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ABSTRACT  

Urea is an effective solubilizer for dyes with low aqueous solubility. To establish, at a molecular 

level, the reason behind the action of urea as an effective solubilizer, we employ a rigorous 

statistical thermodynamics approach based on the Kirkwood-Buff theory of solutions. We show 

that (i) contrary to the classical hypothesis on “water structure breaking”, the effect of urea on dye 

hydration makes a minor contribution to solubilization; (ii) the driving force of solubilization is 

the accumulation of urea around hydrophobic dye molecules. 
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1. Introduction 

 

Water is the most common dissolution medium for dyeing fibres [1–3]. Dye molecules need to 

be dispersed in solution before they are adsorbed onto or react with textile fibres [4–7]. However, 

their low aqueous solubility and self-aggregation make this dispersion into water problematic [8–

14]. The low solubility of dyes derives from their hydrophobicity, whereas self-aggregation is 

attributed to their amphiphilicity [15,16].  

 

Solubilizing agents, such as surfactants [17–23], cosolvents [24], or hydrotropes [25–27] are 

employed to improve aqueous dye solubility. Urea is one of the most common dye solubilizers 

which has been used successfully for centuries [28–32]. In addition to its ability to improve dye 

solubility in water [25,30], urea also enhances dye de-aggregation [33–36] and the swelling of the 

fibres in water [32,33,37–39]. Furthermore, low dye solubility leads to self-aggregation in water, 

which becomes more prominent as the concentration of the dye increases [34,40,41]. This 

unconducive effect in dyeing can, however, be reduced by the addition of urea, due to its 

propensity to enhance dye de-aggregation [34,42,43]. 

 

Much of the progress in understanding the effect of urea on dye solubility and aggregation was 

made decades ago, before the advent of a modern rigorous statistical thermodynamic approach to 

solubility. This theory has already been demonstrated to be effective in establishing the 

solubilization mechanisms of small solutes in the presence of cosolvents and hydrotropes [44–46]. 
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It is therefore timely to revisit the important and classical question about the effects of urea using 

state-of-the-art solution theory.  

 

The goal of this paper is to clarify the two questions: firstly, why does urea improves dye 

solubility and secondly, why does it enhance dye de-aggregation? The following two hypotheses 

for these phenomena have been proposed, examined, and debated for many years:  

1. Urea changes the water structure around dye molecules. 

2. Urea interacts strongly with the dye, enhancing de-aggregation. 

 

According to the “water structure” (hypothesis 1, above) [47], the low solubility of dyes in water 

stems from the formation of an ice cage structure of water molecules around a dye in solution. 

Urea acts as a dispersing agent to change this ice cage structure [25,35,48] and breaks the hydrogen 

bonds between water molecules arranged around the dye [30]. However, the evidence presented 

for the ice cage hypothesis was aimed only to rationalize solubility enhancement [49] and did not 

have a rigorous statistical thermodynamics grounding. 

 

According to the urea-water interaction (hypothesis 2, above), dispersing agents such as urea 

improve solubility by forming complexes with solute molecules [50,51], either via hydrogen 

bonding [52] between the carbonyl group of urea and a polar group on the dye or through the 

hydrophobic effect [37,53]. This is because hydrogen bonds between urea and dye seem to be 

weaker than those between water and dye [54]. However, urea is a hydrophilic molecule. Hence, 

both hypotheses need to be re-examined in light of the state-of-the-art statistical thermodynamics 

theory.   



 4 

 

 Here, we revisit the classical questions of dye solubilization and de-aggregation mechanisms by 

urea. We will present clear answers to these questions, by quantifying the interactions (affinities) 

between different solution components directly from solubility, density, and activity data from the 

literature. Unlike the previously published work, we are able to compare different interaction 

strengths, which allows quantitative examination of the validity of existing hypotheses. The 

convincing track record of this approach follows from its model- and assumption-free nature; the 

analysis uses experimental data and the principles of statistical thermodynamics only. The 

strengths of interactions have been quantified using statistical thermodynamics through the 

Kirkwood-Buff integrals (KBI) [44–46,55–58].  

 

However, due to their large sizes, the dye molecules discussed in the present paper require 

special treatment which was not required in our previous work. As we will show, the dye-water 

and dye-urea KBIs are both large and negative; the positive contributions from the accumulation 

of urea or water around a dye are overridden by a large, negative contribution from excluded 

volume due to the large molecular sizes of the dyes [44–46,55–58]. Therefore, the excluded 

volume effect must be separated from the solvent accumulation effect to achieve clear pictures of 

the solubilization and de-aggregation mechanisms. 

