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A B S T R A C T   

This research aims to comprehensively investigate and analyze the UV–visible spectroscopic 
behavior of the methyl red (MR)-cetyltrimethylammonium bromide (CTAB) system under the 
influence of sodium polystyrene sulfonate (NaPSS) in aqueous and different volume fractions (v. 
f.) of ethanol (EtOH)–H2O (0.1, 0.2, and 0.3) at 298.15 ± 0.2 K. In EtOH–H2O solvent systems, 
the triple interactions of dyes-surfactants-polyelectrolyte (DSP) complex systems are entirely 
novel. MR interacts with CTAB in NaPSS in the binary solvent media (0.1, 0.2, and 0.3 v.f. of 
EtOH–H2O) resulting in the formation of ion-pairs at very low CTAB concentrations, far below 
their apparent critical micelle concentration (CMC*) reducing the absorbance, and the new 
complexes above the CMC* due to solubilization of the MR into CTAB micelles observed by 
distinct spectral shifts. The CMC* values obtained from spectroscopic data increase in the order: 
(CMC*)water < (CMC*)0.1 < (CMC*)0.2 < (CMC*)0.3. This is because of the reduced polarity or 
dielectric constant and increased degree of water structure disruption around the hydrophobic 
chains of CTAB, where micelle formation occurs at somewhat higher concentrations. The Gibbs 
energy of micellization (ΔGo

m
)

increases in the order: 
(
ΔGo

m = − 16.89)water <
(
ΔGo

m = −

16.17)0.1 <
(
ΔGo

m = − 15.62)0.2 <
(
ΔGo

m = − 15.38)0.3, which further supports the inhibitory 
effect of increasing ethanol content towards micellization. In the post-micellar region, the 
decrease in hydrophobic interactions and an increase in electrostatic interactions lead to a rise in 
the overall binding constant value. This means that, when NaPSS is present, the stronger elec
trostatic interactions in the post-micellar region contribute significantly to the increased binding 
of CTAB micelles with MR. The tautomeric activity of MR and the solvent composition played a 
prime role in affecting the interaction mechanism, as evidenced by the blue and red spectral 
shifts.   
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1. Introduction 

The study of molecular interactions between organic dyes and surfactants with polyelectrolytes gathers considerable attention due 
to their significant implications in various fields, including pharmaceuticals, materials science, environmental remediation, and in
dustrial processes. Surfactant-polymer, polymer-dye, and dye-surfactant are highly prevalent in surface chemistry research because so 
many investigations are documented utilizing water as a medium [1–7]. The present investigation deals with the triple interactions of 
the dye-surfactant-polyelectrolyte (DSP) complex system in ethanol-water (EtOH–H2O) solvent media. 

Methyl red (MR), a pH and solvent-polarity-sensitive azo dye (–N=N–) sometimes referred to as C.I. red 2, is widely investigated for 
its spectroscopic behavior and interactions with various chemical species [8,9]. The basic form of MR is an anionic (deprotonated acid) 
known as MR− , while its acid form is zwitterionic (protonated form) known as HMR, as shown in Fig. 1 [10,11]. MR is a good fit for our 
system since both its acidic and basic forms show prominent peaks in the UV–visible spectrum [12]. In an acidic environment, the lone 
pair of electrons on the nitrogen of the dimethylamino group accepts a proton, forming –NH(CH3)2

+.This protonation increases the 
electron density on the azo group and the aromatic ring to which it is attached, altering the electron distribution. The altered electron 
distribution shifts the absorption spectrum of the molecule, causing it to absorb light in a way that appears red color. In a basic 
environment, the carboxylic acid group loses a proton, forming -COO-.This deprotonation reduces the electron density on the azo 
group and the aromatic ring, changing the electronic structure. The new electron distribution shifts the absorption spectrum of the 
molecule, resulting in the molecule absorbing light in a way that appears yellow [9,10,13]. 

Cetyltrimethylammonium bromide (CTAB), is a cationic surfactant known for its versatile applications, particularly in micellar 
systems and colloidal science [14,15]. The numerical value of the CMC of the surfactant plays a critical role in describing the 
adsorption and solubilization behavior of the micellar solutions [16]. In this context, sodium polystyrene sulphonate (NaPSS), a 
water-soluble strong anionic polyelectrolyte known for its hydrophobic character (due to PSS− ) with external hydrophobic domains 
and diverse applications, emerges as a noteworthy additive [17–19]. Surfactant interacts with polyelectrolytes, macromolecules, and 
dye, a colorant (having chromophores and auxochromes) [20,21]. The addition of NaPSS to the MR-CTAB system is anticipated to 
introduce variations in the molecular interactions, potentially affecting the nature and stability of the formed complexes. A substantial 
amount of CTA+ is absorbed on the NaPSS surface upon the progressive addition of CTAB, raising the positive (+ve) charge on the 
substance. This leads to the formation of the (CTA+PSS− ) complex and the release of counterions from the CTAB micelle and poly
electrolyte ions [17,18]. 

