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Abstract

In this study, the interaction of an anionic azo dye Sunset Yellow with conventional cationic
surfactant dodecyltrimethylammonium bromide (DTMABT) has been examined as a function
of the dye concentration at 25°C by electrical conductivity and UV-VIS spectroscopy
measurements. Carpena’s method, combined with Aguiar’s approach, was applied to the
analysis of the conductivity data for evaluating the micellization parameters such as critical
micelle concentrations (cmc), degree of counterion bindings (B), and micellization Gibbs free
energies (AmicG) from the specific conductivity-surfactant concentration curves. The UV-VIS
absorption spectroscopy measurements were performed to obtain information on the dye
concentration dependence of the stacking properties of Sunset Yellow in water. The results
indicated that although DTMABT 1s a conventional surfactant with a single alkyl chain, it shows

gemini surfactant behavior at relatively high dye concentrations.
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1. Introduction

Surfactant/dye interactions are important due to their applications in industry such as
textile, photography, cosmetics, food, pharmaceutical [1-5]. In the mixtures of surfactants/dyes,
the nature and the strength of the interactions between surfactants and dyes play a key role for
their applications [6]. From this respect, the suitable surfactant/dye systems are chosen and
investigated by several methods such as conductivity, UV-VIS spectroscopy, surface
tensiometry, potansiometry, fluorescence [6-11]. In those mixtures, either conventional single-
chain or gemini surfactants have been used. It was reported that the latter ones exhibit superior
features with respect to the former one in some applications [11].

In the case of the oppositely charged surfactant/dye systems, some parameters affect the
interactions  between the surfactants and dyes [4,12-17]. Especially, the
electrostatic/hydrophobic interactions between ionic surfactant and dye species [10,18], their
chemical structures [19,20], and pH [6,21] are crucial for the formation of surfactant/dye
aggregates. As it is expected, because the gemini surfactants have higher charge density on their
head groups, they produce a stronger electrostatic interaction with oppositely charged dye
molecules with respect to the conventional single-chain surfactants [4,11].

The surfactant-dye interactions are important not only in diluted aqueous micellar
solution of the surfactant/dye but also in lyotropic liquid crystals. In recent studies [22,23], it
was observed that those interactions are responsible for the formation of different lyotropic

structures, especially nematic ones. Those studies showed for the first time that the



chaotropic/kosmotropic property of dye molecules plays crucial role in micellar systems
because this property determines the formation of the ion pairs/complexes in the pre-micellar
and binding the dye molecules to the micelle surfaces in the post-micellar regions.

Some azo dyes were used to investigate surfactant-dye interactions due to their
important applications as organic colorants [5,11]. Most common ones are tartrazine [24,25],
Sunset Yellow [6,11,17,26], amaranth [17,27], methyl orange [28,29], crystal violet [29,30],
congo red [31] etc. It was reported that azo dyes may form dye-surfactant complexes (DxSy) in
aqueous submicellar solutions [28,31,32]. The formation of DxSy complexes may be well
characterized from spectral shifts in the maximum absorption values by UV/Vis spectroscopy
[33]. In these complexes, association of dye with the surfactant molecule depends on the
surfactant alkyl chain length. For instance, the surfactant alkyl chains consist of eight to twelve
(thirteen to eighteen) —CH> groups, the complexes are formed by one (two) surfactant(s) per
dye, i.e. DS (DS:) complexes [32,34]. Furthermore, the extent of the interactions between ionic
groups of dyes and surfactant ionic head groups are also important in the formation of dye-
surfactant associations in the micellar solutions [23,31]. The characteristics of these interactions
determine the organization of dye-surfactant complexes or ion pairs in the solutions as H-
aggregations (face-to-face stacking or sandwich-type arrangement) or J-aggregations (head-to-
tail stacking or slipped arrangement) [35,36,37,38]. Because the dyes have chromophore
groups, the role of the interactions between dyes and surfactants on the formation of the
aggregations can be seen in the loss of the absorbance of the chromophore groups [11,39,40]
and the shift of Amax [24]. While the former one is the evidence of the surfactant-dye interactions,
the latter one is related to the type of the aggregations. A bathochromic (tewards-the-or “red”)
shift towards longer wavelength with respect to the Amax of the monomer dye in the absorbance
spectra shows the presence of J-aggregates in surfactant-dye solutions [41]. Inversely, a

hypsochromic or blue shift towards a shorter wavelength is ar-evidence of the existence of H-



aggregates in those solutions [41]. Thus, by analyzing the absorption spectra of dye solutions
in the presence of the surfactants, how the surfactants encourage the dye aggregations is
determined.