 

2. Theory  

 

2.1. Driving forces of solubilization  
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Let us consider a solution consisting of the following components: solute (denoted as 𝑢), water 

(1) and cosolvent (2). For this three-component system (with dilute solute), we have previously 

shown [45,59,60] that the Kirkwood-Buff integrals (KBIs) quantify both the specific and non-

specific interactions between solution components can be determined solely from a combination 

of experimental data via statistical thermodynamics. Figure 1 illustrates the meaning of solute-

water and solute-urea KBIs, 𝐺𝑢1  and 𝐺𝑢2  [45,59,60], i.e., the increments of water and urea 

concentrations around the solute molecule compared to the bulk solution. Figure 1 shows that KBIs 

are essentially the increments per molar concentration of the species.  

 

Figure 1: A schematic representation of the local (a) and bulk (b) concentrations and their 

difference. Urea (yellow) are concentrated around the dyes (red) in the local area ((a)) compared 

to the bulk ((b)). The difference between local-bulk concentration is calculated as Δ𝐺𝑢𝑖. 
 

Solubility measurements report the dependence of dye solubility, 𝑠𝑢, on the molar concentration 

of cosolvent, 𝑐2. Our aim is twofold: to understand the molecular basis of such dependence in 
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terms of interactions between different species, and to identify the dominant contribution. To do 

so, solubilization can be expressed in terms of KBIs [44–46] as:  

1𝑠𝑢 (𝜕𝑠𝑢𝜕𝑐2)𝑇,𝑃 = (𝜕 ln 𝑠𝑢𝜕𝑐2 )𝑇,𝑃 = 𝐺u2−𝐺u11+𝑐2(𝐺22−𝐺21)     (1) 

Eq. (1) identifies the following two contributions to solubilization:  

1. 𝐺𝑢2 − 𝐺𝑢1, the preferential affinity between a dye and a cosolvent over that between a 

dye and water, increasing the solubility.  

2. 1 + 𝑐2(𝐺22 − 𝐺21), the preferential self-association of cosolvents, driven by cosolvent-

cosolvent affinity (𝐺22) over affinity between cosolvent and water (𝐺21), which reduces 

the solubilization [49].  

In order to elucidate the mechanism of solubilization, these two contributions, as well as all the 

underlying KBIs, should be quantified. In our previous papers on the solubilization of small 

molecules by hydrotropes, factor 1 was shown to be dominant whereas factor 2 was found to be 

the secondary, more minor contribution [44–46,55,58].   

 

2.2. Solvation shell contribution to the Kirkwood-Buff integrals 

 

The large sizes and, consequently, large molar volumes of the dye molecules lead to large and 

negative 𝐺𝑢2 and 𝐺𝑢1 values, following from the contribution of the large excluded volume (𝑉𝐸) 

of the solute molecules to both KBIs. Yet, it is the structure of the aqueous solution around the dye 

that was the focus of the debate on the mechanism of dye solubilization. This contribution 

(hereafter referred to as the solvation shell contribution) should be extracted from experimental 

data by subtracting out the excluded volume contribution. This can be achieved by introducing the 

following solvation-shell contributions to KBIs [59],  
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𝐺𝑢𝑖′ = 𝐺𝑢𝑖 + 𝑉𝐸        (2)  

How can 𝐺𝑢2′  and 𝐺𝑢1′  be determined from experimental data? To answer this question, let us start 

from the well-known relationships involving these KBIs [59,60]:   

(a) The dependency of dye solubility, 𝑠𝑢 , on water activity 𝑎1  − (𝜕 ln 𝑠𝑢𝜕 ln 𝑎1)𝑇,𝑃;𝑐𝑢→0 = 𝑐1(𝐺𝑢2 − 𝐺𝑢1)      (3) 

where 𝑐𝑖  is the molar concentration of the component 𝑖 . Here, 𝐺𝑢2 − 𝐺𝑢1  represents the 

preferential solvation of the cosolvent relative to water, which is very much a competition between 

cosolvent-solute and cosolvent-water affinities [59,60].    

