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Abstract

Interactions of anionic redox-active dye, Alizarin red S (ARS) with novel N-
hydroxyethyl-3-alkyloxypyridinium surfactants; 1-(2-Hydroxyethyl)-3-(tetradecyloxy)
pyridinium bromide, [HEC;4OPyBr] and 1-(2-Hydroxyethyl)-3-(hexadecyloxy) pyridinium
bromide, [HEC;s0OPyBr]| were investigated in aqueous solution for the first time with an attempt
to get comprehensive knowledge of oppositely charged dye-surfactant mixed systems. Different
state of art techniques viz. conductivity, surface tension (ST), UV-visible, cyclic voltammetry
(CV), linear sweep voltammetry (LSV), potentiometry, dynamic light scattering (DLS) and 'H-
NMR have been employed. The presence of ARS decreases the critical micelle concentration
(cmc) of alkyloxypyridinium surfactants as the ARS monomers behave as aromatic counterions.
A combined analysis of the techniques revealed the existence of cation-z, 7-7 stacking, H-
bonding, electrostatic and hydrophobic interactions among ARS and alkyloxypyridinium
surfactants. A quantitative appraisal of the process of interaction among ARS and
alkyloxypyridinium surfactants has been made in terms of various micellar, binding and
electrochemical parameters evaluated using ST, UV-visible and voltammetric measurements.
Also, the results extracted from 'H-NMR and voltammetric measurements indicate that the
catechol moiety of ARS is involved in the binding mechanism among ARS and

alkyloxypyridinium surfactants.

Keywords: Alkyloxypyridinium surfactants, cation-m interactions, linear sweep voltammetry,

formal potential, 'H-NMR, redox-active anionic dye.
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1. Introduction

There are different types of dyes which are classified as azo, acridine, cyanine,
arylmethane, anthraquinone, nitro, nitroso, thiazole and xanthenes dyes depending on the type of
chromophore present in the dye molecule [1-3]. Among these dyes, anthraquinone moiety based
dyes are one of the important commercial dyes owing to their diverse applications in various
fields [4,5]. Alizarin red S (ARS) {Alias Mordant Red 3} with [IUPAC name 1,2-dihydroxy-
9,10-anthraquinone sulphonic acid sodium salt belongs to anthraquinone group of dyes. ARS has
been enjoying great interest in the last few years due to its applications as a dye, staining agent
for calcium in biological samples, in textile dyeing and in spectrophotometric determination of
pH [6-9]. ARS can form complexes with different metal ions and shows sharp color changes due
to the formation of metal-dye complex and thus, it can be used for their separation from waste
water and voltammetric determination in catalysis of reaction [10-12]. ARS is used by the
analysts for the detection of proteins, phenothiazine derivatives and pharmaceutical formulations
[13,14]. Despite of the numerous applications of ARS, yet, very little attention has been paid to
analyze its aggregation behavior.

Nowadays, the researchers are investigating new methods to develop efficient and cost
effective technologies to remove environmentally harmful dyes from industrial effluents. In this
regard, surfactants micelles are one of the methods to trap the hydrophobic dyes from the
effluents [15]. However, the mixtures of dyes and surfactants have enormous applications in
various fields of science like chemistry, biochemistry, pharmacology efc. Addition of minute
quantity of surfactant accelerates the rate of dye adsorption onto the fibres in the textile
industries. In addition to these, surfactants also act as wetting and dispersing agent for the low
solubility of dyes. The spectral changes occurring in the charged dye-surfactant systems are
attributed to the formation of dye-surfactant complexes, salts, ion pairs, induced self aggregation
of dye, dye-rich pre-micelles and pure micelles of surfactants with solubilized monomers of
dyes. These changes have been earlier observed effectively by a number of techniques such as
conductometry, fluorescence spectroscopy, spectrophotometry, potentiometry and voltammetry
[3,16-19] where dye-surfactant interactions were found to be influenced by the charge, alkyl
chain length of surfactants and the location of the substituents on the aromatic ring of the dye

molecules. Towards this strategy, very few studies concerning the interactions among ARS and
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surfactants have been published so far, and accordingly, the observed facts are not so far well
understood. Gul et al. explored the interactions among ARS and cetyltrimethylammonium
bromide (CTAB) using UV-visible technique and observed that ion-pair formation took place
between the dye and surfactant. They concluded that both electrostatic and hydrophobic
interactions play an important role in binding among ARS and CTAB [20].

Among different types of surfactants viz. cationic, anionic, nonionic and zwitter-ionic, the
cationic surfactants are one of the crucial class of surfactants since these have wide range of
applications. Cationic surfactants are used in antibacterials, liquid crystals, oil recovery,
pharmaceuticals, corrosion inhibitor, in road pavement, food industries and other aspects of
materials science [21]. Recently, they are also being used as soft templates for the synthesis of
mesoporous materials, capping agent for the synthesis of nanoparticles and nanorods, and
biomedical applications including gene or drug delivery [22-24]. Pyridinium Cationic surfactants
are a peculiar class of surfactants and their surface properties and characteristics have been
thoroughly studied. In the present study, we have employed new N-hydroxyethyl-3-
alkyloxypyridinium surfactants, 1-(2-Hydroxyethyl)-3-(tetradecyloxy) pyridinium bromide,
[HEC,4OPyBr] and 1-(2-Hydroxyethyl)-3-(hexadecyloxy) pyridinium bromide, [HEC,sOPyBr].
These surfactants possess very low critical micelle concentration (cmc) values as compared to
pyridinium, imidazolium, and conventional cationic surfactants. They have very low cytotoxicity
than conventional surfactants as assessed by MTT assay on C6 glioma cells and thermally stable
upto 230°C [25].