The surfactant-dye interactions were, in general, examined at very dilute dye
concentrations in several studies. In the present study, we examined the surfactant-dye
interactions at low and relatively high Sunset Yellow concentrations in DTMABr/water
solutions. Some studies were reported for investigating the interaction of Sunset Yellow with
cationic surfactants at constant low Sunset Yellow concentrations but, to the best of our
knowledge, not at high concentrations. Electrical conductivity results showed that while Sunset
Yellow exhibited similar interaction properties with a conventional single--chain DTMABr
surfactant as reported in the literature, however, at high dye concentrations DTMABr-Sunset
Yellow solutions exhibit gemini-surfactant beahaviour. Furthermore, UV-VIS absorbance
measurements indicate that; at low (high) Sunset Yellow concentrations, the formation of H-

aggregates (J-aggregates) are deminant-prevalent in the dye solutions than-as compared to J-

aggregates (H-aggregates) in the absence of the surfactant.

2. Experimental

DTMABT, dodecyltrimethylammonium chloride (DTMACI),
dodecyldimethylethylammonium bromide (DDMEABr), tetradecyltrimethylammonium
bromide (TTMABr), hexadecyltrimethylammonium bromide (HTMABr) and sodium
dodecylsulfate (SDS) were purchased from Sigma and Merck in high purities (>98-99%).
Potassium laurate (KL) was synthesized from the neutralization of lauric acid with potassium
hydroxide, KOH, as described in Refs. [42,43]. Sunsey Yellow (SSY) was also commercially
available from Sigma with dye content of 90%. Because the purity of SSY is important for

obtaining reliable and reproducible results, it was purified three times considering the procedure



given in [44,45]. Ultrapure water was provided by Millipore Direct-Q3 UV, which produces a
water having 18.2 MQ.cm of resistivity at 25°C, for the preparation of isotropic micellar
solutions.

Electrical conductivity measurements were performed in a Mettler Toledo S470
SevenExcellence conductivity meter at 25.0°C to determine micellization parameters, critical
micelle concentrations (cmc), degree of counterion bindings to the micelles (B). and
micellization Gibbs free energies (AmicG). The dip-type conductivity cell was placed in a hand-
made metallic (made from Al) sample holder in which water was circulated for providing stable
temperature by the water circulating bath (Polyscience SDO7R). The cell constant was read as
0.549231 cm™ in the instrument and verified by using 0.1 M, 0.01 M and 0.001 M KCl
solutions. The conductivities were measured as a function of the surfactant concentration by
the successive addition of stock solutions of surfactants into the cell including ultrapure water
and SSY/water solutions, separately. The stock solutions were added by 10 pL of micropipette
(Eppendorf). To keep the water loss at the minimum level, the conductivity cell was closed
well, except during the addition of the stock solution. For each surfactant/water and
surfactant/SSY/water solutions, the conductivities were measured at ~50 different total
surfactant concentrations until reaching the concentration of the surfactant to about 2-2.5 times
of the critical micelle concentrations. The measurements were repeated at least three times for
each concentration by keeping the error <5%.

A Spectrum SP-UV 500VDB double beam spectrophotometer (Perkin Elmer Co.) was
used for recording the UV/VIS absorption spectra of the Sunset Yellow/water and the
surfactant/Sunset Yellow/water mixtures. The absorption spectra in the range of 300-700 nm
with a 0.5 nm wavelength resolution were recorded using a pair of quartz cuvettes of 1.0 cm
optical path. The quartz cuvettes including water and the solutions were kept on the reference

side and the sample side, respectively. Both cuvettes were placed in the thermostated cell



compartments at 25°C. Surfactant-dye solutions were prepared by dissolution of DTMABT at
the concentrations below and above its critical micelle concentration (0.00 mmol/kg-35.7
mmol/kg) in the SSY/water solutions. SSY/water solutions were prepared at different SSY
concentrations in the range of 0.04-2.21 mmol/kg. Similar to the electrical conductivity
measurements, the UV-VIS absorbance measurements were carried out at 25°C. Each

measurement was repeated at least three times and the error in the measurements was <5-6%.