(b) Partial molar volume of the solute, 𝑉𝑢  𝑉𝑢 = −𝑐1𝑉1𝐺𝑢1 − 𝑐2𝑉2𝐺𝑢2 + 𝑅𝑇𝜅𝑇      (4)  

where 𝑉1 and 𝑉2 are the partial molar volumes of water and cosolvent, and 𝜅𝑇 is the isothermal 

compressibility of the bulk solution, whose contribution to 𝑉𝑢 (namely 𝑅𝑇𝜅𝑇) is ca. 1.2 cm3 mol-1 

at 298 K, hence it is negligible [59,60].   

 

Eqs. (3) and (4) can be expressed in terms of 𝐺𝑢1′  and 𝐺𝑢2′  in the following straightforward 

manner: − (𝜕 ln 𝑠𝑢𝜕 ln 𝑎1)𝑇,𝑃;𝑐𝑢→0 = 𝑐1(𝐺𝑢2′ − 𝐺𝑢1′ )      (5) 

𝑉𝑢′ = 𝑉𝑢 − 𝑉𝐸 = −𝑐1𝑉1𝐺𝑢1′ − 𝑐2𝑉2𝐺𝑢2′      (6)  

 

Eqs. (3)-(6) in combination will be used as the foundation of our analysis.  
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Note that the same 𝑉𝐸 was used in Eq. (2) for calculating 𝐺𝑢1′  and 𝐺𝑢2′  [59,61]. By doing so, the 

solvation shell relationships, Eqs. (5) and (6), retain the same mathematical form as the original 

KBIs, Eqs. (3) and (4). In this way, the preferential affinity, 𝐺𝑢2 − 𝐺𝑢1,  can be attributed solely 

to solvation shell contributions, because 𝐺𝑢2′ − 𝐺𝑢1′ = 𝐺𝑢2 − 𝐺𝑢1 under the transformation via Eq. 

(2). For 𝑉𝐸, we will adopt Chalikian’s estimation [62] of the volume around a solute inaccessible 

to water. Under this definition, the size difference between water and cosolvent is reflected in 𝐺𝑢2′ ; 

for example, a cosolvent larger in molecular size than water has a negative contribution to 𝐺𝑢2′  

from the excluded volume effect [59,61].    

     

2.3. A simple criterion to identify the origin of preferential solvation  

 

Preferential solvation, as shown above, is defined in terms of competitive affinity. Is preferential 

solvation mainly due to solute-cosolvent affinity, or to solute hydration? Does the cosolvent-

induced change of solute hydration play a dominant role? Having introduced solvation shell KBIs, 

we can answer these questions. The first step is to solve the simultaneous equations (Eqs. (3) and 

(6)), which yield:  

𝐺𝑢1 = −𝑉𝑢 + 𝑉2 𝑐2𝑐1 (𝜕 ln 𝑠𝑢𝜕 ln 𝑎1)𝑇,𝑃;𝑐𝑢→0      (7a)  

𝐺𝑢2 = −𝑉1 (𝜕 ln 𝑠𝑢𝜕 ln 𝑎1)𝑇,𝑃;𝑐𝑢→0 − 𝑉𝑢       (7b)  

𝐺𝑢1′ = −𝑉𝑢′ + 𝑉2 𝑐2𝑐1 (𝜕 ln 𝑠𝑢𝜕 ln 𝑎1)𝑇,𝑃;𝑐𝑢→0      (8a)  

𝐺𝑢2′ = −𝑉1 (𝜕 ln 𝑠𝑢𝜕 ln 𝑎1)𝑇,𝑃;𝑐𝑢→0 − 𝑉𝑢′       (8b)  
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Note that the difference between the solute-water and solute-urea KBIs can be observed in how 

the solubility and volumetric data have been combined. Useful insights can be drawn from Eqs. 

(7) and (8), which will be discussed using the experimental data.  

 

2.4. Dye dimerization 

 

Dye aggregation occurs in a stepwise manner (i.e. monomer → dimer → trimer, etc.) and can 

eventually result in the formation of a colloidal-sized aggregate [1]. This paper focuses on the 

dimerization process as the initial step, for which experimental dimerization constants are available 

in the literature.  