In view of various applications of the dye-surfactant mixed systems and the unique
characteristics of these novel alkyloxypyridinium surfactants, the present work is mainly focused
to explore the physicochemical behavior of these surfactants during their interaction with
anthraquinone moiety based anionic dye, alizarin red S (ARS). Cyclic voltammetry (CV), linear
sweep voltammetry (LSV) and "H-NMR techniques provides detailed insights of the mechanism
behind the interactions among ARS and alkyloxypyridinium surfactants. Along with these
studies, surface tension and conductivity measurements have been done to evaluate micellar,
interfacial and thermodynamic parameters. Binding constant (k) and free energy change (AG) for
the dye-surfactant mixed systems are calculated using spectroscopic and voltammetric

techniques. Further, electrochemical parameters of ARS like diffusion coefficient (D), formal
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charge (E°) electron transfer coefficient («) and surface reaction rate constant (ks) have been
evaluated in the absence and presence of alkyloxypyridinium surfactants. The microstructures of
dye-surfactant complexes are elucidated using dynamic light scattering (DLS) technique.
2. Experimental Section
2.1 Materials and methods

The alkyloxypyridinium surfactants, 1-(2-Hydroxyethyl)-3-(tetradecyloxy) pyridinium
bromide and 1-(2-Hydroxyethyl)-3-(hexadecyloxy) pyridinium bromide were synthesized as
described elsewhere [25]. Alizarin red S (ARS) with 98% purity was purchased from Sigma
Aldrich. The plasticizer, bis (2-ethyl-hexyl) phthalate (DOP) was a product of Qualigens, India.
All chemicals used were of analytical grade and used as received. Double distilled water was
used in preparing all the solutions. A sartorius analytical balance with a precision of £0.0001 g
was used for weighing purpose. Various techniques such as conductivity, surface tension, UV-
visible, cyclic voltammetry (CV), linear sweep voltammetry (LSV), potentiometry, dynamic
light scattering (DLS) and 'H-NMR have been employed. The annexure describing the
methodology employed for various measurements in detail is provided as Annexure SI
(supporting information). The pK, value of ARS is 5.5. If pH > 5.5, ARS exists in mono-anionic
form and the surfactants employed in the present work are mono-cationic. Therefore, aqueous
medium (pH 7.0) has been chosen as a medium for all the techniques employed. All the
measurements were performed in triplicate at 25+0.1°C.
3. Results and discussion
3.1 Conductivity measurements

In order to consider the effect of ARS on the aggregation behavior of alkyloxypyridinium
surfactants, conductivity measurements have been performed as a function of concentration of
[HEC,40PyBr] and [HEC;sOPyBr] in the absence and presence of varying amounts of ARS
[0.02, 0.05, 0.075 and 0.1 mmol dm®]. As shown in Fig.1 and Fig.SI1(A) (supporting
information), the change in conductivity values for pure [HEC,4OPyBr] and [HEC,;OPyBr] fit
into two straight lines of different slopes and the point of intersection of the tangent lines of the
abrupt change in slopes gives the value of cmc. The cmc values of pure alkyloxypyridinium
surfactants match well with their literature values [25] and the values are given in Table 1. It can

be seen that the addition of ARS brings out significant changes in the conductivity profiles of
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alkyloxypyridinium surfactants. The conductivity profiles of surfactants in the presence of ARS
show three lines of different slopes whose intersection points correspond to two transitions
designated as C; where oppositely charged ion-pairs of ARS and surfactants are formed and C,
(cmc) where free micelle formation of alkyloxypyridinium surfactants takes place [as shown in
Fig.1]. Initially, on addition of alkyloxypyridinium surfactants where they are present in
monomeric form, the interactions between positively charged monomers of surfactants and
negatively charged ARS molecules starts and it results in the formation of ion-pairs due to strong

electrostatic forces of attraction.
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Fig.1 Variation of specific conductivity (x) with molar concentration of alkyloxypyridinium

surfactant, [HEC4OPyBr] in the absence and presence of varying amounts of ARS.

This ion-pair formation gives rise to a transition designated as C; (shown in Fig.1) and
this concentration corresponds to 1:1 stoichiometry of the oppositely charged ARS-surfactant
ion-pair complexes. This concentration corresponds to same one where first minimum appears in
the tensiometric profiles (discussed later). Further, conductivity increases but with a smaller
slope than the former and concentration of free monomers of surfactants attains a threshold value
which micellization of alkyloxypyridinium surfactants occur. The cmc values of
alkyloxypyridinium surfactants are found to be lower in the presence of anionic dye, ARS. Such
behavior has been reported earlier for oppositely charged dye and surfactant mixed systems
[21,26]. Beyond cmc, free micelles of alkyloxypyridinium surfactants are formed with dye
monomers solubilized in the outer portion of micelles as it is expected due to decrease in cmc
values of alkyloxypyridinium surfactants in the presence of ARS. The degree of counter-ion

binding (f) provides the average number of counter-ions per surfactant ion in the micelle and is
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related to related to degree of dissociation () as f = 1-a, where a is obtained by the ratio of

slopes of post to pre-micellar region.

Employing the charged pseudophase model of micelle formation [27] and using the value

of B, the standard free energy of micellization per mole of surfactant (AG®y;.), is calculated as

per the equation (1):

AG°nic= (1+ ) RT In X,

Where X.,.., R and T denote cmc of surfactants expressed in mole fraction units, gas

constant and temperature on Kelvin scale respectively. The values of AG°;c and £ are given in

Table 1.

Tablel. Micellization parameters of alkyloxypyridinium surfactants [HEC;4OPyBr] and
[HEC,s0OPyBr] in the presence of varying amounts of ARS (Cars); concentration
corresponding to ion-pair formation (C}), critical micelle concentration (Cy(cmc)), degree of

counter ion binding () and standard free energy of micellization (AG°y;.) as determined from

conductivity measurements.

[HEC4OPyBr]

Cars(mmol dm™)  Cj(mmol dm”) G, = emc(mmol dm™) B -AG°nie(kJ mol™)
0.000 - 0.88 0.42 38.9
0.020 - 0.71 0.44 40.2
0.050 0.06 0.72 0.47 41.0
0.075 0.08 0.74 0.54 42.8
0.100 0.09 0.76 0.61 45.5

[HEC,,0PyBr]

Cars(mmol dm'3) Cy(mmol dm'3) C, = cme(mmol dm'3) S -AG°pic(k] mol'l)
0.000 - 0.19 0.45 45.2
0.020 0.02 0.14 0.53 48.9
0.050 0.04 0.15 0.56 49.5
0.075 0.06 0.17 0.58 49.7
0.100 0.07 0.18 0.64 51.3

The error estimate in cmc is £0.006 mmol dm™
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The p values increase with the increase in alkyl chain length of surfactants both in the
absence and presence of ARS which is in accordance with the literature [28]. The values of
AG°y,c are found to be negative which indicate the spontaneity of the micellization process. The
negative values of AG°y,; increase on increasing the dye content in mixed systems which further
suggest that micelle formation becomes more feasible with increase in dye content. However,
more negative values obtained for ARS-[HEC,;cOPyBr] mixed system suggests the greater
feasibility of micellization process by virtue of more hydrophobic interactions.