3. Results and Discussions
3.1. Method to determine the critical micelle concentrations of the surfactants

The cmc of the surfactant molecules is determined with different methods. The most
common one is the measurement of the conductivity (k) of the surfactant solutions as a function
of the surfactant total concentration (C). Two different regions are observed in the k-C graphs:
the pre-micellar region below the cmc and the post-micellar region above the cmc. In both
regions, the k-C curves are linear with the slopes of Si and Sy, respectively, and the degree of
counterion dissociation (0=S2/Si) and then the degree of counterion binding (B=1-a) are
evaluated. When the transition occurs from the pre-micellar region to the post-micellar region,
the change in the k-C may be abrupt or gradual. As a conventional way (Williams’s method
[46]), the cmc can be determined from the intersection of two linear curves obtained in the pre-
and post-micellar regions, separately. Although this way can give the cmc values with small
and acceptable uncertainties if the transition is abrupt, the gradual transition causes high
uncertainties in the cmc values [47]. For the latter case, an alternative way was proposed by
Carpena et. al [48] and applied to some surfactant solutions in the literature [49,50,51,52]. The
first derivative of the k-C curves gives a Boltzmann type sigmoid according to the following
equation

A=A,

K T c——
1+e(C-Co)/AC

+ A, (D



where the parameters Co, and A1 and A» are the center of the width of the transition (AC), and
slopes of the pre-micellar and post-micellar straight lines, respectively. Carpena’s method
proposes that if the first derivative of the k-C curve of the experimental raw data is fitted to the
Eq. 1 to obtain the parameters, then, because the raw data need to behave as the integral of the
sigmoid (Eq. 2), the fitted conductivity data as a function of the surfactant concentration are
determined from

)

1+e(C-Co)/AC
1+c Co/AC

K=Ky + A C+AC (Ay-A)) ln<
The cmc value is precisely evaluated from the first derivative of the fitted data after the
integration [47]. Furthermore, the degree of counterion dissociation is calculated from the ratio
of Ax/Ai. For example, the experimental raw data and it’s non-fitted first derivative for

SDS/water are given in Figure la, and their fitted curves are plotted in Figure 1b considering

Carpena’s method (Eq. 2) for the comparison.
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Figure 1. (a) Conductivity versus total surfactant concentration (x-C) curve of experimental
raw data (e) and it’s non-fitted first derivative, dx/dC, (o) for SDS/water solution at 25.0°C.
(b) Same curves obtained from their fitted curves, (@) for k-C and (o) for dk/dC. The two-
headed red arrow shows total concentration distance (4AC) and it consists of four equal regions
separated by vertical dashed lines, each of which corresponds to the concentration distance AC.

In 2003, Aguiar et. al. considered a-wayan approach, which supports Carpena’s method,
to solve the problem esn—of the precise determination of the cmcs of surfactants when the

transition from pre-micellar region to the post-micellar one is gradual [53]. Their study was



based on the pyrene 1:3 ratio method. In this method, the pyrene 1:3 ratio decreases as a function
of the surfactant concentration by giving a typical sigmoidal curve (Eq. 1) similar to the one in
the Figure 1b. According to their treatments, the slope of the tangent line at the center of the
sigmoid is

[d(h/ls) _Ax-A 3)

dC C=Cy 4AC

where C still corresponds to the center of the sigmoid. After reorganization and simplifying
some terms in the equations given in-the Ref. [53], the authors showed that there exists a second
cmc at Co +2AC. Our results are in good agreement with Aguiar’s approach. In Figure 1b, the
tangent line intersects with A; and A at the concentrations C; and Cs, respectively. The
concentration distance between C; and Cs corresponds to 4AC. Each part bordered by the
dashed vertical lines before and after the center of the sigmoid (Co) is equal to the AC. Until
reaching to the Ci, the conductivity of the solution increases linearly as the concentration of the
solution increases with a constant slope. From C; to Cz (= C; + AC), the curve starts to be
gradual, i.e. the transition from monomer state of the surfactant to the micellar state begins.
Further increase in the concentration from C; to Cp (= C> + AC) causes the curve to be more
gradual. This can be seen from the deviation of the red-dashed straight line of the x-C data.
Opposite situation is observed from Co to C3 (= Cp + AC) and from C3 to Cs (= C3 + AC).
Especially, the transition at the concentration Cs4 1s important for discussing our results because
it is equal to Co + 2AC as predicted by Aguiar et al. After the point Cs, the increase in the
concentration of the surfactant leads to linear increase in the conductivity with another constant
slope, which is smaller than the one obtained before C;. In other words, the micellization is
completed and the solution consists of stable micelles within the working concentration range.
For other selected ionic surfactants (KL, DDMEABr, DTMACI, DTMABr, TTMABr and