Understanding these alterations may offer novel perspectives on the behavior of such complex systems and their applicability in 
tailored environments. Electrostatic interactions, hydrogen bonding, hydrophobic interactions, and van der Waals forces are the 
intermolecular forces that control the solubilization process of the dyes [16,22]. Hydrophobic interactions, and electrostatic in
teractions [23,24], play a vital role in the system’s behavior and performance [25–28]. 

These interactions are influenced by the nature of the dye and surfactant and the medium in which they are dissolved. Solvent 
systems and additives are crucial to the molecular assembly, aggregation, and stability of the dye-surfactant complexes. Water and 
EtOH–H2O binary solvent systems are widely recognized for their varying polarity and interaction capabilities. The unique solvent 
properties via hydrogen bonding can significantly impact the nature and extent of interactions between molecules dissolved within 

Fig. 1. Acid and basic forms of Methyl red.  
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them [29]. Exploring the interaction between methyl red and CTAB/NaPSS in these solvent systems provides an opportunity to 
elucidate the influence of solvent polarity and composition on their association behavior. As ethanol reduces hydrophobic affinity, it 
causes changes in cohesion energy, water structure, dye solvation preference, micelle size, and chemical stability, which consequently 
affects binding constant, spectral shift, CMC, etc. [30–33]. Consequently, ethanol has been chosen as the solvent of interest to study 
these effects because it is a crucial chemical and pharmaceutical solvent. 

We use a UV–visible spectroscopy approach to accomplish our objective owing to its exceptional sensitivity, precision, and ac
curacy, toward molecular affinity and properties [27,34–36]. The dye addition may influence the surfactants’ micellization properties, 
resulting in the determination of an apparent CMC (CMC*) rather than actual CMC [36]. 

Previous studies [10,18,37–42] suggested the possibility of complex formation between methyl red and CTAB, leading to spectral 
changes that reflect alterations in the dye’s electronic environment. However, a comprehensive investigation into the spectroscopic 
characteristics and the nature of the interaction between these species under the influence of NaPSS in different solvent environments 
remains a significant gap in the current understanding. We are thus inspired to study the interaction of MR with CTAB under the 
influence of NaPSS by spectroscopic studies in water and in different volume fractions of EtOH–H2O (0.1, 0.2, and 0.3) at 298.15 ± 0.2 
K. The spectral changes, binding constant (Kb), CMC*, Gibbs energy of binding (ΔGo

b), and Gibbs energy of micellization (ΔGo
m
)

ob
tained from these studies are expected to provide crucial insights into the molecular level interactions occurring within these systems. 
The results of this study greatly advance our understanding of the complex interactions between molecules, and their implications in 
diverse scientific, industrial, ecological, pharmaceutical, and technological domains. It will also pave the way for future studies on the 
effects of various co-solvents and other additives in the dye-surfactant-polyelectrolyte (DSP) interaction for the production of new, 
advanced, and sustainable materials with enhanced yield and economy for relevance to society. 

2. Experimental 

2.1. Materials 

Table 1 displays the names, companies, and countries of the purchased chemicals, along with the CAS number, molecular weight, 
and purity percentage. 

2.2. Methods 

The EtOH–H2O mixed solvent media (0.1, 0.2, and 0.3) were prepared using triple distilled water. CTAB (0.004 mol L− 1), NaPSS 
(0.0001 mol L− 1), and MR (5 × 10− 5 mol L− 1) stock solutions were made in water, and 0.1, 0.2, and 0.3 fractions of the EtOH–H2O 
volume, respectively. The corresponding solvent media were used to prepare CTAB in NaPSS at various concentrations 
(0.00055–0.003667 mol L− 1). 2 mL of MR solution was added to different concentrations of CTAB solutions [41,43]. As a result of this 
preparation, the final concentration of MR is 4.16 × 10− 6 mol L− 1. A double-beam (MARS, ME-SP, 195UV, India) UV–visible spec
trophotometer fitted with a quartz cuvette with a length of 10 mm was used to obtain the absorption spectra. MR spectra were recorded 
at 298.15 ± 0.2 K between 200 and 800 nm, while the spectra were taken between 350 and 600 nm for clear visibility. The maximum 
absorbance of MR in water was found in the range of 432–438 nm, which is consistent with the literature [10,44]. 

3. Results and discussion 

3.1. Absorption spectra of MR in different solvent media 

The nature and polarity of the binding sites can be inferred from the spectral features of the MR-CTAB-NaPSS solution [22]. The 
hydrophobic property of the aromatic ring of MR is important in probing the relationship between physicochemical properties and 
molecular architecture [12]. 