3.2 Surface activity of dye-surfactant mixed system

The formation of surface active dye-surfactant aggregates in bulk also affects the
structure of surface monolayer leading to manifest changes in surface tension profiles of dye-
surfactant mixed systems. The variation in surface tension, y of alkyloxypyridinium surfactants
in the absence and presence of 0.02 mmol dm™ of ARS are shown in Fig.2 and Fig.S1(B)
(supporting information) for [HEC;4OPyBr] and [HEC,;sOPyBr], respectively. In the absence of
dye, y decreases gradually on increasing the amount of alkyloxypyridinium surfactants and levels
off at certain concentration which is termed as critical micelle concentration (cmc). The cmc
values of pure surfactants are in accordance with the literature [25] and are given in Table 2. The
presence of ARS enhances the propensity of surfacatnt molecules to migrate to solution surface
leading to decrease in y at much lower concentration of alkyloxypyridinium surfactants. Such
behavior is due to the formation of more hydrophobic dye-surfactant ion-pairs at the surface
among the oppositely charged dye and surfactant monomers attributable to the mutual effect of

hydrophobic and electrostatic interactions.
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Fig.2 Variation of surface tension (y) as a function of logarithm of molar concentration of

alkyloxypyridinium surfactant, [HEC4OPyBr] in the absence and presence of 0.02 mmol dm™ ARS
8
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As the concentration of [HEC;4OPyBr] reaches 0.03 mmol dm™ , the surface is saturated
by these ion-pairs. This concentration is designated as C; where dye-surfactant ion-pairs are
formed. The efficiency of a surfactant (pCy) to reduce y is described in terms of negative
logarithm of 5y, where C;¢ denotes the concentration of surfactant required to reduce the surface
tension of pure solvent by 20 mN m '. The larger pCsy value indicates higher adsorption
efficiency for the surfactant and it depends on its hydrophobicity. As can be seen from Table 2,
the pCyo values increase with the chain length of alkyloxypyridinium surfactants both in the
absence and presence of ARS i.e. it is found to be more in case of [HEC;cOPyBr]. This increase
in efficiency of surfactants in the presence of dye is due to the formation of close-packed dye-
surfactant ion pairs (DSIP) that act as a non-ionic surfactant with larger head group i.e. ARS
molecules behave as aromatic anions and the non-ionic surfactants have usually higher efficiency
than ionic ones [27]. Also, the DSIP formation occurs due to specific interaction among them
which exists in the ion-pair monolayer at the air-solution interface and it ultimately affects the
tensiometric profiles of alkyloxypyridinium surfactants. Further, a slight increase in y of 2-3 mN
m™' has been observed with increase in concentration of both alkyloxypyridinium surfactants due
to transformation of non-ionic DSIP to cationic form. This surface saturation by dye-surfactant
ion-pairs has been reported in similar systems [29]. More addition of [HEC4OPyBr] results in
further decrease of y and aggregates of dye and surfactants gets dissociated and micelles of pure
surfactants with monomers of dye associated near the micellar surface are formed. Similar
changes have been observed in the ARS-[HEC,;,OPyBr] mixed system.

Various interfacial and thermodynamic parameters like surface tension at cmc (Yeme),
maximum surface excess concentration at the air-solution interface (/.x), minimum area per
molecule (Amin), effectiveness of surface tension reduction (7em¢), Gibbs free energy of
adsorption (AG”,gs) (using AG’ i from conductivity at 298.15K) have been calculated using the
standard equations (Annexure SII, supporting information) and are given in Table 2. m¢mc
indicates the maximum reduction of surface tension due to the dissolution of surfactant
molecules and hence becomes a measure for the effectiveness of the surfactant to lower the
surface tension of the solvent. The 7., values increase in the presence of dye for both the

surfactants which suggests that DSIP are more effective in lowering the surface tension. The [ ax



Soft Matter Page 10 of 32

values of alkyloxypyridinium surfactants have been found to decrease in the presence of dye.
Alternatively, the Ani, values increases by approximately 30% in the presence of dye. It indicates
that larger surface area is required for DSIP than the surfactant alone. In addition to this, the
DSIP formation is equivalent to the formation of a new non-ionic surfactant with a larger head
group and as a result a larger surface area per surfactant leads to lower cmc of ion-pair surfactant
[30]. The AG”,4s values are found to be negative indicating the spontaneity of adsorption process.
However, the values of AG’,4s become more negative with the increase in hydrophobicity of

surfactants both in the absence and presence of ARS.

Table 2. Interfacial parameters i.e. surface tension at cmc (y.n.), effective surface tension reduction
(I1eme), surface excess (/max), minimum area per molecule (A4nin) and Gibbs free energy of
adsorption (AG’,4s) of alkyloxypyridinium surfactants, [HEC4OPyBr] and [HEC;s0OPyBr] in the
absence and presence of 0.02mmol dm™ ARS at 298.15K.

cme Yeme Teme pCo  Taax X10°  Amin AG'us
(mmol
(mmol dm®) (mNm') (mNm") am) (mol dm™) (A%  kJ mol”
In water
[HEC ,0PyBr] 0.87 32.8 40.1 3.64 4.49 360  -47.8
[HEC cOPyBr] 0.21 38.6 34.2 4.17 2.94 56.5  -70.4
In 0.02 mmol dm™ ARS
[HEC,4OPyBr] 0.73 31.4 41.4 5.21 1.37 121.0  -56.8
[HEC,60PyBr] 0.16 37.3 35.5 5.57 0.85 1950  -90.7

The error estimate in cmc is £0.006 mmol dm™

3.3 Spectroscopic studies
3.3.1 Effect of pH on the absorption spectrum of alizarin red S

UV-visible spectrum of alizarin red S (ARS) is highly dependent on pH of the solution
due to the presence of two replaceable protons of hydroxyl groups [16]. The pKa values of ARS
are 5.5 and 11.0. At pH < 5.0, ARS exists as neutral molecule, while at pH > 9.0; it is present in

10
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dianionic form. In between this range i.e. from 5.5 to 9.0, it exists in mono-anionic form. These

different forms of ARS are presented in Scheme 1.
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(A) Neutral form of ARS (B) Monoanionic form of ARS  (C) Dianionic form of ARS

Scheme 1 Molecular structures of Alizarin red S (ARS): (A) Neutral form of ARS (B)
Monoanionic form of ARS (C) Dianionic form of ARS.