 

The main advantage of a general and assumption-free theory, presented in Sections 2.1-2.3, is 

in its ability to account for different phenomena using the same set of equations. The equations 

defining  solubilization can be adapted easily to quantify dye aggregation with the following 

modifications only:   

• the dimerization constant 𝐾𝑎 replaces the solubility 𝑠𝑢; 

• KBI changes upon dimerization Δ𝐺𝑢𝑖 are used instead of the KBIs themselves, 𝐺𝑢𝑖; 
• Δ𝐺𝑢𝑖  is used instead of Δ𝐺𝑢𝑖′ , because dimerization does not affect the van der Waals 

volume. 

 

As in the previous study [63], the change of KBIs accompanying caffeine dimerization was 

defined as ∆𝐺𝑢𝑖 ≡ 𝐺𝑢𝑖(𝑑) − 2𝐺𝑢𝑖(𝑚)
, where 𝐺𝑢𝑖(𝑑)

 and 𝐺𝑢𝑖(𝑚)
 represent the KBI difference between 

solute dimer and species 𝑖, and solute monomer and species 𝑖, respectively. Using these quantities, 
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the water activity dependence of the dimerization constant 𝐾𝑎 can be expressed in terms of the 

KBI difference as   − (𝜕 ln 𝐾𝑎𝜕 ln 𝑎1)𝑇,𝑃;𝑐𝑢→0 = 𝑐1(Δ𝐺𝑢2 − Δ𝐺𝑢1)     (9) 

In addition, the volume change upon dimerization Δ𝑉𝑢 can also be expressed using the same pair 

of KBIs as   Δ𝑉𝑢 = −𝑐1𝑉1Δ𝐺𝑢1 − 𝑐2𝑉2Δ𝐺𝑢2      (10)  

Hence, solving Eqs. (9) and (10) yields  Δ𝐺𝑢1 = −Δ𝑉𝑢 + 𝑉2 𝑐2𝑐1 (𝜕 ln 𝐾𝑎𝜕 ln 𝑎1)𝑇,𝑃;𝑐𝑢→0     (11)  

Δ𝐺𝑢2 = −𝑉1 (𝜕 ln 𝐾𝑎𝜕 ln 𝑎1)𝑇,𝑃;𝑐𝑢→0 − Δ𝑉𝑢       (12)  

Eqs. (11) and (12) will be useful in identifying the cause of the urea-induced dissociation of dye 

dimers.  

 

3. Sources and analysis of experimental data  

 

3.1. Choice of experimental data for dye solubilization  

 

To understand how urea increases the solubility of dyes from a molecular perspective, KBIs 

have to be calculated for the dye-water and dye-urea interactions (Eq. (7a) and (7b)). To this end, 

experimental data on dye solubility, osmotic coefficient, and density are required. 

 

We have chosen the systematic dye solubility data published by Takagishi et al. [31] and 

Katayama et al. [49] on a series of biphenyl dyes, whose chemical structures are shown in Table 
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1. Osmotic coefficient data for the aqueous solution of urea have been taken from Stokes [64]. 

Density data for urea in aqueous solution have been taken from Kawahara et al. [65]. 

 

3.2. Analysis of experimental data for dye solubilization  

 

As a first step towards calculating the dye-urea preferential affinity from solubility data using Eq 

(3), we need to investigate how the expression −𝑅𝑇 ln 𝑠𝑢𝑠𝑢0  (where 𝑠𝑢  is the molar solubility in 

aqueous urea solution and 𝑠𝑢0  is that in pure water) depends on urea concentration (𝑐2). The 

experimental data reported in the literature [30,49] refers to 𝑥𝑢/𝑥𝑢0, a corresponding mole fraction 

ratio. This can be converted to 
𝑠𝑢𝑠𝑢0  via 

𝑠𝑢𝑠𝑢0 = 𝑥𝑢𝑥𝑢0 𝑐1+𝑐2𝑐10 , where 𝑐𝑖  is the molar concentration of the 

species 𝑖. To calculate dye-urea preferential affinity, ln 𝑠𝑢𝑠𝑢0   has to be plotted against −ln 𝑎1, as 

shown in Figure 2(b).  
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Figure 2: Dependence of dye solubility on (a) urea concentration and (b) − ln 𝑎1 (where 𝑎1 is 

the activity of water and the relationship shows preferential urea–dye interaction (eq (5)). The 

solubility data have been taken from Ref [49].  

 

Here water activity, 𝑎1 , was calculated using the osmotic coefficient of urea in aqueous 

solutions[64]. To calculate the derivative  − (𝜕 ln 𝑠𝑢𝜕 ln 𝑎1)𝑇,𝑃,𝑛𝑢→0 in Eq. (7), polynomial regression 

analysis was performed, as summarised in Table 2. The partial molar volume of the dye, 𝑉𝑢, in Eq. 