3.1.1. In water 
Dyes show notable spectrum shifts in different micellar regions of the surfactant/polyelectrolyte system [45,46]. Two regions are 

taken regarding the spectral shift of the MR with increasing CTAB concentration: First, CTAB concentration is far below CMC* because 

Table 1 
Details of the chemicals used.  

Names of chemicals Sources of chemicals CAS number of 
chemicals 

Mol. Wt. (g mol− 1) Purity 
percentage 

Sodium polystyrene sulfonate [NaPSS] Sigma Aldrich, USA 25704-18-1 70,000.00 99.5 % 
Cetyltrimethlammoniumbromide 

[CTAB] 
Sigma Aldrich, USA 57-09-0 364.45 ≥ 98.0 % 

Methyl Red [MR] B.D.H. Laboratory Chemicals, Poole, 
England 

981010 269.30 99.5 % 

Ethanol E. Merck, India 64-17-5 46.48 ≥ 99.0 %  

S.N. Yadav et al.                                                                                                                                                                                                       



Heliyon 10 (2024) e33014

4

cluster or ion-pairs (CTAB+MR− ) or the dimer of MR are formed in this region [39,47], reducing the absorbance at λmax, and second, 
CTAB concentration is above CMC* because the dye solubilizes into micelle. 

The dye (MR) shows a 432–438 nm maximum absorbance (λmax) in the aqueous solution (water) at 298.15 ± 0.2K. This absorption 
band is caused by the anionic (basic) form of the dye. A single signal in the 432–438 nm region suggests the existence of a monomer 
form of the dye [12,22] under investigation. The spectral changes are shown in Fig. 2. As the concentration of CTAB increases, the 
value of λmax of MR decreases with the appearance of new bands within the range of 412–424 nm. This shift in the value λmax with 
CTAB concentration is a clear signal of the affinity of anionic MR and cationic CTAB, and the formation of the complex between them. 
This is due to the hypsochromic absorption shift caused by the dye H-aggregates (Fig. 2) [48,49]. Strong π-π intermolecular in
teractions around the molecules cause them to adopt a nearly parallel shape, which leads to face-to-face stacking and the emergence of 
the H-aggregate [28,41,50]. Here, the dye’s COO− group and the surfactant’s (> N+) are electrostatically interacting, which causes the 
blue shift [28]. The shift in λmax to 412–424 nm from 0.001724 to 0.000458 mol L− 1 of CTAB concentration (Fig. 2), shows that CTAB 
aggregates with MR and releases PSS− ions, which facilitates micellization [51]. The MR and CTAB seem to produce a strong complex, 
which shifts the equilibrium between the CTAB and NaPSS complexes [41,52]. In this case, the attractive force between CTA+ and MR−

is stronger than the electrostatic force between CTA+ and PSS− , leading to the disintegration of methyl red dimers and the formation of 
CTAPSS complex (CTAB + NaPSS) [53]. Here, the less rigid structure of MR helps it fit into the micelle easily. Because of this, 
micellization is facilitated and the repulsion between the micelle’s ionic heads is reduced [28,51]. There is a gradual decrease in 
absorbance of the dye with CTAB concentration, and a minimum is seen at 0.0011 mol L− 1 of the CTAB concentration, which is the 
CMC*. Similar trends of results were also observed in the literature [22,41,43]. 

The CTA+MR− complex is formed by the combined effect of electrostatically and hydrophobically interacting forces, which causes a 
rise in λmax and a decrease in absorbance values [54]. Due to the rapid MR-CTAB ion pair formation, the electrostatically interacting 
forces between the methyl red molecules become less. This promotes dimerization through hydrophobic forces and London dispersion, 
lowering absorbance [51,55]. Upon a rise in CTAB concentration, micellization occurs, and the micelles break the methyl red dimers, 
and MR-CTAB ion pairs are incorporated with the micelles. On further addition of CTAB, MR monomers get associated with these 
micelles resulting in a rapid rise in absorbance after the CMC*. After additional dye molecules are added to the micelles, the absor
bance value approaches a limiting value, reaching near-constant levels [39,56] at 0.000458 mol L− 1 CTAB concentration, and the 
solubilization is almost complete, resulting in no further spectral change. Such trends of spectral shifts were also observed in the case of 
the other dyes/surfactants [39,43,50,55]. 