HDTMABY) , the similar k-C curves were obtained, Figure 2. Their micellization parameters



are given in Table 1 and 2. The micellization Gibbs energies were calculated from the following

equation [54]:
AmicG:( 1 +B)RTlanmc (4)
where R is ideal gas constant (8.3145 J K! mol™!), T is absolute temperature (K) and Xcme is

mole fraction of the surfactant at cmc.
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Figure 2. Conductivity versus total surfactant concentration (®) and their first derivative (o)
graphs for the surfactants, considering Carpena’s method and Aguiar’s approach.
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Table 1. Critical micelle concentrations of the surfactant molecules at 25°C, obtained from the conventional method, Boltzmann sigmoidal, and
Carpena’s method with Aguiar’s approach. All concentrations are in mmol.kg™!. The values in the paranthesesparentheses are from the literature.

Conventional Boltzmann sigmoidal (differentiation) Carpena’s method (integration)
method
Surfactant
CMC AC Ci C Co Cs (o7 AC Ci C Co Cs Cy
8.30 (7.68- 0.73 7.53 8.26 8.26
SDS 8,562 (0.28) 6.81 (7.62") (822" 8.20") 8.99 9.71 0.78 6.70 7.48 (8.28") 9.03 9.81
KL 28.39 (27.2%) 2.65 23.04  25.69 28.34 3098  33.63 2.71 2291 25.63 28.34 31.05 33.76
14.50 (14.0-
DDMEABr 5. 2km) 1.05 12.37 13.43 14.48 15.53 16.59 1.15 12.19 13.33 14.48 15.63 16.77
22.86 (20.3-
DTMACI ” 60‘1(’k’n'p) 2.98 16.84 19.82 22.81 2579  28.77 3.01 16.78 19.79 22.81 25.82 28.83
DTMABr 13.84 (13.50- 1.93 10.24 12.19 1 16.09 18.04 2.09 9.91 12.00 14.08 16.18 18.27
16.0%9Y (0.77") ' : (13.60") : : (1.21Y) ' : (15.6") : :
3.67 (3.60- 0.32 2.99 3.31 3.63 3.95 4.27 0.35 2.93 3.28 3.63
TTMABr istv,w i e 3.98 4.33
3.787270) 021" (3.73) (0.138Y) (3.75")
0.931 (0.92- 0.064 0.928 0.079 0.927
HTMABr 1.00%%) (0.057) 0.799  0.863 (0.96') 0.992 1.06 (0.121Y) 0.770  0.848 (0.97) 1.01 1.08

*[55], °[56], ¢ [57], ¢ [58], € [29], "[59], ¥ [30], " [53], ' [48],7 [60], * [61], ' [62], ™ [63], " [64], ° [65], * [66], ¢ [67], "[11],[68], ‘ [69], " [70], "
[71], ¥ [72],7 [73].
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Table 2. Degrees of counterion dissociation and binding, and micellization Gibbs free energy of the surfactant molecules at 25°C, evaluated from
the cmc values given in Table 1. The values in the parantheses-parentheses are from the literature.

Conventional method

Boltzmann sigmoidal (differentiation)

Carpena’s method (integration)

Surfactant
a B ~AmicG®/ kJ.mol™! a B ~AmicG®/ kJ.mol™! a B ~AmicG°®/ kJ.mol™!
0.344 0.656 b 0.351 0.334
SDS (0.369%) (0.629) 36.13 (35.46") (0.369%) 0.649 36.02 (0.368%) 0.666 36.37
KL 0.435 0.565 29.38 0.424 0.576 29.60 0423  0.577 29.62
0.254 .
DDMEABr 02619 0.746 35.68 (35.60°) 0.249 0.751 35.80 0247  0.753 35.83
0.390 31.15 (30.56",
DTMACI (0.389%) 0.610 31439 0.366 0.634 31.56 0366  0.634 31.57
0.242 0.758
36.19 (34.81- 0.232 0229  0.771 .
DTMABr (0.244- (0.75- e " 0.768 36.39 . i 36.33(35.48)
0281%%)  0.756°h) 36.0%¢h) (0.251%) (0.248%)  (0.75")
0.235 0.765 42.10 (42.10, 0.229 0.771 42.27 008 097 _
TTMABr (0.227, (0.779 42307 (0.231%) S S 42.3 (41.83)
0,234 (0.230%)  (0.76')
23%)
0.255 0.745 47.50 (46.45- 0.251 0.248  0.752  47.76 (47.86,
HTMABr (0.243%) 0.77% 48.30%%h (0.250%) 0.749 47.66 (0.241%)  (0.76) 48.1"