ARS shows absorption band at 421, 423 and 518.5 nm at a pH of 4.0, 7.0 and 10.0
corresponding to neutral, mono-anionic and di-anionic forms of ARS, respectively. In acidic
medium (pH 4.0), ARS exists in protonated form and the reaction is very slow to be observed. In
neutral aqueous medium (pH 7.0), deprotonation of one of the hydroxyl group takes place and
thus, intramolecular hydrogen bonding occurs between other hydroxyl group and ketonic
oxygen, thus forming a six membered ring. The absorption spectrum of ARS in neutral aqueous
medium (pH 7.0) shows two absorption bands at 335 and 423 nm which are due to n—z*
transitions of p-benzoquinone group (diketo form) condensed between two rings. In basic
medium (pH 10), the dianionic form of ARS shows absorption band at 518.5 nm. This large
bathochromic shift from 423 to 518.5 nm is due to extensive delocalization of electrons that
reduces the required energy for transition and thus shifts the absorption band towards longer
wavelength. In the present study, the UV-visible absorption spectrum of ARS in water has been
recorded in the concentration range of 10~ mol dm™ to 10° mol dm™ where it strictly follows
Lambert-Beer’s law i.e. absorbance increases with the increase in concentration of dye.

3.3.2 Interactions between ARS and alkyloxypyridinium surfactants

In this section, the spectral variation of ARS with increasing concentrations of
alkyloxypyridinium surfactants, [HEC;,0OPyBr] and [HEC,,0OPyBr] has been explored. The UV-
visible spectra of 0.02 mmol dm™ ARS in the presence of varying amounts of [HEC;OPyBr]
and [HEC,c0OPyBr] are shown in Fig.3(A) and Fig.S2(A) [supporting information]. The gradual
addition of alkyloxypyridinium surfactants up to a concentration of 0.03 mmol dm™ (which is in

accordance with C; as observed in conductivity and ST measurements) is seen to bring about a
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small increase in intensity without shift in wavelength of maximum intensity (1423). The strong
electrostatic binding between oppositely charged ARS and alkyloxypyridinium surfactants led to
the formation of ion-pairs among them. This is an unusual spectroscopic behavior observed in
the present study, as in most of the anionic dye-cationic surfactant mixed systems, the intensity
initially decreases on the addition of surfactants [31,32]. The formation of ion-pairs reduces the
electrostatic repulsions among the dye molecules and they approach each other by means of both
electrostatic interactions and hydrophobic interactions. In addition to these interactions, the
presence of hydrogen bonding among carbonyl oxygen of anthraquinone moiety and hydroxyl
group of alkyloxypyridinium bromide surfactants also play an important role. Fig.3(B) and
Fig.S2(B) (supporting information) depicts the variation of absorbance and wavelength
corresponding to maximum intensity (Amax) Of ARS as a function of concentration of
[HEC,4OPyBr] and [HEC,,0OPyBr] respectively. Initially, as compared to the absorbance, the
wavelength corresponding to maximum intensity is not much affected by the addition of
surfactants. Further, absorbance and An,x show opposite behavior with the increase in
concentration of alkyloxypyridinium surfactants. On one hand, the absorbance shows marked
decrease, whereas on the other hand, A,,,x shows large bathochromic shift of 130.5 nm (423 nm to
553.5 nm). This large shift is associated with the formation of a new absorption band at 553.5
nm. This strong shift of 130.5 nm in absorption maximum may be due to the charge transfer
interactions and strong electronic coupling between anionic dye and cationic alkyloxypyridinium
surfactants in which ARS acts as acceptor and alkyloxypyridinium surfactant as donor one.
These results are also verified by voltammetric and NMR measurements discussed in the
forthcoming sections. This transition is also revealed by the isosbestic point at 474 nm which
gets red shifted with increasing concentration of alkyloxypyridinium surfactants. The formation
of surfactant premicelles or dye-surfactant aggregates increases the hydrophobicity of the
medium due to which the absorption band (due to n—=z*) gets red-shifted, since the n—z*
transitions usually show bathochromic shift with the decrease in polarity of the medium. The
visual change in the color of the dye (light yellow to purple) (shown in inset of Fig.3(A)) has
been observed on the addition of alkyloxypyridinium surfactants which strongly indicates the

dye-surfactant complexation. Above cmc, the absorption spectra of ARS do not any change with

12
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the addition of alkyloxypyridinium surfactants which suggests the formation of mixed micelles
of alkyloxypyridinium surfactants with intercalation of ARS monomers.

To confirm the formation of dye-surfactant complexes and to determine the
stoichiometric ratio of ion-pairs of ARS and alkyloxypyridinium surfactants, the method of
continuous variation (Job’s method) has been used. In this method, various volume fractions of
equimolar solutions of dye and alkyloxypyridinium surfactants (1.0 mmol dm™ of aqueous
mixtures of each of dye and surfactants were used in the present study) were mixed and the
corrected absorbances of these mixtures (AA4) were plotted against the volume fraction of

alkyloxypyridinium surfactant solution (X).

@ [HEC, .OPvR
= & 14T YEN

M

i,
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Fig.3 (A) UV-visible spectrum of 0.02 mmol dm™ ARS in the presence of increasing

concentrations of alkyloxypyridinium surfactant, [HEC;4OPyBr] (B) Plot of Absorbance and Amax

versus increasing concentration of [HEC;4OPyBr] (C) Job’s plot depicting 1:1 stoichiometry of

ARS-[HEC,4OPyBr] mixed system.

The maximum/minimum occurs at volume ratio X = X,,, that corresponds to the
combining ratio of dye and surfactant in the complex. Fig.3(C) and Fig.S2(C) (supporting
information) depict the variation of corrected absorbances (AA) versus volume fraction of
alkoxypyridinium surfactants. The corrected absorbance (AA) represents the difference between
the measured absorbance (4cxp) and theoretical absorbance (4neo) as per the equation (2) [33]

AA = Aexp — Atheo (2)

13
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Where Aupe, is calculated taking into account the Beer-Lambert’s law i.e. the two
components do not interact with each other and hence the total absorbance of the mixture is
equal to the sum of their individual absorbances according to the equation (3)

Atheo = &sC5Xs — epCp(1— Xs) 3)

Here, &, and ¢p are the molar extinction coefficients and CS0 and CDO are the concentrations
of the stock solutions of the alkyloxypyridinium surfactants and the dye (ARS) respectively,
whereas, X represents the volume fraction of alkyloxypyridinium surfactants. The formation of
dye-surfactant complexes makes the absorbance of the solution to satisfy the following
equation (4):

Aexp = &Cs + eplp + &5_pCs_p 4)

Where es.p is the molar extinction coefficient of the dye-surf complex and Cs, Cp and
Cs.p are the concentrations of the respective species in the mixture. As depicted in Fig. 3(C) and
Fig.S2(C) (supporting information), the presence of a minimum in the Job’s plot for the dye-
surfactant mixtures at Xs~ 0.5 corresponds to 1:1 stoichiometry for their binding. Further it also
validates the presence of only one complex species in the solution.