In the CTAB-NaPSS system, increasing methanol and NaPSS concentrations causes increases in α, CAC, and CMC*. Furthermore, in 
the CTAB-NaPSS system, the value of β drops when methanol and NaPSS are added. A decrease in ΔG0

t is observed with the addition of 
methanol, however, -ve increase of ΔG0

t is observed with the addition of NaPSS. When methanol is added, ΔG0
ps increases negatively, 

but when NaPSS is added, ΔG0
ps decreases negatively [17]. Furthermore, even though we have maintained the dye concentration, the 

literature [57] reports that the CMC of the CTAB decreases as the amount of dye in the aqueous CTAB solution increases. It is suggested 
that aggregation is more advantageous with higher dye levels because all of the ΔG0

m values are -ve and climb as the dye concentration 
increases. Since it is the main cause of the -ve values of the free energy change (ΔG0

m), the +ve entropy change (ΔS0
m) that arises during 

aggregation is the main driver of aggregation. Furthermore, as dye concentration increases at a particular temperature, there may be a 
+ve change in entropy due to the release of hydrated water molecules surrounding the surfactant monomers. 

3.1.2. 2. In different volume fractions (0.1, 0.2, and 0.3) of EtOH–H2O solvent systems 
MR shows a remarkable spectral shift in different micellar regions with varying solvent compositions of EtOH–H2O systems. The 

observed spectra of MR are analyzed below and above the CMC* of CTAB in the dye-surfactant-polyelectrolyte system. The maximum 
absorbance of MR is observed in the range of 430–440 nm, which suggests the existence of monomeric dye species and is caused by the 

Fig. 2. Absorption Spectra of MR with various CTAB concentrations in water at 298.15 ± 0.2 K.  
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basic (anionic) form of MR within the concentration range under investigation [58]. Methyl red with CTAB in NaPSS shows a decrease 
in maximum absorbance with the appearance of the new bands within the range of 405–420 nm, which is a clear indication of the 
interaction between MR− and cationic CTA+, and the formation of the complex between them. 

The dielectric constant value becomes smaller with the addition of ethanol in the water. The unique/distinct shift in the intensity or 
position of a UV/Visible absorption band due to the variation/change in the medium’s polarity is known as solvatochromism. When 
the solvent polarity is increased then λmax shifts towards a shorter wavelength, which shows that the ground state’s solvation-free 
energy is lower than the excited state. This shift is known as the blue or hypsochromic shift. +ve solvatochromism is the result of a 
redshift occurring with increasing solvent polarity, while -ve solvatochromism is the result of a blue shift occurring with increasing 
solvent polarity [59]. 

Therefore, the spectral shift (Fig. 3), which occurs towards a shorter wavelength is called the hypsochromic absorption shift and is 
due to the -ve solvatochromism [59]. Here, the dye’s COO− group and the surfactant’s (> N+) are electrostatically interacting, which 
causes the blue shift [28,60]. The shifts in λmax to 405–420 nm from 0.00275 to 0.000917 mol L− 1 (Fig. 3) of CTAB concentration show 
that CTAB aggregates with MR and releases PSS− ions, in 0.1 v.f. of EtOH–H2O [41,52]. Here micellization becomes slightly difficult in 
comparison to water due to the decrease in hydrophobic interactions as a result of the reduced dielectric constant of the medium. The 
absorbance value of the dye gradually decreases with increasing CTAB concentration, and a minimum is seen at 0.0015 mol L− 1 CTAB 
concentration, and is the CMC* of the surfactant. 

In the 0.2 v.f. of the EtOH–H2O solvent system, MR shows remarkable spectral changes. The maximum absorbance of MR is 
observed at 430 nm, which suggests the existence of monomeric dye species and is caused by the anionic version of MR [58]. MR with 
CTAB in NaPSS shows an increase in maximum absorbance with the appearance of the new bands within the range of 515–525 nm. 
Therefore, this spectral shift (in the 0.2 v.f. of ethanol-water), which occurs towards a longer wavelength with increasing solvent 
polarity is due to the bathochromic shift or red shift (+ve solvatochromism) caused by the dye J-aggregates (Fig. 4) [28,48,49,61]. It 
occurs due to the hydrazone form of MR. The medium’s increased polarity signaled the transition from azo to hydrazone form, which 
also caused the increase in the value of absorbance to some extent [62]. The redshift is a result of the interaction of the MR and the 
formation of J-aggregates [63–65]. Because of the hydrogen bonding with the azo moiety, the OH− substituent enhances tautomerism 
and causes the azo form to shift to the hydrazo form, making the redshift more noticeable. The spectral intersection at a point in Fig. 4 
indicates the existence of many isosbestic points for the MR-CTAB-NaPSS system which is proof of MR and CTAB binding [66,67]. An 
“isosbestic point” is a location in the absorption spectrum that appears during a chemical reaction when the molar absorption co
efficients of at least two chemical species are the same. These coefficients remain constant throughout the reaction and in equilibrium, 
and the concentration of another component controls their relative proportions [66,67]. Some spectra (8&9) showing hypsochromic 
shift intersect at a point, justifying the isosbestic point as shown in Fig. 4. The value of λmax shifts to 515–525 nm from 0.003117 to 
0.0015 mol L− 1 shows that CTAB aggregates with MR and releases PSS− ions in 0.2 v.f. of ethanol-water, at lower CTAB concentrations 
[41,52]. Here micellization becomes more difficult in comparison to water due to the decrease in hydrophobic interactions as a result 
of the reduced dielectric constant of the medium. The hydrophobic force between CTA+ and PSS− becomes much weaker in this case 
than the electrostatic force between MR− and CTA+, which causes the breakdown of methyl red dimers and the CTAPSS complex 
(CTAB + NaPSS) [53]. The absorbance value of the MR gradually decreases with increasing CTAB concentration, and a minimum is 
seen at 0.0018 mol L− 1 CTAB concentration, which is the CMC* in this case. Here, in this case, the CMC* value becomes higher than 0.1 
v.f. of ethanol-water. 

