confirmed by gradual acidification of the 

solution, which did not lead to a noticeable 

change in the absorption spectrum. 

The absorption spectra were measured 

on upgraded spectrophotometer 

“Hitachi U3210” at room temperature. The 

error in determining the absorption 

wavelength was not less than ± 0,5 nm. It is 

experimentally verified that temperature 

fluctuations within 2–3 degrees practically do 

not affect the spectral properties of the studied 

dyes. 
 

3. Results and Discussion 

An increase in the content of TFB at a 

constant concentration of rhodamine cation 

leads to a significant decrease in the intensity of 

light absorption, which reaches 45 – 55 %, and 

to a bathochromic shift of the absorption band 

of the dye. Changes in the spectra of aqueous 

solutions of dyes are presented in Figure 1; the 

absorption spectra of tetraphenylborate 

associates of rhodamine cations are shown in 

Figure 2. 

This nature of the observed spectral 

changes indicates the formation of ionic 

associates in aqueous solution. By analogy with 

the systems “cyanine cation + TFB” [2, 4, 5], we 

can conclude that the association of the cation 

with the anion (An-) occurs according to the 

scheme Ct+ + An–  Ct+∙An– with the 

equilibrium constant of the association: 

Kas = [Ct+∙An–] × (CAn – [Ct+∙An–])–

1× (CCt – [Ct+∙An–])–1, 

where CAn is the initial molar 

concentration of the anion, [Ct+∙An–] is the 

equilibrium concentration of the associate, CCt 

is the initial concentration of the cation.The 

content of the associate was calculated from 

spectral data by the equation: 

[Ct+∙An–] = (εСt×CCt×l – A)×(εСt – εas)–1×l–1, 

where A is the optical density at the 

appropriate concentration of TFB (CAn) under 

λmax of the absorbtion band of cation; l is the 

thickness of the absorbing layer; εСt and εas are 

the molar absorption coefficients of the 

rhodamine and associate cations, respectively. 

The concentration constant of the 

association practically does not differ from the 

thermodynamic one Kasт, because ionic 

strength was no more 0,004 in experiments. 

The characteristics of rhodamines and 

their associations with TFB are presented in 

Table 2.  

The positive charge is delocalized on the 

xanthene fragment in rhodamine cations, 

Figure 3. However, the values of Kasт differ 

statistically despite of the similarity of the 

structures of the dyes. 

In addition to electrostatic factors, 

hydrophobic interactions play an essential role 

in the association of dyes in an aqueous 

medium. Associate of R101, which is formed by 

the most hydrophobic rhodamine (the 

structural properties of the dyes are discussed 

below), has the maximum Kasт value. In aqueous 

solutions, the self-association (dimerization) of 

rhodamines is noticeable at concentrations of 

about 10-4 mol/L, and in other (organic) media 

it is noticeable at much higher concentrations. 

For example, in alcohol solutions it occurs at 

10-2 mol/L [1, 5]. The dielectric constant (DC) 

of the medium does not play a fundamental 

role, in contrast to the hydrophobic component.  
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Table 2. Characteristics of rhodamines and their associations with TFB– 

 

Characteristics 
Катіон (Ct+) 

R110+ RB+ R101+ R6G+ 

λmax (Ct+·TFB–), nm 501 575 580 540 

εmax, (an associate), L/(mol·cm) 4.4∙104 4.8∙104 4.3∙104 – 

lg Kas
т 4.30 ± 0.12 5.4 ± 0.2 6.6 ± 0.2 5.01 [22] 

log P (a molecule) 2.92 6.39 6.76 5.63 

ΔНo
hydr, kJ/mol –74.5 –22.5 –0.84 –19.7 

Surface area, nm2 3.62 6.30 7.10 7.64 

Effective volume, nm3 0.91 1.30 1.42 1.33 

Notes. Thermodynamic values of lg Kas
т are calculated taking into account the correction for the ionic 

strength of the solution. Error of calculations of values: log P ± 0.3, ΔНo
hydr  ± (0.8 – 1.0) kJ/mol, surface area 

± (0.12 – 0.17) nm2, effective volume ± 0.02 nm3. 