To estimate the interactions among ARS and alkyloxypyridinium surfactants

quantitatively, binding constant has been calculated by the use of modified BH equation (5) [34]:

1 1 1

E - AAmax + kaAAmax [Surf1™ (5)

Where A4 = Ay-A; Ay and A represent the absorbance of 0.02 mmol dm’ aqueous ARS
solution at 423 nm in the absence and presence of alkyloxypyridinium surfactants respectively,
[Surf] denotes the molar concentration of the alkyloxypyridinium surfactants viz. [HEC,4OPyBr]
and [HEC,;cOPyBr] and n is the stoichiometric coefficient. In the present study, the double
reciprocal plot of 1/ 4p-4 and 1/[Surf] shows linearity which also confirms the formation of 1:1
ion-pair complex between ARS and alkyloxypyridinium surfactants [Fig.S6(A) supporting
information]. These results are in accordance with the conductivity measurements. Using the
value of binding constant k,, the Gibbs free energy change for dye-surf complexes has been
evaluated by employing the equation (6).

AG = —RTInk, (6)

The values of binding constant (k,) and Gibbs free energy (AG) so obtained are given in

Table 3. The negative values of Gibbs free energy indicate the spontaneity of complexation
14
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among ARS and alkyloxypyridinium surfactants. The magnitude of &k, and AG for
[HEC,s0OPyBr] are found to be more than [HEC;4OPyBr] which indicates more stability and

spontaneity of ion-pair formation with the former due to more hydrophobic interactions.

Table 3. Binding constants (k,), correlation coefficients (R.) and corresponding free energy change
of binding (AG) for ion-pair complex formation between ARS and alkyloxypyridinium surfactants,

[HEC,40PyBr] and [HEC,;s0OPyBr] evaluated from UV-visible and voltammetric measurements

System ko (< 10° M™) R. AG (kJ mol™)
Absorbance

ARS + [HEC4OPyBr] 2.82 0.976 -19.7
ARS + [HEC,cOPyBr] 5.23 0.998 -21.2
Voltammetric

ARS + [HEC,4OPyBr] 2.26 0.995 -19.1
ARS + [HEC,6s0PyBr] 4.62 0.994 -20.9

3.4 Electrochemical studies
3.4.1 Cyclic Voltammetric (CV) measurements

Alizarin red S (ARS) is an electroactive dye due to the presence of two hydroxyl groups
on anthraquinone moiety. Alizarin red S has two sites where redox changes can occur. The redox
activity can occur at positions 9 and 10, i.e. anthraquinone moiety of the central ring leading to
formation of hydroquinone derivative, or at the catecholic moiety at the positions 1 and 2 as

presented in Scheme 2 [36].

o o
2H 2e OH ZH Ze o
‘Q UO (L —r
$0;Na S°3Na SO:
o

Scheme 2 Schematic presentation of possible electrochemical oxidation and reduction

processes in ARS.

ARS exhibits two oxidation peaks (P;) and (P3) at -0.54 V and 0.42 V, two reduction
peaks (P; ) and (P, ) at -0.64 V and -0.24 V as per the literature reports [35]. The first redox
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peaks P; and P; showed a quasi-reversible voltammetric response corresponding to the redox
reaction of anthraquinone [36]. The anodic peak P; corresponds to the oxidation of catechol
moiety that occurs at a very high potential as compared to the other peak and no well defined
reduction peak corresponding to P; could be obtained. Therefore, it is an irreversible
electrochemical process. In the present study, CV of ARS (0.02 mmol dm™) run in 0.1 M
phosphate buffer of pH 7.4 as a supporting electrolyte in the potential range of -0.8 to 1.4 V
versus Ag/Ag" are shown in Fig.4(A). ARS exhibited two oxidation peaks P, and P; at potential
of -0.627 V and 0.335 V versus Ag/Ag’ in the first sweep segment (lower to higher potential)
and two reduction peaks P, and P, appear at potentials of -0.732 and -0.328 V versus Ag/Ag" in
the second sweep segment (higher to lower potential) (shown in Fig.4(A)) which are in very

good agreement with the literature [36].
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Fig.4 (A) Cyclic voltammogram of 0.02 mmol dm™ ARS (B) Cyclic voltammograms of ARS in

the presence of increasing concentrations of [HEC,4OPyBr].

In CV measurements, the addition of alkyloxypyridinium surfactant [HEC,4OPyBr] to
0.02 mmol dm™ ARS led to anodic shift (increase in potential) of reduction peak P; from -0.732
V to -0.698 V and oxidation peak P; from 0.335V to 0.408 V along with decrease in current
intensities [shown by arrows in Fig.4(B)]. Similar changes have been observed in ARS-
[HEC,c0OPyBr] mixed system [Fig.S3(A)]. This substantial shift in potential and decrease in peak
current could be due to formation of non-electroactive dye-surfactant complex resulting in
overall decrease in concentration of electroactive dye molecules. However, it is clear from

voltammetric measurements that more prominent changes are observed in the oxidation peak Ps.

16



Page 17 of 32 Soft Matter

To get better resolution of this peak, we carried out Linear Sweep Voltammetry (LSV) of
ARS in the absence and presence of alkyloxypyridinium surfactants under similar conditions. In
LSV studies also, the potential of oxidation peak P; shifts towards more positive potential
(anodic shift) with a decrease in current intensity with the addition of alkyloxypyridinium
surfactants. The clear picture of the electrochemical changes is shown in inset of Fig.5(A) and
Fig.S3(B) for ARS-[HEC;4OPyBr] and ARS-[HEC;sOPyBr] mixed systems in the potential
range of -0.2 V to 0.8 V versus Ag/Ag'. Both of the studies evidenced the complexation among
ARS and surfactant molecules by virtue of electrostatic and hydrophobic interactions. The more
pronounced changes observed in the oxidation peak Psi.e. the observed anodic shift (increase in
potential) indicated that the oxidation of catechol moiety becomes difficult and we have to apply
more potential in order to get the same voltammogram. This suggests that owing to the
complexation among ARS and alkyloxypyridinium surfactants, the electrons are not easily
available and thus, the oxidation peak shifts towards higher potential. It suggests that the
hydroxyl groups of anthraquinone moiety at 1,2 position interact with alkyloxypyridinium
surfactants. Such changes may be due to the charge transfer complexation as proposed in the
UV-visible studies and this is supported by CV measurements.