(4) was calculated using the group additivity scheme proposed by Lepori and Gianni [66], as 

summarised in Table 3. 
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3.3. Dye dimerization  

 

Experimental data for the dye dimerization study in aqueous urea solution were selected from the 

literature. The chemical structures of these dyes are summarized in Table 4. To calculate the KBIs,  Δ𝐺𝑢1  and Δ𝐺𝑢2  via Eqs. (11) and (12), the following quantities need to be calculated: 𝑉1 (𝜕 ln 𝐾𝑎𝜕 ln 𝑎1)𝑇,𝑃;𝑐𝑢→0 and Δ𝑉𝑢 
𝑐2𝑐1 (𝜕 ln 𝐾𝑎𝜕 ln 𝑎1)𝑇,𝑃;𝑐𝑢→0. Δ𝑉𝑢 

𝑐2𝑐1 (𝜕 ln 𝐾𝑎𝜕 ln 𝑎1)𝑇,𝑃;𝑐𝑢→0 is negligibly small because 

𝑐2 is small.  

 

The experimental data of 𝐾𝑎  for both Leuco and Fluoran type dyes have been taken from the 

literature [42,43]. Due to the scarcity of published data, 
𝜕 ln 𝐾𝑎𝜕 ln 𝑎1 was calculated approximately from 𝐾𝑎 values  for 0 M and 1 M urea, as summarised in Table 5.  

 

3.4. Calculation of excluded volume  

 

Solvation shell KBIs were calculated from the dyes excluded volumes. To calculate excluded 

volumes, the gas-phase geometries of azobenzene (I), biphenyl (II), 4-aminoazobenzene (III), 

methyl yellow ((E)-N,N-dimethyl-4-(phenyldiazenyl)aniline, IV), (E)-2,2'-((4-

(phenyldiazenyl)phenyl)azanediyl)bis(ethan-1-ol) (V), α-naphthyl red ((E)-4-

(phenyldiazenyl)naphthalen-1-amine, VI), solvent yellow 7 ((E)-4-(phenyldiazenyl)phenol, VII), 

methylene blue (3,7-bis(dimethylamino)phenothiazin-5-ium chloride, VIII) and rhodamine B ([9-

(2-carboxyphenyl)-6-diethylamino-3-xanthenylidene]-diethylammonium chloride, IX) were 

optimized using density functional theory (DFT), at the B3LYP-D3(BJ)/def2-SVP level (B3LYP 

with Grimme’s D3 empirical dispersion corrections and Becke-Johnson damping, within the 
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standard def2-SVP basis set). Each optimized geometry was confirmed as a local minimum 

through diagonalization of the respective analytic nuclear Hessian. All of these calculations were 

carried out using GAUSSIAN16 [67]. For each species, the excluded volume was calculated as 

the volume within the Connolly surface [68] for a probe radius of 1.4 Å, using Connolly’s 

Molecular Surface Package version 3.9.2. DFT optimized geometries and computational data can 

be found in the Electronic Supporting Information.  

 

4. Results and Discussion  

 

4.1. Effect of urea on dye solubilization  

 

The positive sign of the partial derivative − (𝜕 ln 𝑠𝑢𝜕 ln 𝑎1)𝑇,𝑃,𝑛𝑢→0   is similar to that observed in 

previous work on the solubility of small solutes in the presence of urea [45] (Figure 4).  According 

to Eq. (3), this means that the positive preferential affinity,  𝐺𝑢2 − 𝐺𝑢1, contributes to the urea-

induced increase of solubility (Figure 3). The contribution from urea self-association in water, 1 +𝑐2(𝐺22 − 𝐺21), is observed in Figure 3 to show next to no deviation from the value of 1, which is 

also in agreement with previous work [45], and indicates that this contribution is negligible in 

comparison to 𝐺𝑢2 − 𝐺𝑢1. 
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Figure 3:  Plots of − (𝜕 ln 𝑠𝑢𝜕 ln 𝑎1) for the dye against urea concentration. The relationship shows 

the difference between the KB parameters for urea-dye (𝐺𝑢2) and water–dye (𝐺𝑢1) calculated 

using eq (3).  