21481, ® [56], ° [61], ¢ [66], ¢ [74], F[63], ¢ [75], " [75], 1 [70],7 [76], ¥ [71], ' [49].
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Tables 1 and 2 show the micellization parameters (cmc, o, B and AmicG) for the
surfactants at 25.0 °C, obtained from three different ways. The results are in good agreement
with the literature values. Furthermore, Carpena’s method, considering together with Aguiar’s
approach, seems us to be more applicable way to DTMAB1/SSY solutions because they
exhibited the gradual transitions from the pre-micellar to the post-micellar region. By this way,
we evaluated the micellization parameters of DTMAB1/SSY solutions with lower uncertainties
and investigated the DTMABr-SSY interactions at different SSY concentrations in the

following part.

3.2 Behavior of micellar solutions of DTMABr with SSY

Sunset Yellow (disodium 6-hydroxy-5-[(4-sulfophenyl)azo]-2-naphthalenesulfonate)
has an aromatic part and two ionic —SO3™ moieties bound to the end regions of this part, Figure
3. Itis a 1:2 type electrolyte and it ionizes in water to give one SSY? anion and two Na* cations
per unit formula. It was proved that the SSY molecule is in hydrazone form rather than azo
form in aqueous medium [77]. The hydrogen bond in the hydrazone form provides it to exhibit

a stable planar structure [41].

S

“’f’t‘
| (@]

N., HISN Noy H
hydrogen
bond
so;a sof)
Hydrazone Azo form

Figure 3. The tautomeric forms of the Sunset yellow molecule [41].

Before discussing the results of DTMABr-SSY solutions, it would be useful to mention

some studies given in the literature. Shahir et al. [24] investigated the properties of
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surfactant/dye solutions composed of an anionic azo dye tartrazine, like Sunset Yellow, and
single chain conventional surfactant and gemini surfactants by electrical conductivity. The
conventional surfactant was TTMABr, and gemini surfactants were N,N’-ditetradecyl-
N,N,N’,N’-tetramethyl-N,N’-butanediyl-diammonium dibromide (14,4,14) and N,N’-
didodecyl-N,N,N’,N’-tetramethyl-N,N’-butanediyl-diammonium dibromide (12,4,12). If
tartrazine-added solution is compared with tartrazine-free TTMABr/water solution, the cmc of
TTMABEr decreased slightly from 3.67 mM to 3.60 mM and in both cases the conductivity of
the solutions increased linearly from starting point to the cmc of TTMABr. However, in the
case of presence of the gemini surfactants, the conductivity of the solutions increased slightly
at very low surfactant concentrations, then increased more sharply and linearly until reaching
the cmcs of the gemini surfactants. Furthermore, the transition from monomer state to micellar
state turned into more gradual by giving two more break points on the conductivity-surfactant
concentration curve. In another study, Fazeli et al. [11] examined the surfactant-dye interactions
in the DTMAB/SSY solutions at a fixed SSY concentration (0.04 mM) via surface tension, UV-
VIS spectroscopy and zeta potential measurements, but not via electrical conductivity. They
reported the decrease in the cmc of DTMABr from 14.85 mM to 8.46 mM by the addition of
SSY to the solution. However, Nazar and Murteza [6] stated that the presence of SSY (0.044
mM) changed the cmc of HTMABr from 0.9 mM to 1.18 mM, although the concentration of
SSY was greater than in Fazeli et al. study [11]. In addition, it was shown that addition of
another azo dye, methyl orange (1.01 mM), slightly increased the cmcs of DTMABr, SDS and
TX-114 surfactants from 14.43 mM, 8.00 mM and 0.24 mM to 14.48 mM, 8.11 mM and 0.25
mM, respectively [29]. It is seen that the addition of methyl orange slightly changed the cmcs
of the surfactants. The similar situation was also reported for cetyltrimethylammonium
bromide/reactive red 223 mixtures [78]. Summarily, in general, for low dye concentrations, the