(A} MEC, .OPyBr]

02 04
Potential / V

T T T T T
15 -1.0 05 0.0 0.5
Potential / V Potential / V

Fig.5 (A) Linear sweep voltammograms (LSV) of ARS in the presence of increasing
concentrations of alkyloxypyridinium surfactant, [HEC40PyBr] (B) LSV of 0.02 mmol dm™ ARS
at various scan rates of potential [Inset of plot shows the variation of 7, (A) versus v for ARS in

the absence and presence of increasing concentrations of [HEC,4OPyBr].

17



Soft Matter Page 18 of 32

The band gap between lower energy HOMO and higher energy LUMO is calculated
using Tauc model equation [37] and is found to be 2.549 eV, 1.866 ¢V and 1.865 eV for ARS,
ARS-[HEC4OPyBr] and ARS-[HEC,;;OPyBr] mixed systems. The band gap decreases in the
presence of alkyloxypyridinium surfactants which is anticipated for the large bathochromic shift
(observed in UV-visible studies). The formation of dye-surfactant charge transfer complex
facilitates the jumping of electrons from lower energy HOMO (Eyumo = -5.173 eV) to higher
energy LUMO (ELymo = -3.307 eV) of ARS-[HEC,,OPyBr] in comparison to the higher energy
LUMO of pure ARS (ELumo = -2.600 eV). The calculated values are given in Table 4 and the
evident picture of the changes is shown in Fig.6. This reveals that the formation of charge
transfer complex stabilizes the higher energy LUMO, since its energy decreases in the presence
of alkyloxypyridinium surfactants. This charge transfer mechanism is also justified by the
upfield shifts observed for one of the —OH groups of ARS in the "H-NMR measurements

(discussed later).

Table 4. Oxidation potential corresponding to anodic peak (P3), band gap, HOMO and LUMO
values of ARS in presence of alkyloxypyridinium surfactants, [HEC;4sOPyBr] and
[HEC,cOPyBr]

System Band Gap | HOMO | LUMO LUMO e

(eV) (eV) (eV) ‘
ARS 2.549 -5.148 -2.600 - LUMO
ARS +]  1.866 -5.173 -3.307 Band gap 52.549 eV 18666V
[HEC,4OPyBr] : :
ARS +|  1.865 -5.156 -3.290
[HEC;40OPyBr] HOMO === _. _HOMO

ARS ARS + [HEC40OPyBr]
Fig.6 HOMO and LUMO values of ARS in the presence of alkyloxypyridinium surfactant,
[HEC,4OPyBr]
3.4.2. Electrochemical parameters of ARS in the absence and presence of

alkyloxypyridinium surfactants.
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The effect of scan rate of potential on the electroactivity of ARS has been studied using
LSV by varying the scan rates from 0.01 to 0.05 Vs™'. The peak currents of ARS increase with
increase in scan rates. The linear variation of current with scan rate suggests that process is
diffusion controlled and provides basis to determine diffusion coefficient for the pure dye and
dye-surfactant mixed systems using Randles-Sevcik equation [38] which is related to the peak
current (/,) and scan rates (vl/ ?). Fig.5(B) shows the effect of scan rate of potential of the peak
current of linear sweep voltammogram of ARS and the inset of the plot gives variation of 7, (A)
versus v'"* for ARS in order to find the diffusion coefficients. The corresponding plots for mixed
systems of ARS and alkyloxypyridinium surfactants are shown in Fig.S4 and Fig.S5 (supporting
information). In the present study, diffusion coefficients of pure ARS and ARS-surfactant mixed
systems have been elucidated by examining the peak current of oxidation peak Ps. The diffusion
coefficient of pure dye, ARS has been found to be 17.8 pem?® sec”. The distribution of ARS in
aqueous and micellar phase greatly affects its diffusion due to which the addition of
alkyloxypyridinium surfactants noticeably changes its diffusion coefficient. The corresponding
values of ARS in the presence of 0.05 mmol dm™, 0.25 mmol dm> and 1.0 mmol dm™ of
[HEC 4OPyBr] are 1.58 pem? sec”, 1.30 pem? sec” and 1.17 pem? sec” respectively. The
diffusion coefficients for ARS are found to be 12.1 pem?® sec™’, 6.73 pem?® sec” and 6.47 pem?
sec in the presence of 0.01 mmol dm™, 0.1 mmol dm™ and 0.35 mmol dm™ concentrations of
[HEC,6s0PyBr], respectively. The diffusion coefficients values decrease in both of the mixed
systems at all the concentrations of alkyloxypyridinium surfactants. These results clearly indicate
that the decrease in current of ARS is due to binding of ARS with alkyloxypyridinium
surfactants that leads to lowering of diffusion coefficient values. For diffusion controlled
irreversible process, the electrochemical parameters like surface reaction rate constant (k) and
electron transfer coefficient (a) can be calculated using the following equation (7) [39].

E, = E*+ [0.780 + 0.5 In(MPFV/p) — Inkg] RT/ (7)

Where E;, is the peak potential, £° is formal potential, m, R, T and F denote number of
electrons, gas constant, temperature in Kelvin scale and Faraday’s constant, respectively. There
is a linear relation between £, and v and the value of y-intercept obtained by extrapolating the
line to v = 0, gives the value of formal potential (£°). Also, there exists a linear relation between

E, and logarithm of scan rate (In v). The a and k; values can be obtained from slope and intercept
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of the straight line if m, D, and E° are known. The values of these parameters so obtained of
ARS in the absence and presence of alkyloxypyridinium surfactants are listed in Table 5. The
values of electron transfer coefficient (o) decreases in the presence of alkyloxypyridinium
surfactants which is in accordance with the variation of diffusion coefficient of ARS in the
presence of both the surfactants (1.0 mmol dm™ and 0.35 mmol dm™). This indicated that the
complex formation among dye and surfactant molecules decreases the diffusion of electroactive
dye molecules towards the electrode surface and as a result, the rate of electron transfer towards
the electrode surface decreases. This overall leads to decrease in current intensities in
voltammetric measurements.
3.4.3. Measurement of binding constant and stoichiometry of complex by Voltammetry

The modified BH equation was applied to determine the stoichiometry, binding constant
(k,) and change in free energy (AG) of the formation of dye-surfactant complex in voltammetric
studies similar to that of UV-visible measurements. The linear decrease in peak currents has been

used to evaluate binding constant by using the following equation (8) [34]:

1 1 1

= 5+ ®)

Al Alp max kaAlp max [Surf]™

Where Al, = Io-I; Iy and I represent the peak current of 0.02 mmol dm™ aqueous ARS
solution in the absence and presence of alkyloxypyridinium surfactants, respectively and other
terms carry their usual meanings. The double reciprocal plot of 1/ AL, vs 1/[Surf] shows linearity
which also confirms the formation of 1:1 ion-pair complex between ARS and

alkyloxypyridinium surfactants by voltammetry [Fig.S6(B) supporting information].