 

Having identified the difference 𝐺𝑢2 − 𝐺𝑢1  as the driving force for solubilization, the most 

important question  now is whether the dye-urea or dye-water interaction is dominant in 𝐺𝑢2 −𝐺𝑢1 . Ultimately, the question as to whether the dye-urea interaction hypothesis or the water 

structure hypothesis provides the correct explanation for dye solubilization in urea (see Section 1) 

can now be answered.  
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Figure 4: Independent determination of urea-dye and water-dye KB parameters. 𝐺𝑢1  (blue 

dashed line) and 𝐺𝑢2 (red dashed line) were corrected to 𝐺𝑢1′ (blue solid lines) and 𝐺𝑢2′  (red solid 

lines). 

 

Figure 4 shows that 𝐺𝑢1 and 𝐺𝑢2 have opposite signs and neither can be negligibly small when 

these are compared to one another. However, due to the large molecular sizes of the dyes, the 

excluded volume effect must be accounted for. This is achieved by subtraction of the same 

excluded volume contributions to 𝐺𝑢1 and 𝐺𝑢2 to calculate the solvation-shell contributions to the 

KBIs (Eq. (2)), namely, 𝐺𝑢1′  and 𝐺𝑢2′ .  

 

Figure 4 also shows that 𝐺𝑢2′  is much larger than 𝐺𝑢1′  for all dyes. We can therefore conclude 

that the dye-urea interaction 𝐺𝑢2′  is the dominant contribution which drives the urea-induced 
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solubilization of dyes. The minor contribution from the dye-water interaction, 𝐺𝑢1′ , shows that the 

urea-induced change of dye hydration contributes very little to solubilization. Our analysis, based 

on a rigorous statistical thermodynamics theory, supports the dye-urea interaction hypothesis but 

does not support the water structure hypothesis.  

 

4.2. The order-of-magnitude analysis supports the dominance of the dye-urea interaction 

 

Here we show that the same conclusion regarding the relative magnitudes of 𝐺𝑢1′  and 𝐺𝑢2′  , as in 

Section 4.1, can be reached simply via an order-of-magnitude analysis. We will discuss two 

conditions: at (i) low urea concentration and (ii) a few molars of urea. 

 

(i) At 𝒄𝟐 → 𝟎 limit. Eqs. (8a) and (8b) at this limit become: 𝐺𝑢1′ ≃ −𝑉𝑢′         (13)  𝐺𝑢2′ ≃ −𝑉1 (𝜕 ln 𝑠𝑢𝜕 ln 𝑎1)𝑇,𝑃;𝑐𝑢→0 − 𝑉𝑢′       (14)  

A comparison of −𝑉1 (𝜕 ln 𝑠𝑢𝜕 ln 𝑎1)𝑇,𝑃;𝑐𝑢→0  (254.3 to 711.0 cm3 mol-1, using (𝜕 ln 𝑠𝑢𝜕 ln 𝑎1)𝑇,𝑃;𝑐𝑢→0  from 

Figure 3) and 𝑉𝑢′  (18.0  to 39.8 cm3 mol1 Table 3) shows that the contribution from 𝐺𝑢2′  is 

dominant over that of 𝐺𝑢1′ . The effect of urea on dye hydration can thus be neglected.  

  

(ii) At a few molars of 𝒄𝟐. This is the situation in which solubilization takes place. When the 

second term in Eq. (8a) becomes dominant,  𝐺𝑢1′ ≃  𝑉2 𝑐2𝑐1 (𝜕 ln 𝑠𝑢𝜕 ln 𝑎1)𝑇,𝑃;𝑐𝑢→0       (15)  
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𝐺𝑢2′ ≃ −𝑉1 (𝜕 ln 𝑠𝑢𝜕 ln 𝑎1)𝑇,𝑃;𝑐𝑢→0        (16) 

Eq. (15) already shows that the dye hydration contribution 𝑉𝑢′ is negligible as a contribution to 𝐺𝑢1′ . 

The relative magnitude of 𝐺𝑢2′  over 𝐺𝑢1′  can be calculated simply via the ratio between them: 

𝐺𝑢1′𝐺𝑢2′ = − 𝑉2𝑉1 𝑐2𝑐1         (17) 

The dominant contributor to the above ratio is 
𝑐2𝑐1, which, at 3 M is about 0.05, and increases to 

around 0.1 at 6M. 
𝑉2𝑉1 has a value of approximately 2,  hence showing that urea cannot override such 

a small magnitude of 
𝑐2𝑐1.  We observe, therefore, that the contribution of 𝐺𝑢1′  is minor compared to 

that of 𝐺𝑢2′ .   