In the 0.3 v.f. of the EtOH–H2O solvent system, MR shows a remarkable and interesting spectral shift. The maximum absorbance of 
methyl red in a 0.3 v.f. of EtOH–H2O solvent system is observed at 525 nm, which suggests the existence of monomeric dye species and 
is caused by the acid form (protonated form) of MR [10,58] within the concentration range that is being studied. It occurs due to the 
hydrazone form of MR. The medium’s increased polarity signaled the transition from azo to hydrazone form [62]. MR with CTAB in 
NaPSS in 0.3 v.f. of EtOH–H2O shows a slight decrease in maximum absorbance with the appearance of the new bands within the range 

Fig. 3. Absorption Spectra of MR with various CTAB concentrations in 0.1 v.f. of EtOH–H2O at 298.15 ± 0.2 K.  
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of 520–525 nm. Therefore, this spectral shift (in the 0.3 v.f. of ethanol-water), which occurs towards a shorter wavelength with 
increasing solvent polarity is due to the hypsochromic shift or blue shift (-ve solvatochromism) caused by the dye H-aggregates (Fig. 5). 
So there occurs a slight blue shift from 525 to 520 nm in the 0.3 v.f. of the EtOH–H2Osolvent system, which indicates the interaction 
between MR− and cationic CTA+, and the formation of the complex between them. The hypsochromic shift is due to electrostatically 
interacting forces between the COO− group of the MR and (>N+) of the CTAB. The shift in λmax shifts to 520–525 nm from 0.003483 to 
0.00110 mol L− 1 (Fig. 5) shows that CTAB aggregates with MR and releases PSS− ions at lower CTAB concentrations [41,52]. Here 
micellization becomes more and more difficult in the case of 0.3 v.f. in comparison to water, 0.1, and 0.2 v.f. of ethanol due to the 
decrease in hydrophobic interactions as a result of the reduced dielectric constant of the medium. The hydrophobic force between 
CTA+ and PSS− becomes weaker and weaker in this case than the electrostatic force between MR− and CTA+, which causes the 
breakdown of MR dimers and the CTAPSS complex (CTAB + NaPSS). The absorbance value of the dye gradually decreases with 
increasing CTAB concentration, and a minimum is seen at 0.0020 mol L− 1, which is the CMC* with MR. 

After micellization, a certain portion of the dye (MR) molecule attaches itself to the micelles in an EtOH–H2O medium, and the dye 
may experience distinct environmental conditions at the surface or within the micelles compared to an aqueous medium, due to the 
change in the polarity of the solvent. The absorption spectrum typically shifts when a dye is added to micelles, reflecting the change in 
the surrounding environment [12,68,69]. Ethanol reduces the micelle formation capacity of CTAB by decreasing the dielectric con
stant of the medium, which in turn, negatively impacts hydrophobic interaction because it breaks down structured water molecules 
surrounding the hydrophobic regions of CTAB and MR molecules [27,70]. In addition, ethanol’s inhibitory effect is caused by a variety 
of other mechanisms [71–73]. 

The electrostatic force between CTA+ and PSS− becomes stronger with increasing volume fractions of ethanol than hydrophobic 
interactions, which attract CTA+ and MR− strongly, which breaks down the dimers of the MR and the CTAPSS complex is formed 
(CTAB + NaPSS) [53,54]. When the concentration of CTAB is increased, micellization occurs, and the micelles dissociate the MR 
dimers, and MR-CTAB ion pairs are incorporated with these micelles resulting in the rapid rise in absorbance after the CMC*. The 
further incorporation of the MR into the micelles causes no spectral change in the absorbance and stays almost constant [39,56], which 
indicates the completion of the solubilization at the concentrations of CTAB 0.000458, 0.000917, 0.001467, and 0.001100 mol L− 1 

Fig. 4. Absorption spectra of MR with various CTAB concentrations in 0.2 v.f. of EtOH–H2O at 298.15 ± 0.2 K.  