Table 5. Diffusion coefficient (D), formal potential (E£°), electron transfer coefficient («) and surface
reaction rate constant (k) for ARS and ARS-alkyloxypyridinium surfactants, [HEC;4OPyBr]| and
[HEC,,0OPyBr] evaluated from Linear Sweep Voltammetry (LSV) measurements.

System D/pem®sec’  E°/V a ke (< 10°) /s
ARS 17.8 0.39 1.16 245
ARS + [HEC,4OPyBr] 1.17 0.29 037 24.0
ARS + [HEC,cOPyBr] 6.47 0.32 093 17.0
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The calculated values of AG and £, are provided in Table 3. The negative values of AG

indicate the spontaneity of binding process. The high values of k, indicate strong binding

between ARS and alkyloxypyridinium surfactants and comparatively higher value of 4, is

obtained for ARS-[HEC,;sOPyBr]. These may be due to cation-z interactions between pyridinium
cation and aromatic group of anthraquinone moiety and z-7 interactions among aromatic systems

of the two participants [40]. However, the existence of such interactions is fairly justified by 'H-

NMR measurements (discussed later). The binding constant values evaluated from both of the

studies (UV-visible and voltammetry) complement well each other.

3.4.2 Potentiometric measurements

The cationic alkyloxypyridinium surfactants based ion-selective electrodes respond

precisely and particularly to the surfactant ion monomers. As a result, using this characteristic of

ion-selective electrodes, these are used to investigate the interactions between dye, ARS and

alkyloxypyridinium surfactants; [HEC;4OPyBr] and [HEC,;;OPyBr]. The plots showing the

variation of electromotive force (EMF) versus logarithm of molar concentration of

[HEC 40OPyBr] and [HEC;¢OPyBr] in the absence and presence of ARS at 0.02 mmol dm™

concentration are presented in Fig.7(A) and Fig.S7(A) (supporting information) respectively.

Owing to the exquisite reproducibility of the EMF values in the absence of dye at different

concentrations of alkyloxypyridinium surfactants, these plots served as calibration curves.
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Fig.7 (A) EMF as a function of logarithm of molar concentration of alkyloxypyridinium
surfactant, [HEC 4OPyBr] in the absence and presence of 0.02 mmol dm™ ARS (B) Binding
isotherms of binding parameter (v) versus logarithm of molar concentration of [HEC;4OPyBr] in

the presence of 0.02 mmol dm™ ARS. 21
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The calibration curve is linear over the concentration range of surfactants i.e. below the
eme (0.00-0.50 mmol dm™ for ([HEC4OPyBr] and 0.00-0.12 mmol dm™ for [HEC,;sOPyBr])
with a good slope that is in well agreement with Nernstian response. Any deviation of EMF from
the calibration curve in the presence of ARS indicates that the binding of surfactants and ARS
takes place. The decrease in EMF values in the presence of dye could be due to the reason that in
ARS solution, some of dye molecules bind to the surface of membrane which reduces the
potential and it leads to lesser solubilization of the surfactant present in reference solution in the
membrane which produces small EMF. It is clear from Fig.7(A) and Fig.S7(A) (supporting
information) that binding occurs among ARS and alkyloxypyridinium surfactants even at very
low concentration of surfactants and it continues till the dye gets saturated with the monomers of
surfactants and then, the curve merges with the calibration curve. Initially, with the addition of
surfactant in the form of monomers, potential increases very slightly and thereafter, it increases
sharply. The point of intersection of the changes gives a transition C; which corresponds to the
formation of ion-pairs between oppositely charged dye and surfactants molecules due to strong
electrostatic forces of attraction as discussed earlier in conductivity measurements. Beyond Cj,
EMF increases linearly with relatively large slope and further, it becomes constant and gives
second transition i.e. cmc where free micelles of surfactants are formed. The concentrations
corresponding to different transitions (C; and C, (cmc)) are presented in Table S1 (supporting
information) and these values are in excellent agreement with those extracted from conductivity
measurements.
3.4.2.1 Binding Isotherm

The change in EMF values in the presence of dye helps to calculate the amount of
alkyloxypyridinium surfactant bound to ARS molecules. The average number of
alkyloxypyridinium surfactant monomers bound to ARS i.e. binding parameter (v) is obtained
using the following equation (9) [41]:

_ [Surfle=[Surfl¢
- [ARS]: ©)

Where [Surf]; and [Surf]f represent total concentration and free concentration of
alkyloxypyridinium surfactants and [ARS]; denotes the total concentration of ARS. Fig.7(B) and
Fig.S7(B) (supporting information) represents the binding isotherm for binding of
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[HEC4OPyBr] and [HEC;4OPyBr] with ARS. The binding isotherms show different
characteristic regions with increasing concentration of alkyloxypyridinium surfactants. From the
binding curve, it is clear that initially, there is small increase in binding which is followed by a
sharp increase owing to the complexation between negatively charged dye monomers and
cationic alkyloxypyridinium surfactants. Thereafter, binding isotherm acquires constancy and
free monomer concentration of surfactants increases until it reaches cmc. The transition
concentrations corresponding to different binding regions significantly correlates with other
techniques studied.
3.5 Morphology of ARS-surfactant mixed aggregates