cmcs of surfactants slightly change or remain unchanged in the presence of dye molecules.
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Figure 4 shows total DTMABr concentration-dependence of specific conductivity of the
DTMABr/SSY /water solutions at different SSY concentrations. As it can be seen, except 0.04
mmol/kg SSY concentration, the behavior of the curves is similar to that of gemini
surfactant/tartrazine solutions [24] at low DTMABTr concentrations, and as the concentration of
SSY increases this behavior is more dominant (Figure 4). The region, bordered by red-dashed
line rectangular in the Figure 4, was investigated more precisely (Figure 5). As the
concentration of the DTMABTr concentration increases there are two more break points on the
curve, which was labelled as concentrations C, and Cc, respectively, in this study. The
appearance  of these points was attributed to the formation of J-
aggregation/precipitation/redissolution process as reported for TTMABr/tartrazine solutions
[24]. It means that DTMABT causes the formation of H-aggregation of SSY molecules at 0.04
mmol/kg SSY concentration, as reported for this concentration of SSY in the literature [11],
and it encourages the J-aggregation of SSY at the SSY concentrations > 0.168 mmol/kg. Figure
6a shows the SSY concentration dependence of the concentration Cc, and it can be seen that as

the concentration of the SSY increases the formation of the J-aggregates is more favored.

25
2.0 eI ‘Zéé
L
Ets it it "
g 1.0 i“!!e!' "
e T .!v"

0 10 20 30 40
CDTMABr/m mol. kg_1

Figure 4. DTMABr concentration dependence of specific conductivity at different SSY
concentrations (0.04-2.21 mmol/kg). Blue arrow shows the direction along which the SSY
concentration increases in the solutions. Within the region bordered by the red-dashed line
rectangular, the gemini surfactant behavior in the presence of dye was observed.
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arrows show C, concentrations between 0.04-0.832 mmol/kg SSY. The SSY concentrations
greater than 0.832 mmol/kg gives similar specific conductivity curves and Cp, values with 0.832
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Some dye molecules may spontaneously aggregate, depending of dye concentrations, to
form stacks as dimers, trimers, tetramers,... in aqueous solutions [24,31,79,80]. The formation
of dye stacks affects polar environment around chromophore groups and this situation causes
the change in the UV/VIS absorption spectra of dye-surfactant solutions. To clarify whether
dye stacking affects gemini surfactant behavior (Figures 4 and 5) of DTMABr-SSY solutions,
UV/VIS absorption spectra (Figures 6 and 7) and conductivity (Figure 8a) of SSY solutions as
a function of SSY concentration in the absence of DTMABr were studied. In other words,
before discussing the interactions between DTMABr and SSY, it would be better if we examine

the interactions between SSY molecules in the absence of DTMABr in the solutions to

understand whether the SSY-stacking plays a role on gemini surfactant behavior of DTMABr
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in the presence of SSY. Figures 6 and 7 show the spectral changes observed at low and relatively
higher SSY concentrations in the absence of DTMABr. Figure 6 exhibits UV-VIS spectra of
dye solutions at dilute SSY concentrations. Until ~0.10 mmol/kg SSY- concentration, the dye
solutions obey Beer-Lambert’s law, exhibiting linear change with SSY concentrations,
however, deviations were observed > 0.10 mmol/kg (Figure 8b). These deviations arise from
interactions between the absorbing species (i.e. chromophore groups of SSY) and to alterations
of the refractive index of the medium. It is known that if dye molecules are present in the
solution as monomers and no interaction occurs between them, the solution obeys the law, i.e.
dyes molecules do not self-aggregate due to the repulsive forces between the similarly charged
parts of the dye molecules. Conversely, deviations from the law are observed if dye molecules
interact one with another, which results in the dye stacking. Thus, the deviations observed for
SSY-concentrations greater than 0.10 mmol/kg (in the absence of DTMABr, Figure 8b) are
attributed to the SSY-stacking as a result of n-m attractive interactions between dye molecules,
which dominates the electrostatic repulsions between negatively charged —SO3™ groups of SSY

molecules.
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Figure 8. SSY concentration dependences of (a) specific conductivity, (b) absorbance, and (c)
wavelength of maximum absorption in the concentration range of 0.00-2.21 mmol/kg at 25°C
in the absence of DTMABT.

Now, let’s investigate Figures 6 and 7 in details to find information on the aggregation
behavior of SSY within the working concentration range, i.e. existing as monomer or higher-
order aggregate in the absence of DTMABT. It is known that monomer SSY molecule has two
absorption bands: a major one, which has a maximum around 480-482 nm, and a second one at
~314 nm [11,81,82]. While the major absorption band is related to the color of SSY due to the
n-tt* transition absorption of the chromophore groups of SSY molecule [82], the second one
arises from the m-m* transition absorption related to the aromatic rings of SSY molecules
[83,84]. For 0.04 mmol/kg, SSY exhibits characteristic UV-VIS absorption spectra given in the
literature (Figure 9) [11]. Until the SSY-concentration reaches the concentration, at which the
deviation from the Beer-Lambert’s law starts (~0.10 mmol/kg), similar spectra for Cssy < 0.10