Fig. 5. Absorption spectra of MR with various CTAB concentrations in 0.3 v.f. of EtOH–H2O at 298.15 ± 0.2 K.  
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respectively for increasing ethanol content (water, 0.1, 0.2, and 0.3) in the solvent. Such trends of spectral shifts were also observed in 
the case of the other dye/surfactants [39,43,50,55]. 

3.1.3. Determination of critical micelle concentration (CMC*) 
The CMC* displays the concentration at which amphiphilic molecules (surfactant) coalesce into larger spherical aggregates called 

micelles [74–76]. More stability is associated with a lower CMC* [77]. 
The higher the solubilization characteristics of hydrophobic species in the solutions, the lower the CMC* value [78]. Because it is 

used to assess and compare the effectiveness of surface active agents for their intended uses, the CMC* for a surfactant in a particular 
solvent is, therefore, a prime technique of surfactant characterization [27,35]. Different techniques like conductivity [22], surface 
tension [19], density, viscosity [30], UV–vis [22,28,35,39,51,55], NMR [79], absorbance, and fluorescence [47,80] have been used for 
determining the CMC of surfactants. 

Two regions are taken regarding the spectral shift of the MR with increasing CTAB concentration: First, CTAB concentration far 
below CMC* because cluster or ion-pair (CTA+MR− ) or the dimer of methyl red is formed in this region [39,47], reducing the 
absorbance at λmax, and second, CTAB concentration above CMC* because the dye solubilizes into micelle. 

The addition of methyl red in CTAB solution under the influence of NaPSS results in the creation of clusters of MR or the dimer of 
MR or MR-CTAB ion-pair due to the combined hydrophobically and electrostatically interacting forces. As a result, a shift in λmax and 
reduction in absorbance occurs initially far below CMC* of CTAB [25,47,54]. On further addition of CTAB, micellization occurs, and 
the minimal absorbance value is taken as CMC* (Figs. 6–9), which are tabulated in the table (Table 2). At this point, the micelles 
dissociate the dimers, and MR-CTAB ion pairs are incorporated with the micelles. On further addition of CTAB, MR monomers get 
associated with these micelles resulting in the rapid rise in absorbance after the CMC* [51,55]. The further incorporation of the MR 
into the micelles at higher CTAB concentrations causes no spectral change in the absorbance and stays almost constant [39,56], which 
indicates the completion of the solubilization at the concentrations of CTAB (0.000458, 0.000917, 0.001467, and 0.001100 mol L− 1 

respectively for increasing ethanol content (water, 0.1, 0.2, and 0.3) in the solvent. Such trends of spectral shifts were also observed in 
the case of the other dye/surfactants [39,43,50,55]. 

3.2. Effect of ethanol on CMC* 

From the plot of absorbance versus CTAB concentration (Figs. 6–9), the minimal value of the absorbance is taken as CMC* [22,28, 
39]., and the CMC* value for the different solvent systems under investigation increases with increasing ethanol content (Table 2). The 
dielectric constant, or polarity, decreases as the amount of EtOH in the medium increases [81]. The least polarity is in the 0.3 v.f. of 
ethanol. So CMC* obtained from spectroscopic data follows the order (Table 2): (CMC*)water < (CMC*)0.1 < (CMC*)0.2 < (CMC*)0.3. 
This is because hydrophobic surfactant chains experience a greater extent of water structure breakage than hydrophilic moieties do, 
resulting in the formation of micelles at slightly higher concentrations. Similar trends of results are also observed in the literature [18, 
19]. The values of CMC* are obtained from spectroscopic data when plotted against different volume fractions of EtOH–H2O (Fig. 10) 
then it gives the best fitting of the curve with correlation coefficient, with r2 = 1. 

The polarity of the medium drops with increasing ethanol content, and the micelles expand, which causes the increase in elec
trostatically interacting forces between the ionic head groups in the micelle, and the gradual decrease in hydrophobically interacting 
forces between the hydrophobic groups of surfactants [82], i.e. the micellization tendency reduces [83]. 

The Gibbs energy is also determined by taking the CMC* values, using the equation [17]: 

ΔGo
m =RT ln CMC∗ (1)  

which follows the order: 
(
ΔGo

m)water <
(
ΔGo

m)0.1 <
(
ΔGo

m)0.2 <
(
ΔGo

m)0.3 (Table 2). Similar trends are also observed in the literature 

Fig. 6. The change in absorbance with various CTAB concentrations in water at 298.15 ± 0.2 K.  
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[18,19]. Fig. 11 displays the curvilinear swings of ΔGo
m with the v.f. of ethanol under investigation (i.e. the variation does not follow 

the linear path but rather a curve). The second-order polynomial equation best fits this curve with r2 = 0.999. The value of ΔGo
m is -ve in 

all the solvent systems under investigation and increases as the concentration of ethanol in the medium increases. 