To get further insights in the structural aspects of ARS-surfactant mixed systems,
dynamic light scattering measurements (DLS) have been carried out to gather information about
the morphology of ARS-surfactant mixed aggregates. The aggregate size distributions of both
pure [HEC,4OPyBr] and [HEC,,OPyBr] at concentration of 10 times their cmc (8.9 mmol dm™
for [HEC4OPyBr] and 2.0 mmol dm™ for [HEC;OPyBr]) show micelles of hydrodynamic
diameter (Dy) 1-2 nm. The aggregate size distribution of ARS-[HEC;4OPyBr] and ARS-
[HEC;sOPyBr] mixed systems with increasing mole fraction of ARS (xars) are shown in
Fig.8(A) and Fig.8(B) respectively and the corresponding values of hydrodynamic diameters
(Dy) obtained are presented in Table S2 (supporting information). The total mixture composition

was fixed at 3 mmol dm™.
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Fig.8 Size distributions for ARS-alkyloxypyridinium surfactant mixtures at varying mole

fractions of alkyloxypyridinium surfactants (A) [HEC,4OPyBr] (B) [HEC,sOPyBr]
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A keen analysis of the Table S2 clearly indicates that Dy depends upon the mixture
composition and shows a transition from surfactant dominated to ARS dominated mole fractions.
In alkyloxypyridinium surfactant dominated mole fractions, Dy of [HEC;4OPyBr] surfactant
micelles firstly increases from 1.2 nm to 28.5 nm due to intercalation of oppositely charged dye
monomers that decreases the electrostatic repulsions between the head groups. As already
discussed in surface tension studies, the oppositely charged dye monomers behave as aromatic
anions and thus, it leads to formation of bigger micelles with large Djy. Further, in ARS-
dominated mole fractions, increase in concentration of ARS cause steric and electrostatic
repulsions which breakdown the micelles to smaller sizes and thus, Dy decreases (from 28.5 to
10.5 nm). In ARS-[HEC,;;OPyBr] mixed system, similar changes have been observed but
comparatively larger aggregates are formed. This also supports the importance of hydrophobic
interactions in addition to electrostatic interactions in the binding process of ARS and
alkyloxypyridinium surfactants.

3.6 Proposed dye-surfactant interaction mechanism by "H-NMR measurements

The 'H-NMR measurements provide direct indication of the interactions taking place
between the two components of a system. For this, the "H-NMR spectra of 1.0 equivalent of
ARS is recorded in CD3;CN solvent and titrated against increasing equivalents of [HEC;4OPyBr]
and [HEC,cOPyBr]. The structures of alkyloxypyridinium surfactant [HEC;4OPyBr] and ARS
with the numbering assigned to different protons are given as Fig.S8 (supporting information).
The effect of increasing equivalents of [HEC,;4OPyBr] and [HEC,,OPyBr] on the ¢ values of
alkyloxypyridinium surfactants is given as supporting information (Table S3 and S4) and the
changes are shown in Fig.9(A) and Fig.S9 (supporting information). The remarkable changes in
the values of chemical shifts (0) of ARS and alkyloxypyridinium surfactants help to understand
the interaction mechanism among them. The upfield and downfield shifts observed in the 'H-
NMR titrations of ARS with increasing equivalents of [HEC;4OPyBr] indicates the existence of
cation-z interactions among them. Literary also revealed the existence of cation-z interactions
among the pyridinium cation and delocalized 7 electron cloud of an aromatic ring [40,42,43].
The aromatic protons of ARS are shifted downfield indicating polar medium on the micellar
interface. It suggests that the dye monomers behave as aromatic anions and stays in the palisade

layer of alkyloxypyridinium surfactants. These results are also confirmed by the decrease in cmc
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values of [HEC;4OPyBr] and [HEC,,OPyBr] as observed in surface tension, conductivity and
potentiometric measurements. However, the hydroxyl group at 2nd position (according to [IUPAC
name of ARS) show upfield shift due to interactions with alkyloxypyridinium surfactants. But
the hydroxyl at 1* position donot show any downfield or upfield shift [Fig.9(B)].
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Similar trends in chemical shifts have been observed in ARS-[HEC;,OPyBr] mixed
system. These results clearly indicate that one of the hydroxyl groups is involved in the
interaction mechanism and the other is involved in intramolecular hydrogen bonding with the
neighbouring carbonyl group. These results are in accordance with the voltammetric
measurements where prominent changes occur due to oxidation of catechol moiety. As a result,
these studies confirm that predominantly, the catechol moiety of ARS interacts with the
alkyloxypyridinium surfactants. Moreover, the presence of ARS greatly affects the environment
of protons of alkyloxypyridinium surfactants especially the protons in close proximity of
pyridinium cation head group leading to downfield shift of these protons. Hence, the results from
"H-NMR measurements highlight the role of cation-z and H-bonding interactions in addition to
hydrophobic and electrostatic interactions between ARS and alkyloxypyridinium surfactants.

3.7 Conclusions

In view of the diverse applications of dye-surfactant mixed systems, the present work
aims to explore the basic understanding of the interactions among oppositely charged dye and
surfactant molecules. An estimation of such interactions is very much essential from
environmental point of view, as the surfactants are being used in different ways to remove toxic
dyes from waste water such as by enhanced micellar ultrafiltration, surfactant mediated cloud
point extraction. The surfactants are also used to modify alumina so as to increase its absorption
efficiency to remove harmful dyes. To the best of our knowledge, there is no report in the
literature dealing with the studies of interactions between anionic redox-active dye, alizarin red S
and alkyloxypyridinium surfactants using multi-technique approach. The surface tension and
conductivity studies explores the formation of close packed dye-surfactants ion pair (DSIP)
which further leads to the formation of pre-micellar aggregates with the dye molecules behaving
as aromatic anions dissolved in the palisade layer. UV-visible and voltammetric measurements
reveal the 1:1 stoichiometry of DSIP in the lower concentration regions of surfactants and the
higher values of binding constant are attributed to electrostatic, hydrophobic, cation-z and z-7
interactions. DLS measurements indicate that the size of ARS firstly decreases due to the
formation of close-packed dye-surfactant ion pairs and further increases due to the

transformation of these ion-pairs into mixed micelles of alkyloxypyridinium with ARS.
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The difference between lower energy HOMO and higher energy LUMO i.e. the band gap
of ARS decreases by the addition of alkyloxypyridinium surfactants which indicate that the
higher energy LUMO gets stabilized due to dye-surfactant complex formation. This charge
transfer mechanism is responsible for large bathochromic shift of 130.5 nm in the absorption
spectra of ARS. Voltammetry also supports these results as the oxidation peak due to oxidation
of catechol moiety (P;) exhibits anodic shift on addition of surfactants. The calculated
electrochemical parameters like diffusion coefficient (D), formal potential (E°), electron transfer
coefficient (@) and surface reaction rate constant (ks) of ARS decrease in the presence of
surfactants which reveal the formation of non-electroactive dye-surfactant complex responsible
for the decrease in peak current intensity associated with anodic shift. The results extracted from
'H-NMR confirms the complexation mechanism i.e. the hydroxyl group moiety of ARS interacts
with the neighbouring protons of pyridinium cationic head-group of alkyloxypyridinium
surfactants by virtue of cation-z, electrostatic and hydrophobic interactions and these results
corroborates well with voltammetry.
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