mmol/kg were recorded (Figure 6). However, at SSY concentrations greater than 0.10 mmol/kg,
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three new bands can be seen: at 412 nm, 451 nm and 500 nm. There is no maximum wavelength
shift for the band at 412 nm but its intensity increases as the concentration of SSY increases,
especially Cssy > 0.296 mmol/kg. The band at 451 nm shifts to 435 nm (blue shift) then to 445
nm (red shift) and the intensity of maximum absorption slightly increases within the chosen
concentration range of SSY. The absorption band at 500 nm continuously shifts to higher
wavelength (red shift) as a relatively broad peak. The main change in the UV-VIS spectra of
the monomer SSY is observed around the major band. At low concentrations (Cssy < 0.10
mmol/kg) the maximum absorption of major band is seen at 482 nm with no additional bands
and the maximum absorption at 482 nm starts to disappear as the concentration of the SSY
increases for Cssy>0.10 mmol/kg (Figure 6). Especially, for Cssy > 0.200 mmol/kg, no
maximum absorption band at 482 nm was observed in the UV-VIS spectra. Because this band
is related to the existence of SSY monomers in the solutions, at high SSY concentrations, this
situation may be attributed to the absence of SSY as monomers in the solutions. To make a
comprehensive interpretation of UV/VIS spectra of SSY solutions, we must consider two
maximum absorption bands at 435 nm and 500 nm in the case of the disappearance of the band
at 482 nm. At low SSY concentration, first, the intensity of the band at 482 nm decreases, and
that at 500 nm increases with red shift. This situation continues until the band at 482 nm is
disappeared. At the same time, the band at 435 nm shifts towards 445 nm. Note that the
maximum absorption is observed in wavelengths greater than 500 nm (red shift). For further
increase in the SSY concentration, now the band at 435 nm turned to be wavelength at which
maximum absorption is observed with red shift. Consequently, in both cases, the shifts from
435 nm to 445 nm and from 500 nm to ~550 nm mean that the formation of J-aggregation of
SSY is more probable for Cssy > 0.296 mmol/kg. In other words, at low (high) surfactant
concentrations, the SSY molecules form H-aggregates as shown in the literature (J-aggregates).

This is in good agereement with the conductivity results. Furthermore, the beginning of the
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formation of J-aggregates after Cssy > 0.100 mmol/kg is supported with the red shift in the Amax

values as a function of the increase in the SSY-concentration (Figure 8c).
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Figure 9. UV/VIS absorption spectrum of 0.04 mmol/kg SSY solution at 25°C in the absence
of surfactant.

Figure 7 also include information about the aggregation-order of the SSY molecules in
the absence of DTMABT. In a recent study, Fernandez-Perez and Marban analyzed the UV-VIS
absorption spectra of methylene blue (MB) azo dye aggregation in water [85]. They studied the
UV-VIS spectra of MB solutions for its large concentration range, 1.1x10—3.4x10" M, where
the last concentration of MB is about 1.5 times greater than that of SSY used in the present
study. The monomer MB gives a major band around 660 nm with a shoulder at 612 nm. As the
concentration increases the absorption intensity of the band at 660 nm decreases while the
maximum absorption is observed at 607 by shifting the wavelength of the band at 612, i.e. there
exist two bands with a maximum at 607 nm which corresponds to the formation of dimer as a
results of MB stackings. Further increase in the MB-concentration causes the disappearance of
the band at 660 nm and shifting the maximum wavelength to 600 nm (blue shift) with relatively
higher absorption intensity. The latter situation was attributed to the formation of tetramers of

MB dyes. Almost similar results were obtained in our study (Figure 7). Thus, we can say that,
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at the relatively low SSY concentrations > 0.10 mmol/kg, the dimer formation is observed and,
approaching to 2.21x10 mol/kg SSY-concentration, the higher-order aggregate formation of
SSY (tetramer or higher-order, considering the Ref. [85]) is more probable. Consequently, it
can be concluded that while H-aggregates as dimers are formed at low SSY-concentrations, J-
aggregate formations are favored as a higher-order at high SSY-concentrations. However, the
formation of dye stacking as H-aggregate does not affect the conductivity of aqueous dye
solutions with respect to that of dye molecules in 2 monomer state. The conductivity of SSY
solutions exactly shows linear change with the concentration of SSY (Figure 8a). Thus, the
gemini surfactant behavior of DTMABr/SSY obtained in the conductivity curves of
DTMABY/SSY solutions (Figure 4 and 5) canset not be attributed to the SSY stackings. Instead,
it is clear that this behavior should be a result of surfactant/dye interactions.