Fig. 7. The change in absorbance with various CTAB concentrations in 0.1 v.f.of EtOH–H2O at 298.15 ± 0.2 K.  

Fig. 8. The change in absorbance with various CTAB concentrations in 0.2 v.f.of EtOH–H2O at 298.15 ± 0.2 K.  

Fig. 9. The change in absorbance with various CTAB concentrations in 0.3 v.f.of EtOH–H2O at 298.15 ± 0.2 K.  

S.N. Yadav et al.                                                                                                                                                                                                       



Heliyon 10 (2024) e33014

9

3.3. Calculation of binding constant from spectroscopic data 

Determining the binding constant is a crucial step in analyzing and interpreting molecular interactions since it offers a basic in
dicator of a solute’s affinity for a ligand [84]. Stronger interactions between the dye molecules and micelles are predicted by larger 
values of the binding constant (Kb) [16]. 

The following modified form of the Benesi-Hildebrand Equation [28,39] can be used to quantitatively calculate the binding 
constant for interaction between CTAB micelles and MR molecules, which is valid for the high concentration of surfactant: 

DT

ΔA
=

1
(εm − ε0)

+
1

Kb(εm − ε0) Cm
(2) 

ΔA = A-A0 = Difference in the values of absorbance of methyl red dye in the presence and absence of surfactant in NaPSS, DT =

total concentration of the dye, εm = molar extinction coefficient micelle bound dye, ε0 = molar extinction coefficient of dye, Kb =

binding constant, Cm = concentration of CTAB in the micellized conditions where, Cm = Cs - CMC*, and Cs = corresponding con
centration of surfactant CTAB under the concentration range investigated 

Table 2 
Spectral parameters: CMC*, Gibbs energy of micellization, Absorbance, absorption maxima (λmax), Binding constant (Kb ), Gibbs energy of binding 
(ΔGo

b) for the interaction of methyl red with CTAB micelles in NaPSS in water and in EtOH–H2O binary solvent systems at 298.15 ± 0.2K.  

V.f. of Ethanol CMC* (mol L− 1) ΔGo
m (kJ mol− 1) Absorbance at CMC* λ (nm) Kb (L mol− 1) ΔGo

b (kJ mol− 1) 

0 0.0011 − 16.89 0.016 412–430 461.65 − 15.20 
0.1 0.0015 − 16.17 0.025 410–415 792.37 − 16.54 
0.2 0.0018 − 15.62 0.059 525 980.30 − 17.07 
0.3 0.0020 − 15.38 0.053 520–525 1231.11 − 17.63  

Fig. 10. Variation of CMC* with v.f. of EtOH.  

Fig. 11. Variation of Gibbs energy of micellization (ΔGo
m) versus v.f. of ethanol.  
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The linear nature of the graphs is obtained from the plot of DT
ΔA against 1

Cm 
(Figs. 12, 13, 14, and 15) in every case under investigation. 

The values of Kb are determined from the slope and are found to be Kb = 461.15, 792.37, 980.3, and 1231.11 L mol− 1 respectively for 
water, 0.1, 0.2, and 0.3 v.f. EtOH–H2O (Table 2). The Lambert-Beer law is supported at high concentrations of CTAB by linear cor
relations (r2 = 0.9633, 0.9935, 0.9165, and 0.9115) in every case. The increasing values of the binding constant indicate more stronger 
interaction between MR and CTAB under the influence of NaPSS with increasing alcohol content. Similar trends are also reported in the 
literature [4,43,50,85]. 

The following relation is used to calculate the standard Gibbs energy of binding (ΔGo
b) from Kb value [86].: 

ΔGo
b = − RT ln Kb (3)  

Where R and T are the molar gas constant and temperature in Kelvin. The decrease in the value of ΔGo
b (Table 2) further justifies the 

spontaneous nature of the interaction between MR and CTAB micelles in the post-micellar region. 

3.4. Spectroscopic perspectives of the binding properties of MR with CTAB micelles with NaPSS in water and various EtOH–H2O volume 
fractions 

The value of Kb increases in the order: (Kb)water < (Kb)0.1 < (Kb)0.2 < (Kb)0.3 , and ΔGo
b decreases in the following order: ( ΔGo

b)water 
> (ΔGo

b )0.1 > (ΔGo
b)0.2 > (ΔGo

b)0.3 with increasing concentration of ethanol in the medium (Table 2). These spectroscopic data suggest 
that the increase in ethanol content in the solvent is favorable for the interaction of MR with CTAB in NaPSS in water and in different 
EtOH–H2Osolvent systems. Similar results were also reported in the literature [25]. The hydrophobically interacting forces between 
the two different species that react in the post micellar region are weakened on increasing the ethanol content in the medium, but at the 
same time, the electrostatic interactions become stronger, which leads to an overall increase in the binding constant [25,86]. 