 

Thus, the order-of-magnitude analyses for both cases show that our conclusion about the 

dominance of 𝐺𝑢2′  over 𝐺𝑢1′  is a robust one. The dye-water interaction (𝐺𝑢1′ ) is negligibly small 

compared to dye-urea interaction over the whole urea concentration range (1-8 M) studied here. 

Thus, the order-of-magnitude analysis confirms our conclusion that the breaking of the water 

structure by urea cannot explain the solubilization of dyes by urea. 

 

4.3. The effect of urea on dye dimerization  

  

The presence of urea weakens dye aggregation because of a negative Δ𝐺𝑢2 − Δ𝐺𝑢1, as seen from 

Eq. (9). To establish which of the two KBI differences (dye-water or dye-urea) is responsible for 

de-aggregation, in Table 5 we report the values of 𝑉1 (𝜕 ln 𝐾𝑎𝜕 ln 𝑎1)𝑇,𝑃;𝑐𝑢→0 and −Δ𝑉𝑢 which are the first 

and the second terms in Eq. (12).  Here, Δ𝑉𝑢 has been taken from the literature [69,70]. For both 
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dyes 𝑉1 (𝜕 ln 𝐾𝑎𝜕 ln 𝑎1)𝑇,𝑃;𝑐𝑢→0  is much larger in magnitude than −Δ𝑉𝑢 . Since Δ𝐺𝑢1  is dominated by 

−Δ𝑉𝑢  at low urea concentrations, as seen in Eq. (11), we can conclude that Δ𝐺𝑢2  makes the 

dominant contribution to urea-induced dye de-aggregation.  The signs of Δ𝐺𝑢2 inferred from Eqs. 

(12) and Table 5 are negative, showing that the urea-dimer interaction is weaker than the 

interaction between urea and the two monomers, which can be rationalized by the suggestion that 

the reduction of surface area upon dye dimerization leads to weaker interaction with urea.  Thus, 

the dominant contribution from Δ𝐺𝑢2 shows that the reduction of the urea-dye interaction that 

accompanies dimerization is the cause of dye de-aggregation by urea.  

 

Our statistical thermodynamics analysis confirms, yet again, that dye de-aggregation by urea is 

due to the dye-urea interaction rather than to the change of dye hydration in the presence of urea.  

 

4.4. Solubilization mechanism  

 

The strength of our approach is in its capacity to quantify the driving forces of solubilization 

directly from experimental data based directly on the principles of statistical thermodynamics. The 

fundamental relationships for solubilization and aggregation (Eqs. (3)-(12)) were derived without 

any approximations or model assumptions [44,45,55,71]. Such an approach may seem at odds with 

the more common theoretical approaches to solubilization, such as simple models and computer 

simulations. The Hansen solubility parameters (HSP) [72] or COSMO-RS [73] are the most 

commonly used simple solvation models, yet their applicability to water and aqueous solutions are 

limited [74]. Force field parameterization is a prerequisite for molecular dynamics or Monte Carlo 

simulations, yet the force fields for the most common cosolvent, including urea, are still a matter 
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of active research [75,76]. In contrast, Eqs. (3)-(12) do not involve any model assumptions, they 

are not subject to experimental verifications in the same way as for simple models or force fields.   

Thus, our approach, based solely on the principles of statistical thermodynamics, is advantageous 

in its ability to identify and quantify the contributions to solubility directly from experimental data.  

 

Here we compare our conclusion on the mechanism of dye solubilization and de-aggregation by 

urea to a wider range of solubilization data. The scale of such a comparison is somewhat limited 

by the lack of systematic, consistent, and high-quality experimental data covering not only 

solubility but also activity coefficients, densities, and partial molar volumes [71]. Nevertheless, 

one of us has carried out an extensive literature survey on aqueous solubilization by cosolvents, 

hydrotropes, and surfactants, cross-correlated, whenever necessary, with density and activity data. 

The density and activity data were available for nicotinamide, sodium benzoate, sodium salicylate, 

sodium cumene sulfonate, and urea as hydrotropes [44–46,55,74]. For the solutes, solubility data 

were available for p-aminobenzoic acid, butyl acetate, butyl stearate, butyl acetate, benzyl 

benzoate, ethylbenzene, lauric acid, methyl benzoate, and o-Hydroxyacetophenone [44–46,55,74]. 