After clarifying that SSY-stacking has no effect on the gemini surfactant behavior of
DTMABE in the presence of SSY, we may proceed with discussing the analysis of conductivity
results of aqueous DTMABT1/SSY solutions as a function of SSY concentration in the solutions.
Because the transition from monomer state to the micellar state gets more gradual around the
cmc of DTMABT (Figure 4), Carpena’ method, considering the-Aguiar’s approach, was applied
to DTMABT1/SSY solutions to evaluate their micellization parameters. For the calculations, Cc,
Ci, Co and C4 are important but C; and C3 not: the linear curves between Cc and Ci in the pre-
micellar region and above C4 (post-micellar region) were used to find o and B values, and then
AmicG. All values depending on SSY concentrations are given in Table 3. Furthermore, those

values were plotted against SSY concentrations in Figures 10 and 11.
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Table 3. SSY concentration dependence of micellization parameters of DTMABTr at 25.0°C obtained from electrical conductivity measurements,
considering the Carpena’s method.

SSY/ Cy/ Cc/ AC/ Ci/ Co/ Cs/ a B AmicG/
mmol.kg’! mmolkg! mmolkg! mmolkg!'  mmolkg! mmolkg!  mmol.kg! kj.mol!
0.000 - e 2.09 9.91 14.08 18.27 0.229 0.771 -36.33
0040 e 1.93 9.83 14.15 18.47 0.231 0.769 -36.26
0.168 0.31 0.50 2.07 9.72 14.23 18.69 0.233 0.767 -36.20
0.296 0.29 0.75 2.34 9.64 14.38 19.02 0.237 0.763 -36.07
0.424 0.25 1.05 2.52 9.50 14.45 19.46 0.238 0.762 -36.03
0.553 0.22 1.17 2.57 9.41 14.56 19.70 0.242 0.758 -35.91
0.832 0.20 1.65 3.09 9.19 14.77 20.31 0.248 0.752 -35.73
1.11 0.18 2.12 3.36 8.88 15.09 21.44 0.252 0.748 -35.56
1.39 0.20 2.66 3.45 8.60 15.36 22.32 0.257 0.743 -35.38
1.66 0.18 3.13 3.64 8.31 15.57 22.85 0.265 0.735 -35.16
1.94 0.19 3.53 3.92 8.15 15.74 23.30 0.270 0.730 -35.01
221 0.17 3.79 4.21 7.97 16.01 24.23 0.277 0.723 -34.79

21551, °[56].
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Figure 10. SSY concentration dependences of (a) Cp and (b) Cc from Williams’s method, and
(c) AC, (d) Cy, (e) Co and (f) C4 considering Carpena’s method and Aguiar’s approach.

By increasing the Cssy, the C; values decrease (Figure 10d) and C4 ones increase (Figure
10f), which indicates the increase in the concentration range AC (Figure 10c). Furthermore, the
cmc of DTMABE- is unfavored (Figure 10e) as supported by the change in B and AmicG. It is
known that if the micellization is less favored the number of counterions bound to the surfactant
head groups on the micelle surfaces decreases, i.e. smaller  (Figure 11b) or greater a (Figure

11a). Besides, the micellization Gibbs energy takes fewer negative values (Figure 11c¢).
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4. Conclusions

In the present study, we investigated the surfactant-dye interactions between cationic surfactant
DTMABTr and anionic azo dye Sunset Yellow. Differently from the existing studies on the
aqueous DTMABTr-SSY solutions in the literature, the properties of those solutions were studied
at a relatively larger SSY concentration range. It was surprisingly observed that although
DTMABE is a conventional single-chain surfactant, it exhibited gemini surfactant behavior at
high SSY concentrations, as reported for tartrazine-gemini surfactant system, as a result of the
surfactant-dye inetractions. For low SSY concentrations, that behavior was not observed which

is in a good agreement with the literature. Furthermore, in the presence of DTMABr, the while

SSY molecules_at low concentrations stack—in—the—form ef-H-aggregates—at—tew—SSY

Ceeenli e s et el e e e el Do e oL dhion J-

aggregation at high concentrationses. ConsequentlytTo the best of our knowledge, this is the
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first study whieh-that shows both the gemini surfactant behavior of DTMABT in the presence

of SSY and J-aggregations of SSY at high SSY concentrations_in the presence of DTMARBT.

Considering the application of SSY in the cosmetic, food, etc., this study includes some useful

merits.
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