Figure 1. Absorption spectra in the system “RB + TFB”. 
Concentrations, mol/L, of RB: 1.07·10-5 (1…7); of TFB: 
0 (1), 1.01·10-6 (2), 2.02·10-6 (3), 5.04·10-6 (4), 
6.55·10-6 (5), 8.06·10-6 (6), 1.41·10-5 (7). The comparison 
solution is water. The thickness of the absorbing layer is 
1 cm 

Figure 2. Absorption spectra of RB+ (1), R101+ 
(2), R110+ (3) and their TFB– associates (1′…3', 
respectively) in aqueous solutions 

Figure 3. Distribution of electron density in the cation R110+ (semi-empirical method PM3, 
ground state; xanthene fragment shown in a frame) 
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The strong influence of the hydrophobic 

component in the processes of self-association 

and cation-anionic association is confirmed by 

the experimental fact that some rhodamines do 

not form associates with organic anions in non-

aqueous solvents at concentrations up to 

3·10-5 mol/L. For example, this concerns 

rhodamine R6G, which does not forms cation-

anionic associates with TFB in 

N-methylformamide (DC = 182), acetonitrile 

(DC = 37), and even in ethanol (DC = 24) [22]. 

Therefore, as can be seen from the data of lg Kasт 

(Table 2), the cation-anionic associates of 

rhodamines Ct+·TFB– are quite stable in water. 

For this reason, there is a need to explain the 

influence of the structural characteristics of 

rhodamines on the value of Kasт. 

We calculated some characteristics of 

dyes (Table 2; all data are QSAR model; 

geometric optimization of molecules has been 

performed by semi-empirical method AM1), 

among them: the effective surface area of the 

cation, its volume, the hydrophobicity 

parameter log P, the standard enthalpy of 

hydration ΔНohydr. Here we note that 

quantitative structure–activity relationship 

models (QSAR models) are regression or 

classification models used in the chemical 

sciences and engineering. Like other regression 

models, QSAR models relate a set of “predictor” 

variables to the potency of the response 

variable. The partition coefficient P is defined 

as a particular ratio of the concentrations of a 

solute between the two solvents (a biphase of 

liquid phases); specifically for un-ionized 

solutes, and the decimal logarithm of the ratio 

is thus log P [23, 24]. Consistency analysis 

shows that not every dye characteristic can 

correlate with the stability of the associates. 

Among these characteristics, log P and ΔНohydr 

deserve the most attention. Other 

characteristics largely depend on the 

approximations and convergence of successive 

iterations. They are difficult to predict in a 

particular solvent, because the problem of 

coordination of the models “particle in vacuum” 

and “particle in a solvent” in the theory of 

solutions has not yet been solved. The changes 

in the values of lg Kasт from log P (Figure 4) and 

lg Kasт from ΔНohydr (Figure 5) are similar. 

In general, both the parameters log P 

and ΔНohydr in some way reflect the 

hydrophobicity of the particle. However, the 

parameter log P depends only on the nature of 

the substituent and does not depend on its 

location in the molecule; hence, he is 

“indifferent” to particle geometry. The value of 

ΔНohydr reflects the solvating properties of the 

dye, which depend on the steric factor. 

Therefore, the log P parameter should be used 

to search for the discussed correlations in the 

case when the molecules differ insignificantly 

in spatial factors. Many steric factors are similar 

in the case of the considered rhodamines. For 

example, the angle between the xanthene 

moiety and the 2-carboxyphenyl (or 

2-ethoxyphenyl) substituent is 89о for R110 

and 70o for other rhodamines (semi-empirical 

AM1 method, ground state, vacuum). 

Note that the parameters log P and 

ΔНohydr of interacting counterions can explain 

the previously established [25] difference in 

the lg Kasт values of the associate of rhodamine 

3B (R3B+) with TFB- and the associate of R3B+ 

with the anion of the oxyxanthene dye 

tetrabromophenylfluorone (TBFF). Since the 

hydrophobicity of TBFF is higher than that of 

TFB (the log P values are 7.9 and 7.3, 

respectively), the value of lg Kasт for the 

associate R3В+·ТBFF- turns out to be greater 

(6.96 ± 0.12) than for R3В+·TFB- (6.4 ± 0.1). 

 

4. Conclusion 

Based on spectrophotometric 

measurements, it was found that single-

charged cations of rhodamines are able to form 

stable cation-anionic associations with a single-

charged anion of TFB. It was found that the 

stability of the associates depends on the 

structural features that determine the 

hydrophobicity of the particles. The values of a 

number of structural factors of dye molecules 

(surface area, effective volume, hydrophobicity 
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log P, standard enthalpy of hydration ΔНohydr) 

have been analyzed within the QSAR model. 

The value of log P, in contrast to ΔНohydr, 

formally does not take into account differences 

in the relative position of the constituent 

fragments of molecules. Nevertheless the 

values of lg Kasт tetraphenylborate associates 

correlate with the values of log P, as well as 

ΔНohydr of dyes. 

The above examples show that 

hydrophobic components acquire a significant 

role in the cation-anionic interactions of 

polyatomic organic dye ions. The obtained facts 

contribute to the further development of ideas 

about the processes of association of dyes as 

polyatomic particles in solutions. 
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