The solubilization mechanism calculated from the above dataset is consistent with the present 

paper: solubilization is driven predominantly by a strong solute-hydrotrope affinity, while the self-

association of the solubilizing agent reduces solubilization efficiency [46,74]. The reduction in 

solubilization efficiency becomes more prominent for hydrotropes with a stronger tendency to self-

associate, such as nicotinamide, yet the dominance of solute-hydrotrope affinity remains valid 

[46,74].  
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The same solubilization mechanism applies to surfactants whose tendency for self-aggregation 

is stronger than hydrotropes [77]. Nevertheless, the strong solubilization capacity of surfactants 

has also been attributed to solute-surfactant affinity; inefficiency from surfactant self-association 

has been estimated to be small, contrary to the classical hypotheses [56,58,77]. Moreover, 

extensive literature data on solubilization in supercritical CO2 by “entrainers” (including methanol, 

ethanol, n-propanol, acetone, ethyl acetate, hexane, ethylene glycol, DMF and water) has been 

compiled and analyzed [78,79]; the solutes in the dataset contained some dyes, including Disperse 

Blue 56, Disperse Orange 3, Disperse Orange 79, Disperse Violet 1, and Disperse Yellow 54 as 

dyes [78,79].  In contrast to the classical hypotheses on the solubilization mechanism, based on 

the entrainer’s role in cluster formation, heterogeneity, or density increase [78,79], the calculation 

of KBIs has shown that the entrainers work predominantly by entrainer-solute affinity via 

hydrogen bonding [78,79], which is consistent with our present study.   

 

Thus, a strong affinity between solute and solubilizing agent (cosolvents, surfactants, 

hydrotropes, or entrainers) seems to be the driving force of solubilization, while the aggregation 

of the solubilizing agent in bulk plays a secondary (often minor) role [44–46,55,58,71,74,77–79]. 

This conclusion from rigorous statistical thermodynamics was underscored further by a direct 

observation using 1H-NMR [80].  

 

We expect that further thermodynamic measurements not only of solubility but also of the 

osmotic and volumetric properties in combination will be undertaken. We have already provided 

a series of web-based tools that can calculate KBIs automatically and interactively straight from 

experimental measurements [46,74,78,79].  
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 5. Conclusion 

 

Dye solubilization is influenced strongly by the presence of urea. Whether this is due to the effect 

of urea on water structure and dye hydration or urea-dye interaction has been debated for decades 

without reaching a decisive conclusion. We have revisited this classical question via state-of-the-

art statistical thermodynamics theory. 

 

The advantage of our approach is in its ability to quantify interactions between molecular species 

based on molecular distributions using Kirkwood-Buff integrals. These interactions can be 

calculated from experimental data alone. The recent track record of this approach in clarifying the 

role of cosolvents on solvation and macromolecular conformational equilibria prompted revisiting 

this classical question in dye solubilization.  

 

We have shown that, for both dye solubilization and de-aggregation, dye-urea interaction plays a 

dominant role, and dye-water interaction makes a negligibly small contribution. Due to the large 

molecular size of dyes, we have separated the contributions from the excluded volume effect and 

solvent distribution around a dye. Our conclusion was confirmed further by an order-of-magnitude 

analysis and is demonstrated to be robust, despite an approximate estimation of the excluded 

volume effect. This approach, based solely on the principles of statistical thermodynamics, is 

readily applicable to any solubilizers, any solvents and any dyes.  
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Tables 

 

Table 1:  Structural formulae and numbering of the dyes used for dye solubilization 

study. 
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Table 2: Fitting parameters for Figure 2. The functions used to fit the experimental data 

were  𝒚 = 𝒂𝒙𝟐 + 𝒃𝒙 + 𝒄, where 𝒙 = 𝑹𝑻 𝐥𝐧 𝒂𝟏. 

 

 

 

Table 3: Values of the partial molar volume (𝑽𝒖) , excluded volume (𝑽𝑬), and their 

differences for each dye (see Table 1). 

 

 

Table 4: Structural formulae and numbering of the dyes used for dye dimerization study. 
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Table 5: Comparison of the values of the first and second terms in the right-hand side of 

equation (12).  

 