Despite the weakening of hydrophobic interactions, the rise in Kb values with an increase in ethanol content indicate a major 
contribution to electrostatic interaction shown by a reduction in ΔGo

b. The more -ve value of ΔGo
b further supports the spontaneity of the 

binding process in the binary solvent media. The plot of Kb versus v.f. of ethanol (Fig. 16), gives the best fitting with correlation 
coefficient, r2 = 1, which is further supported by the decrease in standard Gibbs energy of binding (ΔGo

b) (Fig. 17) with increasing 
ethanol content. The plot of ΔGo

b versus v.f. of ethanol also gives the best fitting with, r2 = 1. Furthermore, this increase in Kb values 
demonstrate that the micelle surface in ethanol-mixed solvent enhances the solubilization of the dye within the micelle [19]. 
Furthermore, by altering the solvent content and raising surfactant concentration after CMC*, micelle size and shape can be changed 
[71,72]. Therefore, switching from water to ethanol/water solvent systems in the concentration range under study is advantageous 
since it can enhance the dye’s solubilization and the carrier ability of the CTAB. 

4. Conclusion 

In light of the findings, it is concluded that in the solvent systems (water, 0.1, 0.2, and 0.3 v.f. of EtOH–H2O), the CMC* values 
obtained from spectroscopic data increase in the order: (CMC* = 0.0011)water < (CMC*= 0.0015)0.1 < (CMC* = 0.0018)0.2 < (CMC* =
0.0020)0.3. This is because of the reduced polarity or dielectric constant and increased degree of water structure disruption around the 
hydrophobic chains of CTAB, the micelle formation occurs at somewhat higher concentrations. The less -ve value of Gibbs energy of 
micellization (ΔGo

m) :
(
ΔGo

m = − 16.89 kJ mol− 1)water <
(
ΔGo

m = − 16.17 kJ mol− 1)0.1. <
(
ΔGo

m = − 15.62 kJ mol− 1)0.2 <
(
ΔGo

m =

− 15.38 kJ mol− 1)0.3. further supports the inhibitory effect of increasing ethanol content towards micellization. As the ethanol content 
in the solvent increases, the hydrophobically interacting forces between the two reacting species in the post-micellar region become 
less. However, the increased electrostatic interactions lead to a rise in the overall binding constant value. This means that, when NaPSS 
is present, the stronger electrostatic interactions in the post-micellar region contribute significantly to the increased binding of CTAB 

Fig. 12. Plot of DT/ Δ A versus 1/Cm for binding constant calculation in water.  
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micelles with methyl red, and Kb values follow the order: (Kb = 461.15)water < (Kb = 792.37)0.1 < (Kb = 980.30)0.2 < (Kb =

1231.11)0.3 , and ΔGo
b decreases in the following order: ( ΔGo

b = -15.20 kJ mol− 1)water > (ΔGo
b = -16.54 kJ mol− 1)0.1 > (ΔGo

b = -17.07 
kJ mol− 1)0.2 > (ΔGo

b = -17.63 kJ mol− 1)0.3. A higher binding constant (Kb) value denotes an enhanced MR-CTAB-NaPSS interaction in 
the post-micellar region, which is supported by the spontaneity of the process by the decrease in standard Gibbs energy of binding 
(ΔGo

b). The tautomeric activity of methyl red (MR), and the solvent composition played the prime role in affecting the interaction 
mechanism, as evidenced by the blue and red spectral shifts. The findings of this investigation contribute significantly to gaining a 

Fig. 13. Plot of DT/ Δ A versus 1/Cm for binding constant calculation in 0.1 v.f. of EtOH–H2O.  

Fig. 14. Plot of DT/ Δ A versus 1/Cm for binding constant calculation in 0.2 v.f. of EtOH–H2O.  

Fig. 15. Plot of DT/ Δ A versus 1/Cm for binding constant calculation in 0.3 v.f. of EtOH–H2O.  
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better understanding of the complex molecular interactions and their implications in diverse scientific, industrial, ecological, phar
maceutical, and technological domains. It will also pave the way for future studies on the effects of various co-solvents and other 
additives in the dye-surfactant-polyelectrolyte (DSP) interaction for the production of new, advanced, and sustainable materials with 
enhanced yield and economy for relevance to society. 
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